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1. Plant biomass polysaccharides 
 
Plant biomass is composed of cellulose (polymer of glucose), hemicellulose 
(heterogeneous polymer of pentose and hexose sugars), lignin (highly complex 
aromatic heteropolymer) and pectin. Together, the polysaccharides and lignin (in 
jargon: lignocellulose) provide high complexity and rigidity to the plant cell wall 
(Figure 1A). The lignocellulosic biomass consists of a defensive inner structure 
which contributes to the hydrolytic stability and structural robustness of the plant 
cell walls and its resistance to microbial degradation. In addition, the presence of 
cross-links between cellulose and hemicellulose with lignin via ester and ether 
linkages provides to the plant biomass recalcitrance as well as resistance to 
herbivores and pathogens (Cragg et al., 2015). It is important to notice that the 
energy in plant biomass is stored in the form of cellulose and hemicellulose. These 
two moieties are the most abundant organic polysaccharides found in nature.  

Cellulose, the major constituent of plant cell walls, consists of β-1,4-linked 
D-glucose units that form linear polymeric chains of about 8,000-12,000 glucose 
units. In its crystalline form, cellulose consists of chains that are packed together by 
hydrogen bonds to form highly insoluble structures. In addition, to the crystalline 
structure, cellulose also contains amorphous regions (Himmel et al., 2007) (Figure 
1B). Three main polysaccharides constitute the hemicellulose fraction of most 
plants, i.e. xylan (arabinoxylan), xyloglucan and galacto(gluco)mannan. These 
fractions are usually classified according to the main sugar residues present in the 
backbone. Xylan (arabinoxylan) is composed of β-1,4-linked D-xylose units, which 
may be substituted by different side groups, such as D-galactose, L-arabinose, 
glucuronic acid, acetyl, feruloyl and p-coumaroyl residues. Xyloglucan consists of a 
β-1,4-linked D-glucose backbone together with D-xylose side linkages. In addition, 
L-arabinose and D-galactose residues can be attached to the xylose residues, and L-
fucose can be attached to galactose residues. Galacto(gluco)mannan consists of a 
backbone of β-1,4-linked D-mannose (mannans) and D-glucose (glucomannans) 
residues with D-galactose side chains (de Souza 2013) (Figure 1C). In 
hemicellulose, the diversity of side groups attached to the main backbone confers 
high structural complexity and variability. Thus, the high degree of substitutions in 
the hemicellulose requires the action of various enzymes that are able to release the 
main sugars (xylose, arabinose and glucose). In general terms, the cellulose and 
hemicellulose moieties provide the most important “sweet fuel” for microbial 
metabolism in environments with heterotrophic nutrition.   

 
2. Microbial degradation of plant biomass  
 
The degradation of plant biomass is pivotal for life on Earth, because it is 
responsible for large portions of the carbon flux in the biosphere. In addition, 
plant-derived carbonaceous compounds play a pivotal role in the lifestyle of many 
microorganisms. The breakdown of lignocellulose and release of simple sugars for 
microbial metabolism drives large parts of the microbiomes of terrestrial and 
aquatic environments. Thus, saprotrophic nutrition (associated with heterotrophic 
microorganisms), encompasses the living off dead organic matter, which in the 
aforementioned ecosystems is mainly composed by plant biomass (de Souza 2013). 
In nature, large numbers of very diverse microorganisms (bacteria and fungi) are 
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known to be capable of degrading plant lignocellulosic material. The complex 
structure of the plant biomass and the wide range of environmental conditions 
under which it is consumed reflect the high diversity of microorganisms and 
enzymes involved in this degradation process (Cragg et al., 2015). Along evolution, 
microorganisms have developed very fine tuned mechanisms that allow to obtain 
energy and carbon from the plant biomass. A key facet of the energy generation 
mechanisms from plant polysaccharides is the first step, i.e. the primary attack on 
the lignocellulose. In this first process step, the production and secretion of so-
called carbohydrate-active enzymes is primordial. Collectively, these enzymes are 
defined as “degraders of the plant cell wall”, thus including all types of 
hydrolysis/bond-cleavage reactions. Ultimately, the process releases the 
monosaccharides (singular sugars) that can be captured, imported and used as 
substrates for energy generation and anabolism in the microbial cell. An efficient 
attack on the plant biomass is known to involve the synergistic action of several 
enzymes, under which the glycoside hydrolases (GHs), polysaccharide lyases (PLs), 
carbohydrate esterases (CEs) and lytic polysaccharide monooxygenases (LPMOs), 
to mention the most relevant enzyme types (Zhao et al., 2013; Cragg et al., 2015). 
 
The enzymatic machineries 
 
Regarding its macromolecular organization, the lignocellulolytic machinery differs 
significantly between aerobic and anaerobic microorganisms. In anaerobic bacteria 
(e.g. Clostridium, Acetivibrio, Bacteroides and Ruminococcus), the machinery 
(cellulase/hemicellulase apparatus) is commonly assembled as a large multi-
enzyme complex, called the cellulosome (Doi et al., 2003). Basically, the catalytic 
components of such cellulosomes include a structure named dockerin, which 
consists of non-catalytic modules that bind to cohesin modules, located in a large 
non-catalytic protein that is acting as a scaffold. The protein-protein interaction 
between dockerins and cohesins allows the integration of the hydrolytic enzymes 
into the complex. It has been demonstrated that scaffolding is also responsible for 
the anchoring of the whole complex onto crystalline cellulose, through a non-
catalytic carbohydrate-binding module (CBM). The spectrum of enzymes 
associated with cellulosomes currently includes numerous endo- and exo-acting 
GHs, several of which appear to be processive enzymes that cleave the cellulose 
chain in a sequential manner. Notably, hemicellulases and other polysaccharide-
degrading enzymes, such as chitinases and PLs, can be associated with 
cellulosomes (Bayer et al., 2004). 

In aerobic microorganisms, generally the degradation of plant biomass 
occurs by the secretion of freely-diffusible single catalytic proteins. However, some 
single enzymes might contain more than one active site, for instance a multi-
modular enzyme with GHs and CBM domains. The CBM could potentiate the 
activity of the appended catalytic module (GHs), and it has been proposed that this 
is likely due to an increasing proximity of the catalytic module towards the target 
substrate. Aerobic cellulose-degradation activity levels are determined by 
(secreted) endoglucanases (EG), which randomly act on the internal (amorphous) 
sites in the cellulose chain, next to exoglucanases or cellobiohydrolases (CBH), 
which progressively act on the reducing or non-reducing ends of cellulose chains. 
Thus, either cellobiose or glucose is released and β-glucosidases will act, which 
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hydrolyze soluble cellodextrins and cellobiose to glucose (Himmel et al., 2010) 
(Figure 1B). The aforementioned enzymes are produced by a wide range of  bacteria 
and fungi (e.g. Aspergillus, Trichoderma, Bacillus, Cellulomonas and 
Streptomyces) (Doi 2008).  

The complexity of the hemicellulose fraction requires the concerted action 
of endo-enzymes cleaving the main chain internally, exo-enzymes that release 
monomeric sugars and accessory enzymes that cleave the side chains of the 
polymers or associated oligosaccharides. This leads to the release of various mono- 
and disaccharides depending on the hemicellulose type. The complete degradation 
of hemicellulose is only achieved after the release of all substitutions present on the 
main backbone. In most hemicelluloses, xylan is a major structural component. 
Xylan can be degraded through the action of β-1,4-endoxylanase, which cleaves the 
backbone into small oligosaccharides, and β-1,4-xylosidase, which cleaves the 
oligosaccharides into xylose. The class of hemicellulases includes a variety of 
enzymes with different activities. Included in this class are xylanases, 
arabinofuranosidases, glucuronidases, mannases, mannosidases, fucosidases, 
galactosidases, ferulic acid esterases and acetyl xylan esterases (de Souza 2013) 
(Figure 1C). As xylose and arabinose are the most common sugars in the 
hemicellulose fraction of cereal crop agro-residues (e.g. wheat straw), their 
complete release from the hemicellulose is performed by synergic action of 
xylanases and arabinofuranosidases (van den Brink and de Vries 2011). Notably, 
some hemicellulases could have dual activity (e.g. β-xylosidase/α-arabinosidase) 
(Shi et al., 2013). 

In addition to the polysaccharides, the plant structural composition entails 
the key structural component lignin. Lignin is a complex aromatic heteropolymer, 
composed of phenylpropanoid aryl-C3 units, linked together via a variety of ether 
and C–C bonds. In the lignin bioconversion, laccases and peroxidases are 
important. Laccases -like enzymes are multi-copper-containing enzymes capable of 
catalyzing the oxidation of a wide range of (phenolic and non-phenolic) lignin 
aromatic compounds. In addition, these enzymes can be involved in the attack on 
the linkages connecting the lignin and hemicellulose moieties in plant cell walls 
(Singh et al., 2011). The bioconversion of lignin is widely known to be carried out 
by fungi, but it is relatively unknown in bacteria. However, recent research suggests 
that this process can be carried out by different bacterial genera (e.g. Streptomyces, 
Pseudomonas, Acinetobacter, Aeromonas, Rhodococcus, Bacillus, Caulobacter, 
Brevundimonas, Enterobacter and Klebsiella) (Dubé et al., 2008; Wang et al., 
2013; Wu et al., 2010; Ahmad et al., 2011; Pan et al., 2011; DeAngelis et al., 2011a; 
DeAngelis et al. 2011b; Woo et al., 2014). Thus, the bioconversion of lignin, by 
fungi and bacteria, and the consequent generation of energy is performed by 
different catabolic pathways, such as those via protocatechuic acid, β-aryl ether, 
biphenyl or diarylpropane (Bugg et al., 2011; Pollegioni et al., 2015). 
 
The role of lytic polysaccharide monooxygenases (LPMOs)  
 
In the foregoing section, we have argued that the primary attack on plant biomass 
largely occurs via enzyme complexes that include enzymes with defined cleaving 
activity on the substrates that make up lignocellulose. However, the recent 
discovery of the so-called lytic polysaccharide monooxygenases (LPMOs) (Hervé et 
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al., 2010; Forsberg et al., 2011; Horn et al., 2012) has revolutionized our view as to 
how lignocellulose is degraded. LPMOs are metalloenzymes (copper-dependent) 
that attack cellulose (or other polymers, see later) using a mechanism involving 
molecular oxygen and an electron donor (Vaaje-Kolstad et al., 2010) (Figure 1B). 
Recently, cellobiose dehydrogenase, which is able to incite an electron flow, has 
been proposed as a key electron source for such reactions occurring in nature 
(Horn et al., 2012). Other studies that aimed to characterize LPMO activity have 
led to the discovery that such enzymes can be active on a plethora of polymers, such 
as cellulose (Forsberg et al., 2011), chitin (Forsberg et al., 2014), cellodextrins 
(Isaksen et al., 2014) and hemicellulose (Agger et al., 2014). More specifically, 
LPMOs have been described as enzymes that catalyze the oxidative cleavage of (1-
4)-linked glycosidic bonds of crystalline polysaccharide surfaces. Genes encoding 
LPMOs have been discovered in diverse bacteria, such as Cellvibrio, Serratia and 
Thermobifida (Millward-Sadler et al., 1995; Vaaje-Kolstad et al., 2005; Moser et 
al., 2008). These enzymes were originally classified as family GH61 and CBM33 in 
the CAZy database (www.cazy.org). However, they have recently been reclassified, 
and now belong to families AA10 (formerly CBM33) and AA9 (formerly GH61) 
(Levasseur et al., 2013). In family AA10, high sequence diversities are observed 
between such enzymes within the phylum Proteobacteria (e.g. Pseudomonas, 
Vibrio, Shewanella, Erwinia and Stenotrophomonas), Firmicutes (e.g. Bacillus, 
Lactobacillus, Listeria and Lactococcus) and Actinobacteria (e.g. Streptomyces, 
Micromonospora, Salinispora and Actinosynnema). 
 
3. The ecology behind the microbial degradation of plant biomass  
 
The role of bacteria and fungi  
 
In the degradation of plant biomass, bacteria and fungi occupy diverse niches that 
depend on the availability and accessibility of the carbon and energy sources (e.g. 
cellulose), spatiotemporal and physicochemical conditions and physical barriers. 
Moreover, aspects of both competition and cooperation are key issues that govern 
the degradative process (Boer et al., 2005). In this respect, fungi have developed 
very intricate strategies that enable them to be at an advantage in the degradation 
process. Key in this is the ability to get close access to the lignocellulose via hyphal 
extension, enzyme secretion and pH modulation. Such fungi have large arsenals of 
enzymes that operate best at acid pH and deconstruct cellulose and lignin. 
However, the bacteria can also occupy different niches locally, and this relates to 
their plasticity and versatility to grow under varied conditions, with production of 
diverse enzymes involved in (hemi)cellulose deconstruction (Berlemont and 
Martiny 2015). It is generally assumed that in largely aerobic soils, the fungi 
constitute the first lignocellulose attackers, while the resulting sugars are 
consumed by both fungi and bacteria, which incites a competition for these carbon 
sources (Boer et al., 2005). An interwoven microbial kingdom succession may 
ensue, with some microorganisms (e.g. bacteria) acting on the soluble easy to 
deconstruct part of the lignocellulose, and other (e.g. fungi) on the highly 
recalcitrant compounds. Thus, particular enzymatic reactions (e.g. those involved 
in lignin bioconversion) may occur at the end of the process. As a consequence, the 
chemical and spatial heterogeneity of the lignocellulose changes over time. This 



CHAPTER 1 
P

ag
e1

2
 

process theoretically results in the ongoing dynamic formation of novel niches with 
a potential increase of microbial diversity, or the creation of more stable conditions 
with a concomitant decrease (Voříšková and Baldrian 2013).  
 

 
 
Figure. 1. Lignocellulose structure A) and microbial enzymatic machineries involved in plant 
polysaccharide deconstruction. B) Enzymes involved in the degradation of cellulose and C) 
hemicellulose. CBH: cellobiohydrolases; EG: endoglucanases; CBM: carbohydrate-binding module; 
AA10: lytic polysaccharide monooxygenase (LPMOs); e* donor electron.  

 
Social interactions  
 
In plant biomass bioconversion processes, microbial social interactions are 
important. Cooperation is likely to play an important role, where multiple 
individuals engage in a common task for mutual benefit (in this case release of the 
“public goods”, the sugars). The defining characteristic of the “public goods” is that 
consumption of it by one species does not actually or potentially reduce the amount 
available to be consumed by another species. In this biodegradative process, 
division of labor is eminent, where two or more classes of individuals engage in 
specialized tasks, involving complementary and thus synergistic behavior (in this 
case, the synergic action of different secreted GHs and LPMOs). The cooperation 
can be “egalitarian”, in that all individuals contribute to the common good, and 
obtain their gains in a more or less equal fashion. Alternatively, as addressed in the 
above, it can involve division of labor, where individuals engage in different tasks 
from which they might obtain different rewards, directly or via benefits to kin 
(Crespi 2001). Thus cooperation, resulting in an optimization of “public goods” to 
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the benefit of the whole, in still natural terrestrial or aquatic systems, is spatially- 
and temporally-explicit in terms of the successional events that drive the process. 
Clearly, consortia of microorganisms (bacteria and fungi) produce diverse and 
complementary enzymes for the breakdown of plant biomass in spatially- and 
temporally-explicit social interactions, resulting in overall process rates that are 
called “natural” from an anthropogenic viewpoint. 

In mixed (shaken) systems, the situation is clearly different. In such 
systems (e.g. liquid enrichment cultures), conditions are hypothesized to more 
strongly drive the selection in competition of specific microorganisms that are 
“fittest” and thus take care of the production of “public goods” (sugars released) for 
the benefit of the whole. It is open to research to what extent such systems shift the 
driving forces in the microbiomes involved from a “cooperative, social” form 
towards a “competitive” form. However, it is evident that social “cheaters” will arise 
that profit from the “public goods” made available by the biodegradative action of 
the “social” community members. Overall, a balance must be struck, as this will 
otherwise lead to a decline of the fitness of the whole (see below). 
 
4. Ecological behavior, selection and characterization of 
lignocellulolytic microbial consortia  
 
Selection of biodegradative microbial consortia under specific conditions (e.g. 
using plant biomass as sole carbon source in aerobic liquid cultures) is 
hypothesized to strongly decrease the diversity (from thousand to hundreds 
species), as a result of a lowering of the number of niches due to the more uniform 
environment that is created and the removal of spatial barriers (Figure 2). In the 
selection, the most competitive and versatile microorganisms (bacteria and fungi) 
are expected to survive (“survival of the fittest”) and the niches they can occupy are 
related to the complexity of the plant biomass (in this case, different types and 
amounts of sugars, next to other compounds). The spatiotemporally determined 
substrate availability and physicochemical conditions are relevant factors that are 
at the basis of the competitive processes (Boer et al., 2005). Thus, the analysis of 
the microbial consortia that emerge from the selective process is useful to improve 
our understanding of microbial social behavior in respect to lignocellulose input. 
For instance, to unveil the interactions, successional patterns (diversity and 
abundance of particular organismal types on temporal scales) and enzyme 
prevalences. In addition, unraveling such interactions may aid in our 
comprehension of the productivity (lignocellulose degradation, releasing 
monomers) as related to microbial consortium composition and enzymatic profile.  
 
Ecological scenarios 
  
In general terms, several ecological scenarios can occur in lignocellulose-degrading 
microbial consortia (bacteria and fungi). For instance, competition (resulting in 
competitive exclusion), cooperation (mutualism), division of labor (synergism) or 
commensalism may play different roles (Crespi 2001; Faust and Raes 2012). These 
scenarios can be also integrated, for instance, there may be cases of synergism-
competition and synergism-commensalism (Figure 2). Additionally, the 
interactions will apply to the bacterial and/or fungal communities or across these. 
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Thus, bacterial and fungal species can compete for the sugar resources released in 
lignocellulose degradation. Due to competitive exclusion, two species that occupy 
the same niches will exclude each other  (-/-) (Gause 1934). In mutualism, bacterial 
and fungal species can degrade lignocellulose moieties (e.g. lignin by a fungus -or a 
specific bacterial species- and then degradation of (hemi)cellulose by bacteria) and 
then consume the released sugars without competition, as their niches are different 
(+/+).  

 
 
Figure 2. Ecological scenarios in the selection of microbial communities in liquid cultures using plant 
biomass as a sole carbon source 
 

Moreover, in synergism, bacterial and fungal species produce different types of 
enzymes that are complementary to each other, and so complete the degradation 
(e.g. cellulases from a fungal species and hemicellulases from bacteria, or EG from 
species 1, xylanase from species 2 and arabinofuranosidase from species 3). In such 
synergism, the species can either compete for the resulting sugars (-/-) or not at all 
(+/+), depending of the formation of novel niches. For instance, one species can 
take advantage of the sugars with the subsequent decreasing of “the survival of the 
fittest” (commensalism) (+/-). However, co-existence is maintained if the species 
each occupy another niche (e.g. another type of carbon source); this could be 
common on plant biomass enriched cultures due to the high complexity of the 
substrate and the spatiotemporal substrate availability (Figure 2). 
 
Selection of efficient lignocellulose-degrading microbial consortia in 
practice  
 
The use of microbial consortia instead of single strains has been proposed as a 
powerful approach to degrade plant biomass and enhance the discovery of the key 
enzymes involved in this process (DeAngelis et al., 2010). This is related to the 
diverse range of enzymes that are required for the complete deconstruction of the 
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lignocellulosic matter. Different methods useful to enrich functional microbial 
consortia have been reported. Of these, the most useful for the production of 
lignocellulolytic microbial consortia is the dilution-to-stimulation approach (Lee et 
al., 2013) (Figure 3). In this approach, an environmental community is grown on a 
lignocellulosic substrate in liquid batch cultures (oxic or anoxic) that are diluted in 
sequential transfers. Thus, microorganisms with the highest capacities to thrive on 
the plant biomass (as sole energy and carbon source), in the presence of inorganic 
sources of nitrogen, sulfur and phosphorus, are selected. Along the sequential 
transfers, a reshaping of the microbial communities is achieved, in which the 
diversity is predicted to decrease, consequently increasing the prevalence of 
specific degrader organisms. A state of relative stability may be reached when the 
microbial communities start to reveal similar structural profiles across the 
transfers (Figure 3). This enrichment approach follows the “habitat biasing” 
concept, which was recently proposed by Ekkers et al. (2012). In the experimental 
design, parameters such as the inoculum source, the plant biomass substrate, 
incubation time and temperature, pH, redox potential and electron acceptors, 
oxygen availability, dilution factor, the presence of toxic compounds and 
composition of the mineral medium (e.g. nitrogen, sulfur iron and phosphorus 
sources and vitamins) are highly relevant. Clearly, these parameters drive the 
composition, richness and lignocellulolytic capacities of the resulting microbial 
consortia (Brossi et al., 2015; Korenblum et al., 2016; DeAngelis et al., 2012). We 
here posit that stochastic factors right at the onset of the selection process may also 
drive the microbial diversity and consortial composition in these enrichment 
processes. 

In the dilution-to-stimulation approach, the aim is to produce an efficient 
microbial consortium that consists of productive collaborating partner organisms. 
However, particular members of the selected consortium that become prevalent 
may be mere scavengers (social cheaters) of the “public goods”, i.e. the 
monosaccharides that are produced by the degradative consortium members. The 
presence of these cheaters poses a challenge to the fitness of the “productive” 
consortium members, and this is bound to the (carrying) limits of the system. 
Moreover, plant biomass is known to not only contain (recalcitrant) polymers, but 
also (easily degradable) small soluble substrates. The latter may also increase the 
proliferation of opportunistic microorganisms that cannot deconstruct the 
aforementioned recalcitrant polysaccharides. To remove such small molecules, 
washes (twofold) of the plant biomass, with water and ethanol, have been proposed 
(Gladden et al., 2011a). In other studies, simplified cellulosic substrates have been 
used (e.g. carboxymethyl cellulose or filter paper) (Eichorst et al., 2013; Zhou et al., 
2014). However, it has been suggested that, due to the reduced complexity of the 
substrate, the diversity of enzymes (e.g. hemicellulases) required to degrade the 
plant biomass may be lost in the cellulolytic microbial consortia. 
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Figure 3. Dilution-to-stimulation approach to enrich a stable lignocellulolytic microbial consortia  

 
Characterization of lignocellulolytic microbial consortia  
 
Along enrichment by the dilution-to-stimulation approach, the degree of 
degradation of plant biomass is a key issue (e.g. measured by substrate weight loss, 
Fourier transformed infrared spectroscopy- FTIR- or by two-dimensional nuclear 
magnetic resonance spectroscopy- 2D-NMR-). In addition, CO2 production, release 
of reducing sugars (e.g. measured by 3,5-dinitrosalicilic acid method or by high-
performance liquid chromatography- HPLC) and other metabolites are key 
parameters to be evaluated. Finally, the rate of growth (e.g. measured by 
microscopy or quantitative PCR) and the levels of different enzymatic activities 
(e.g. measured by chromogenic substrates) are important. To monitor development 
of the microbial consortia, several molecular tools (e.g. denaturing gradient gel 
electrophoresis - DGGE) and culture techniques (plating and isolation) have been 
applied. However, bacterial 16S rRNA and fungal ITS1 amplicon sequencing 
constitute more advanced and powerful techniques to evaluate the diversity, 
structural composition and stability of the microbial consortia along the sequential 
transfers. Moreover, meta-omics approaches (metagenomics, metatranscriptomics 
and metaproteomics) can unveil the lignocellulolytic machinery of the resulting 
microbial consortia. Most currently available microbial lignocellulolytic consortia 
have been bred from soil, compost and/or sediment using either pretreated or 
untreated agricultural residues (e.g. wheat straw, corn stover and switchgrass) as 
carbon and energy sources (Table 1). Additionally, microbial consortia have been 
cultivated under several conditions (e.g. aerobic-mesophilic, aerobic-thermophilic 
or anaerobic-thermophilic, at alkaline or neutral pH’s) (Table 1). In the studies of 
Table 1, the microbial consortia have been characterized by different approaches. 
Notably, one consortium (*) was characterized by metabolic profiling, enzymatic 
activity evaluation, plant biomass saccharification tests, perturbation analysis 
(response of the microbial consortium to perturbation with a variety of substrates) 
and expression of synthetic cellulases retrieved from the metagenomic data. 
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Table 1. Recently reported plant biomass-degrading microbial consortia 

 

Microbial 
sources 

Plant 
biomass 

substrates 

Culture 
conditions 

pH References 

Soil 
Wheat straw 

Aerobic-
mesophilic 

7.2 

Brossi et al., 2015 
Aerobic-

mesophilic 
9.0 

Corn stover Aerobic-
mesophilic 

7.2 
Switchgrass 

Soil Rice straw 
Aerobic-

mesophilic 
7.0 Sharma and Malik 2015 

Soil Switchgrass 
Anaerobic-
mesophilic 

5.5 DeAngelis et al., 2012 

Soil Wheat straw 
Aerobic-

mesophilic 
ND Wang et al., 2011 

Soil 
Wheat straw 

Aerobic-
mesophilic 

7.2 Cortes-Tolalpa et al., 2016 Sediment 

Decay wood 

Sediment Switchgrass 
Anaerobic-
mesophilic 

7.2 Korenblum et al., 2016 

Sediment Wheat straw 

Anaerobic-
mesophilic 

9.0 Porsch et al., 2015 
Anaerobic-

thermophilic 

Cow rumen Wheat straw 
Anaerobic-
mesophilic 

6.1 Lazuka et al., 2015 

Cow rumen 

Rice straw 
Aerobic-

thermophilic 
8.0 Wongwilaiwalin et al., 2013 

Bagasse pile 
Activated 

sludge 

Compost Switchgrass 
Aerobic-

thermophilic 
6.5 

Gladden et al., 2011a; Gladden et al., 2011b; Park et al., 
2012; D’haeseleer et al., 2013; Gladden et al., 2014 * 

Compost Rice straw 

Aerobic-
mesophilic 

ND Reddy et al., 2013; Simmons et al., 2014 
Aerobic-

thermophilic 

Compost 
Switchgrass Aerobic-

thermophilic 
ND Reddy et al., 2011; Yu et al., 2015 

Corn stover 

Compost Switchgrass 
Aerobic-

thermophilic 
6.5 Eichorst et al., 2014 

Compost Switchgrass 
Aerobic-

thermophilic 
ND Allgaier et al., 2010; Dougherty et al., 2012 

Compost Rice straw 
Aerobic-

mesophilic 
ND Wang et al., 2016 

ND: not determined, * Microbial consortia well characterized 
 

5. Metagenomics and its application to explore genes/enzymes involved 
in plant biomass breakdown  
 
Metagenomics approaches seek to understand microbiology at the aggregate level, 
transcending the individual organisms that make up communities. Thus, 
metagenomics places a focus on genes and on how these influence the collective 
functions in a microbiome (Handelsman et al., 2007). Metagenomics-based 
analyses have become valuable tools for bioprospecting. In addition, they can 
provide useful information on the metabolic potential and ecology of microbial  
communities. Functional metagenomics studies performed so far can be divided 
into three categories depending on the environment that is accessed (Steele et al., 
2008): 1) substrate-biased (e.g. amended environments or enrichment cultures); 2) 
highly diverse (e.g. forest soils) and 3) extreme (e.g. hot springs). 
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In order to explore environmental habitats for the enzymes involved in 
lignocellulose deconstruction, a very promising approach is offered by the 
metagenomic analysis of lignocellulolytic  consortia (Reddy et al., 2013). This 
approach has been coined “targeted metagenomics” (Suenaga et al., 2012). It 
promises an easy way to highlight functional traits and monitor the abundance of 
key genes involved in the biodegradative process. The metabolic potential and 
functional profile of such lignocellulolytic microbial consortia can be unveiled by 
high-throughput sequencing (Figure 4), and a comprehensive picture of 
carbohydrate-active enzymes (e.g. GHs) can be obtained using the CAZy database 
(Cantarel et al., 2009). An alternative strategy is the identification of GHs catalytic 
domains using hidden Markov models on the basis of the Pfam database (Li et al., 
2009). Such analyses have been useful to understand the relative abundance of 
certain GHs in environments like the gut microbiomes of herbivorous insects and 
soil microbiomes (Suen et al., 2010; Cardenas et al., 2015), lignocellulosic 
biomasses during degradation (Ventorino et al., 2015) and different 
lignocellulolytic microbial consortia (Allgaier et al., 2010; D’haeseleer et al., 2013; 
Wongwilaiwalin et al., 2013; DeAngelis et al., 2013a).  

Target enzymes can be accessed using functional metagenomics 
approaches, i.e. high-throughput sequencing followed by a search for specific and 
complete genes. The latter can then be further custom-synthesized and codon-
optimized, after which expression can be achieved in a suitable host. This process is 
known as “synthetic metagenomics”. It has been successfully applied in two 
different lignocellulolytic microbial consortia (Dougherty et al., 2012; Gladden et 
al., 2014). Alternatively, a metagenomic library can be prepared from the 
lignocellulolytic microbial consortia and then screened for genes encoding enzymes 
involved in plant biomass degradation (Montella et al., 2015). Upon successful 
detection, the metagenomic fragment can be sequenced and the target genes 
expressed in order to evaluate the ensuing enzymatic activities (Figure 4). Searches 
for (hemi)cellulases using metagenomic library screenings have already been made 
in rumen, soil, compost and termite gut microbiomes (Del Pozo et al., 2012; Nacke 
et al., 2012; Jeong et al., 2012; Bastien et al., 2013). However, only few studies have 
focused on the exploration of cellulolytic enrichment cultures (Beloqui et al., 2010; 
Mori et al., 2014).  
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Figure 4. Functional metagenomic approaches for lignocellulolytic microbial consortia. Asterisk 
indicates the evaluation of the metabolic profile by currently available tools for the taxonomic and 
functional classification of metagenomic datasets (e.g. Huson et al., 2007; Meyer et al., 2008; 
Macdonald et al., 2012). 

 
6. Metasecretomics – an approach to unveil the dynamics of secreted 
enzymes in microbial consortia 
 
Recently, metasecretomics approaches have emerged as powerful tools that allow 
to disentangle the diversity of enzymes released from microbial consortial cells 
after growth on plant biomass. Metasecretomics is defined as the analysis of the 
total surface-bound and secreted proteins that make up the “secretome” of a 
microbial community. Metasecretomics allows to quantify the enzymatic potential 
and lignocellulolytic capacities of specific microbial consortium. In particular, it 
can be useful to analyze the diversity of secreted proteins along a temporal scale, in 
order to describe the network of enzymes over time and understand the flux of 
secreted enzymes involved in lignocellulose degradation. Moreover, 
metasecretomics can help us to understand the pattern of secreted proteins 
depending on the plant biomass. In addition, assessment of the taxonomic 
affiliation of the secreted proteins will enable us to identify the metabolically-active 
microorganism, thus correlating specific functions with the taxa that are truly 
involved in plant biomass degradation. 

Unfortunately, the approach has so far been underexplored on plant 
biomass-degrading microbial consortia. Basically, two main methods can be 
used:1) detection of extracellular enzymatic activities and the correlation of such 
activities with the detected proteins (which are then labeled “probably active”), and 
2) identification and quantification of extracellular proteins by two-dimensional gel 
electrophoresis or liquid chromatography–tandem mass spectrometry (Adav et al., 
2012a,b; D’haeseleer et al., 2013). Additionally, proteins that have secretion signal 
peptides, found in metagenomics data, could be used as  proxies to determine the 
metasecretome profiles of the microbial consortia under study. In the first method, 
different substrates can be used to quantify the enzymatic activities, for instance 
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pNP-glycosides (Gladden et al., 2011a) or chromogenic polysaccharide hydrogels 
(Kračun et al., 2015). The enzymatic activities detected will lead one to track the 
presence of active proteins. For instance, if the metasecretome reveals activity on 
para-nitrophenyl-beta-D-xylanopyranoside, this indicates the presence of active β-
xylosidases. In the second method, the extracellular protein fractions can be tested 
for enzymatic activity (in gel) using zymograms (Vandooren et al., 2013). The latter 
can be performed with co-polymerized carboxymethyl cellulose or xylan from 
beechwood (Gladden et al., 2011b), and also by using fluorogenic substrates, like 4-
methyl umbelliferyl-beta-D-xylopyranoside. Such approaches are quite novel and 
need to be explored in depth, as they can give clues as to the process-relevant 
enzymes and activities, also providing  information useful for the design of enzyme 
cocktails for future biotechnological applications. 

 
7. Production of bio-based compounds from plant biomass 
 
Beyond the relevance for natural cycling processes, the degradation of 
lignocellulose has great interest in terms of biotechnological applications. Thus, the 
understanding of the ecology and enzymology of this process, and how these define 
efficiency, is indispensable for biorefining. Lignocellulosic matter constitutes a 
carrier of energy as well as (reduced) carbon, and hence it is of both ecological (as 
the “sweet fuel” for heterotrophic microbiomes) and biotechnological relevance. 
Industries around the world have explored the possibilities for the production of 
bioethanol, biodiesel, biomethane and monomers for bioplastics from plant 
biomass. In particular the production of building blocks (e.g. 5-furan dicarboxylic, 
lactic and itaconic acids) for plastics has raised interest (Koopman et al., 2010; 
Vennestrøm et al., 2011; Ramos et al., 2015). The development is driven by the high 
demand and cost of fossil fuel, and also by its environmental and techno-scientific 
importance. Key plant biomass to be converted into valuable products includes 
woody substrates, agricultural residues (e.g. sugarcane bagasse, wheat straw and 
corn stover) and dedicated energy crops (e.g. switchgrass) (Chandel and Singh 
2011). As an example, the process that converts plant biomass into bioethanol 
includes three steps:1) depolymerisation (via thermochemical and enzymatic 
routes) of the polysaccharides into fermentable monosaccharides, 2) fermentation 
to yield ethanol and 3) ethanol recovery (Zheng et al., 2009; Limayem and Ricke 
2012) (Figure 5). In the first step, which is of most interest to this thesis, there are 
several issues of efficiency that need attention, i.e. the choice of the proper plant 
biomass, the cost of conversion (in which thermochemical conversion is expensive) 
and the toxicity of particular byproducts, next to the low yields that are generally 
provided by current commercial enzymes (see below).  
 
Plant biomass pretreatment and byproducts  
 
In the biotechnological exploration of plant biomass, pretreatment is required to 
make the lignocellulose amenable to further treatments, such as enzymatic 
digestion. These pretreatments use various techniques, including dilute acid 
hydrolysis, steam explosion, ammonia-mediated fiber explosion, alkaline 
hydrolysis, torrefaction and the use of imidazolium-based ion liquids (Kumar et al., 
2009, Chew and Doshi 2011; Tumuluru et al., 2011; van der Pol et al., 2014; Socha 



CHAPTER 1 

 

P
ag

e2
1

 

et al., 2014). Unfortunately, most of these processes generate byproducts that can 
inhibit subsequent enzymatic attack and fermentation steps. Thus, in 
lignocellulosic hydrolysates, toxic compounds such as furaldehydes (furfural and 5-
hydroxymethylfurfural), acids (e.g. acetic, formic and levulinic acid) and phenolic 
compounds (e.g. vanillin, syringaldehyde and coniferyl aldehyde) occur commonly 
(Palmqvist and Hahn-Hagerdal 2000; Parawira and Tekere 2011) (Figure 5). From 
an economic point of view, and depending on the substrate, alkaline hydrolysis 
(using sodium hydroxide at high temperature) and steam explosion methods 
appear to have the largest potential for the biorefining. Specifically, alkaline 
pretreatment is based on saponification of intermolecular ester bonds cross-linking 
xylan and lignin, whereas the basis of steam explosion methods is an explosive 
decompression at ~200°C (van der Pol et al., 2014). 
 

 
 
Figure 5. Schematic representation of bioethanol production. Asterisk means pectin and other 
compounds (e.g. ash). C5: pentose sugar; C6: hexose sugar. 

 
Commercial enzymatic cocktails for plant biomass saccharification 
 
Beyond understanding the action of single enzymes, the ability to understand how 
cocktails of enzymes work together synergistically will be crucial to harness the 
paradigms of nature into industrial applications. In addition, information as to how 
microbial communities adjust their enzyme cocktails to different substrates will be 
valuable for many biotechnological applications (Cragg et al., 2015). The leading 
industrial source of cellulase cocktails is Trichoderma reesei. Several strains exist 
and their secretomes (total secreted proteins fractions) have been widely used to 
develop commercial cocktails for plant biomass hydrolysis (e.g. Celluclast 1.5L, 
Cellic CTec2 and Cellic HTec3 from Novozymes). However, T. reesei secretomes are 
dominated by CBH and EG, whereas only low quantities of xylanases, 
arabinofuranosidases, LPMOs and β-glucosidases are produced. Hence, addition of 
exogenous enzymes to these cocktails will improve the hydrolytic efficiency. 
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Hemicellulolytic enzymes such as endoxylanases, xylosidases, 
arabinofuranosidases, mannosidases and fucosidases may be indispensable in the 
formulation of efficient enzyme cocktails. For instance, Poidevin et al. (2014) 
showed that a T. reesei cocktail significantly improved lignocellulose 
saccharification efficiency when supplemented with secretomes of the fungus 
Podospora anserine. Berlin et al. (2007) studied the effect of supplementing a 
commercial T. reesei cocktail with xylanases and pectinases, observing enhanced 
saccharification by the supplemented cocktail on pretreated plant biomass. 
Additionally, Harris et al. (2010) showed that the co-expression of a highly active 
LPMO protein in a commercial T. reesei cellulase resulted in a 2-fold reduction of 
the total enzyme load required to reach 91% cellulose conversion of lignocellulosic 
biomass. Notably, LPMOs can act synergistically with GHs (cellulases and 
hemicellulases) to improve saccharification yields. Since their discovery, LPMOs 
have been included in all modern commercial cellulase cocktails (e.g. Cellic CTec2) 
(Cannella et al., 2012; Cannella and Jørgensen 2014). However, LPMO activity 
depends on the presence of molecular oxygen, which is thus an important factor in 
industrial saccharification and fermentation processes (Müller et al., 2015). 
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SCOPE AND AIMS OF THIS THESIS 
 
Our understanding of the dynamic functioning and key interactions in plant 
biomass-degrading microbial consortia is still in its infancy. This lack of 
comprehension is all the more pitiful in the light of the great demand for such 
microbial consortia and their secreted enzymes in biotechnology. The 
characterization of plant biomass-degrading microbial consortia by metagenomics 
and metasecretomics-based approaches appears to be very powerful, as it will spur 
the understanding of the dynamics, interactions, successions, ecological behavior, 
metabolic profile and the lignocellulolytic machineries involved. In addition, the 
approach will allow to pinpoint which kind of genes/enzymes and microorganism 
are most relevant for the degradation of plant biomass.  
 
Hypotheses and research questions:  
 
1. The selection of microbial consortia in lignocellulose-driven sequential-batch 
enrichments narrows the richness yet fosters efficient biodegradation. 
2. Although the selection of lignocellulolytic microbial consortia, from highly 
diverse source microbiomes, is stochastic, similar consortia develop in similarly-
treated parallel cultures. 
3. Lignocellulolytic microbial consortia selected in liquid media will contain 
bacterial next to fungal constituents. In both groups, organisms with different roles 
will come up, allowing the synergistic deconstruction of lignocellulose. 
4. Specific members of the Bacteroidetes phylum will become highly relevant in 
lignocellulolytic microbial consortia, given their high genomic potential to 
deconstruct structural polysaccharides. 
5. Highly complex enzyme mixtures are required for the efficient lignocellulose 
degradation, and hence complex microbial consortia are selected as the most 
efficient (fittest) microbial units upon which selection acts. 
6. The lignocellulolytic microbial consortia and their carbohydrate–active gene and 
secreted enzyme profiles are strongly directed by the composition of the substrates 
used for their growth. 
 
From the aforementioned hypotheses, the following research questions are 
distilled: 
 
- To what extent are plant biomass-degrading microbial consortia, with respect to 
diversity, composition, metabolic profile and lignocellulolytic machinery, 
influenced by the inoculum source, plant biomass type and the conditions of liquid 
cultures, in particular temperature and oxygen availability? 
- What is the composition of bacterial versus fungal communities, and the relative 
abundance of key members of these, in soil-derived lignocellulolytic consortia? 
- Do directed enrichments in sequential-batch cultures with plant biomass allow to 
obtain higher frequencies of genes that are potentially associated with 
lignocellulose degradation, like hemicellulases? 
- What types of enzymes, present in the soil-derived microbial consortia, are key to 
the degradation of plant biomass? 
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This thesis aims to increase our understanding of how soil microbial communities 
respond to a carbon source input (plant residues, in particular wheat straw) at 
neutral pH and under oxic and mesophilic conditions, which kinds of interactions 
take place in lignocellulose-enriched consortia, what the key degradative 
consortium members are (bacteria and fungi) and what functional roles they have. 
Moreover, questions are posed with respect to what kinds of proteins (proxies for 
processes) are enriched compared with the inoculant soil microbiome and what key 
enzymes (as judged by the glycosyl hydrolase – GH - families) are selected for the 
deconstruction of lignocellulose. The study develops along a metagenomics-
metasecretomics-based approach and characterizes, in terms of taxonomy and 
functional make-up, different plant biomass (wheat straw)-degrading microbial 
consortia. The information retrieved, with respect to the ecology and 
lignocellulolytic machineries of the wheat straw-degrading microbial consortia, is 
used for the design of efficient microbial consortia or enzymes cocktails for 
biotechnological applications. 
 
The specific aims of this thesis are: 
 
 1) Produce deliberately biased (enriched) microbial consortia using forest soil 
samples as inocula on  lignocellulosic agricultural residues (in particular wheat 
straw). 
 2) Evaluate the stability, composition and diversity of the resultant microbial 
consortia in comparison to the inoculum source.  
3) Disentangle the lignocellulolytic capacities present in the resultant microbial 
consortia with respect to  metabolic potential, the carbohydrate–active gene 
profiles and the secreted protein fractions.  
4) Identification of enzymes that are key in the degradation of (hemi)cellulosic 
compounds by screening of metagenomic libraries derived from the degrader 
microbial consortia. 
5) Develop strategies for the design of efficient enzyme cocktails for biorefining 
purposes. 
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THESIS OUTLINE 
 
Chapter 1 introduces the topic of the thesis, focusing on the ecology and 
enzymology behind the microbial degradation of plant biomass. In addition, it 
highlights the potential social interactions of lignocellulolytic microbial consortia 
and the methods that are required to characterize these communities. Finally, in a 
general way, the importance of plant biomass degradation for biotechnological 
applications is explained. 
 
Chapter 2 addresses the production, by dilution-to-stimulation, and 
characterization, by 16S rRNA gene/ ITS1 qPCR and PCR-DGGE and isolation of 
key bacteria and fungi, of two microbial consortia that degrade either pretreated 
(TWS) or untreated wheat straw (RWS). In addition, this chapter reports a novel, 
easy and fast method to detect oxidoreductase activity in the presence of 5-
hydroxymethylfurfural. 
 
Chapter 3 expands the data of chapter 2, by focusing on the “metataxonomic” 
analysis of the two microbial consortia, coined RWS and TWS. In addition, the 
chapter shows the successional microbial diversity, stability and community 
composition of the two consortia. Moreover, the metagenomic predictor PICRUSt 
was used to indicate the key genes involved in lignocellulose degradation on the 
basis of bacterial 16S rRNA sequences. Moreover, specific (hemi)cellulolytic 
enzymatic activities in the metasecretomes of the resulting and stable microbial 
consortia are reported. 
 
Chapter 4 focuses on the metagenomic evaluation, in a time course, of the RWS 
and TWS lignocellulolytic microbial consortia. This chapter also provides insight in 
the metabolic potential and lignocellulolytic machinery of these consortia. In 
addition, the overrepresentation of carbohydrate transporters, polysaccharide 
sensing genes and GHs are presented and examined. Finally, predictive 
descriptions of partial pathways related to plant biomass deconstruction are 
provided. 
 
Chapter 5 presents a functional screening for hemicellulases in the metagenomic 
libraries generated from the RWS and TWS microbial consortia. In this chapter, the 
functional screening is expanded by using a multi-substrate approach with six 
chromogenic compounds. High hit rates were obtained with this method, as 
compared with recently-published methods. In addition, clones containing genes 
for putative novel thermoalkaliphilic enzymes (one xylanase, one galactosidase and 
one glucosidase) were identified. 
 
Chapter 6 analyzed the proteins that are secreted (metasecretome) by a wheat 
straw-degrading microbial consortium (RWS) bred on either whet straw, xylose or 
xylan. Liquid chromatography–tandem mass spectrometry was used as the tool to 
analyze the proteins in the supernatants of each enriched consortium. Taxonomic 
and functional affiliation of the secreted proteins enabled us to identify the 
metabolically-active microorganisms, helping to correlate specific functions with 
taxa that are predicted to be involved in plant biomass deconstruction. Diverse 
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types of hemicellulases were identified in the RWS metasecretome, giving clues 
with respect to the design of enzyme cocktails for future improvements in 
biorefining. 
 
Chapter 7 focuses on three plant biomass-degrading microbial consortia that were 
trained to degrade once-used wheat straw (WS1-M), switchgrass (SG-M) and corn 
stover (CS-M). These microbial consortia were characterized by metagenomics 
(taxonomic and carbohydrate-active enzyme profiles) and metasecretomics 
approaches. A key finding was the dominance of lytic polysaccharide 
monooxygenases as well as of enzymes involved in xylan/arabinoxylan 
degradation. This chapter also reports on the analysis of enzymatic activities in the 
metasecretome produced from each microbial consortium by using a new 
generation of chromogenic substrates. Based on these approaches, we found that 
the microbial consortia have the potential to degrade specific and complex plant-
derived polysaccharides. 
 
Chapter 8 summarizes and discusses the main findings of this thesis against 
recent relevant literature. Theoretical considerations, perspectives, concluding and 
final remarks with respect to future work are exposed in the light of ecological 
studies and biotechnological applications. 
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ABSTRACT  
 
To develop a targeted metagenomics approach for the analysis of novel 
multispecies microbial consortia involved in the bioconversion of lignocellulose 
and furanic compounds, we applied replicated sequential batch aerobic enrichment 
cultures with either pretreated or untreated wheat straw as the sources of carbon 
and energy. After each transfer, exponential growth of bacteria was detected using 
microscopic cell counts, indicating that the substrate was being utilized. In batch, 
the final bacterial abundances increased from an estimated 5 to 8.7–9.5 log 16S 
rRNA gene copy numbers/ml. The abundances of fungal propagules showed 
greater variation, i.e., between 5.4 and 8.0 log ITS1 copies/ml. Denaturing gradient 
gel electrophoresis analyses showed that the bacterial consortia in both treatments 
reached approximate structural stability after six transfers. Moreover, the 
structures of the fungal communities were strongly influenced by substrate 
treatment. A total of 124 bacterial strains were isolated from the two types of 
enrichment cultures. The most abundant strains were affiliated with the genera 
Raoultella/Klebsiella, Kluyvera, Citrobacter, Enterobacter, Pseudomonas, 
Acinetobacter, Flavobacterium and Arthrobacter. Totals of 43 and 11 strains 
obtained from the untreated and pretreated substrates, respectively, showed 
(hemi)cellulolytic activity (CMC-ase and xylanase), whereas 96 strains were 
capable of growth in 7.5 mM 5-hydroxymethylfurfural. About 50 % of the latter 
showed extracellular oxidoreductase activity as detected by a novel iodide oxidation 
method. Also, (hemi)cellulolytic fungal strains related to Coniochaeta, 
Plectosphaerella and Penicillium were isolated. One Trichosporon strain was 
isolated from pretreated wheat straw. The two novel bacterial–fungal consortia are 
starting points for lignocellulose degradation applications. 
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INTRODUCTION 
 
Industries around the world have been recently focusing on improvements in the 
production of, for instance, fuel (ethanol–oil–gas) from biological waste materials 
like lignocellulosic compounds (Xing et al., 2012). However, processes are often 
suboptimal and several key issues need attention, like the high cost of 
thermochemical conversion, the efficiency of enzymatic conversion and the toxicity 
of some byproducts that emerge in pretreatments of source material (Zheng et al., 
2009). Lignocellulosic plant waste materials are composed of cellulose, 
hemicellulose, lignin and pectin, constituting rather inaccessible structures. Thus, 
substrate pretreatment is thought to be required to open up and/or remove the 
lignin moieties, depolymerize cellulose and hemicellulose and make the material 
amenable to enzymatic attack. Unfortunately, pretreatment steps often generate 
byproducts such as furfural, 5-hydroxymethylfurfural (5-HMF) and phenolic 
compounds (vanillin, syringaldehyde and coniferyl aldehyde), which are inhibitors 
of subsequent transformation steps (Chandel and Singh 2011). 

The microbial conversion of lignocellulosic substrates to sugar monomers 
involves the synergistic action of several enzymes, such as peroxidases, laccases, 
xylanases, endoglucanases, exoglucanases and β-glucosidases (Hasunuma et al., 
2013). In addition, furfural/5-HMF oxidoreductase, 2,5-furan dicarboxylic acid 
decarboxylase, 2-furoyl-CoA synthethase, furoyl-CoA dehydrogenase and 2-
oxoglutaryl-CoA hydrolase are involved in conversions of furfural and 5-HMF to 2-
oxoglutaric acid, which is metabolized via the tricarboxylic acid pathway (Wierckx 
et al., 2011). In recent years, a high demand for efficient enzymes that allow the 
bioconversion of different lignocellulosic substrates and furanic compounds has 
emerged. Hence, novel genes/enzymes and microorganisms capable of 
metabolizing both types of compounds and fermenting sugars are deemed to be 
very important for use in consolidated bioprocessing (CBP) technologies for biofuel 
production (Cheng and Zhu 2012). 

There are different strategies in the search for efficient microorganisms 
that degrade lignocellulosic matter: (a) development of specialized microbial 
communities using enrichment cultures coupled or not to stable isotope probing 
(SIP) and (b) screening for enzymes via functional metagenomics. Recently, a 
concept called habitat biasing was introduced, in which specific substrates (in situ 
or ex situ) would incite the emergence of microbial communities fine-tuned to the 
desired function (Ekkers et al., 2012). This methodology has great potential, in the 
sense that microbial consortia with intricate links between them, providing 
stability, are obtained. Yet, a possible drawback is that particular members of the 
community that become prevalent are mere scavengers of unlocked carbon, i.e., 
behave like “cheaters” in the process. Different approaches to isolation and 
enrichment of functional microbial consortia have recently been reported (Lee et 
al., 2013). For example, some systems in which hemicellulose degraders were 
enriched have been set up with sugarcane bagasse, switchgrass, or wheat straw as 
carbon sources (Wongwilaiwalin et al., 2010; Gladden et al., 2011a; Wang et al., 
2011a). In addition, furanic aldehyde degrading microorganisms have been isolated 
using classical enrichment on furfural and/or 5-HMF (López et al., 2004) and also 
in torrefied grass biomass (Trifonova et al., 2008). 
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A large number of mesophilic aerobic bacteria are known to be capable of 
degrading the lignocellulosic material present in plant cell walls. The degrading 
organisms generally belong to the orders Actinomycetales, Rhizobiales and 
Bacillales. However, recently, the importance of members of the Enterobacteriales 
(i.e., Klebsiella, Enterobacter, Citrobacter and Pantoea), Pseudomonadales and 
Sphingobacteriales has been indicated (Rattanachomsri et al., 2011; Aylward et al., 
2012; Wang et al., 2013; Kanokratana et al., 2013). In addition, members of the 
Ascomycota and Basidiomycota have also been described as key lignocellulose 
degraders in soils (Ŝtursová et al., 2012). Also, Trichoderma, Aspergillus, 
Rhizopus, Mucor, Penicillium and Trametes types have been the focus of much 
previous research. The most abundant furanic compound degrading bacteria are 
members of the orders Burkholderiales, Pseudomonadales, Actinomycetales and 
Xanthomonadales (Wierckx et al., 2011), whereas three fungal furanic aldehyde 
degraders have been reported, i.e., Coniochaeta ligniaria (López et al., 2004), 
Trichosporon cutaneum (Chen et al., 2009) and Amorphotheca resinae (Zhang et 
al., 2010). 

Given the likely importance of the behavior of the microbial consortia 
involved, we here posit that in-depth studies on these will provide an important 
foundation for understanding the complex interactions of lignocellulosic 
degradation in nature and between bacterial and fungal players, providing a 
platform for biotechnological applications and CBP. This study aimed to produce 
novel microbial consortia involved in the bioconversion of lignocellulosic 
substrates and furanic toxic compounds. The focus was on the production of stable 
bacterial–fungal consortia that are growing on either pretreated or untreated wheat 
straw substrate. We here describe their characteristics and the isolation of some of 
the key members. The novel consortia may constitute starting points for 16S rRNA 
gene-ITS pyrosequencing and metagenomic analyses. 
 
METHODS 
 
Substrate preparation 
Wheat straw material was collected from a farm near Groningen (The Netherlands) 
and air-dried before cutting into pieces of about 5 cm length. Two different 
substrates were thus obtained, to serve as carbon and energy sources: (1) “raw” 
wheat straw (RWS) and (2) torrefied “mild pyrolysis” wheat straw (TWS). The 
torrefaction process (using 20 g of dry wheat straw) was performed in a carbolite 
muffle furnace at a temperature of 240 °C during 1 h, in accordance with Trifonova 
et al., (2008). Lignocellulosic materials (RWS and TWS) were ground, using a 
hammer mill, to pieces <1 mm to augment the surface capacity access and were 
added in the enrichment medium described below. 
 
Construction of enriched cultures by dilution-to-stimulation approach 
Ten randomly taken soil samples of 10 g were collected and mixed from a forest soil 
(0 to 10 cm depth) in Groningen, The Netherlands (53.41 N; 6.90 E) in August 2012 
(summer season). At the sampling site, a high quantity of decaying wood was 
present (Supplementary Fig. S1). Cell suspensions were prepared by adding 10 g of 
sampled soil to 250 ml flasks containing 10 g of sterile gravel in 90 ml of mineral 
salt medium (MSM) (7 g/l Na2HPO4; 2 g/l K2HPO4; 1 g/l (NH4)SO4; 0.1 g/l 
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Ca(NO3)2; 0.2 g/l MgCl2, pH 7.5). The flasks were shaken for 20 min at 250 rpm 
and 3 ml of suspension was then sampled for DNA extraction. Aliquots (250 μl) of 
soil suspension were added to triplicate Erlenmeyer flasks containing 25 ml of 
MSM with 1 % lignocellulose substrate and supplemented with 25 μl of trace 
element (2.5 g/l EDTA; 1.5 g/l FeSO4; 0.025 g/l CoCl2; 0.025 g/l ZnSO4; 0.015 g/l 
MnCl2; 0.015 g/l NaMoO4; 0.01 g/l NiCl2; 0.02 g/l H3BO3; 0.005 g/l CuCl2) and 
25 μl of vitamin solution (0.1 g/l Ca-panthothenate; 0.1 g/l cyanocobalamine; 
0.1 g/l nicotinic acid; 0.1 g/l pyridoxal; 0.1 g/l riboflavin; 0.1 g/l thiamin; 0.01 g/l 
biotin; 0.1 g/l folic acid). Flasks were incubated at 25 °C in aerobic conditions, with 
shaking at 100 rpm. Two controls, i.e., one without substrate (WS) and the other 
without microbial source (WMS), were also set up (Supplementary Fig. S1). 
Cultures were monitored at regular time intervals and once systems reached high 
cell density (7–8 log cells/ml) and straw was visually degraded (between 6 and 
8 days), aliquots (25 μl of microbial suspension with fibrous material) were 
transferred to 25 ml of fresh wheat straw containing medium (dilution 10−3). This 
procedure was performed ten times. The numbers of microbial cells per milliliter 
directly after the transfer and at the end of growth in each transfer were quantified 
by microscopical cell counting. Finally, samples were taken from the consortia at 
each transfer and stored with 20 % of glycerol at −80 °C. All chemicals and 
reagents used in this work were of analytical or molecular biology grade. 
 
DNA extraction and real-time PCR quantification 
DNA extractions from the cultures were performed using 3 ml samples. The Power 
Soil DNA extraction kit (MoBio® Laboratories Inc., Carlsbad, USA) was used 
according to the manufacturer's instructions. The only modification made was the 
resuspension of extracted DNA in 75 μl. The 16S rRNA gene (region V5-V6) and 
ITS1 region were amplified by qPCR using 1 ng of diluted extracted DNA as a 
template and primers 16SFP/16SRP and 5.8S/ITS1, respectively (Pereira e Silva et 
al., 2012). Standard curves were constructed using serial dilutions of plasmid (1 to 
8 log copies/μl) that contained cloned 16S rRNA and ITS1 fragments from Serratia 
plymuthica (KF495530) and Coniochaeta ligniaria (KF285995), respectively. 
Absolute quantification was carried out in three replicates on ABI Prism 7300 
Cycler (Applied Biosystem, Lohne, Germany). 
 
PCR-DGGE analysis 
Denaturing gradient gel electrophoresis (DGGE) was performed in the Ingeny 
Phor-U System (Ingeny International, Goes, The Netherlands) following PCR with 
primers F968 with a GC clamp attached to the 5′ end and the universal bacterial 
primer R1401.1b for 16S rRNA gene. For fungal communities, primers EF4/ITS4 
were used, followed by a second amplification with the primers ITS1f-GC/ITS2. 
Primer sequences, PCR mixtures and cycling conditions were described by Pereira 
e Silva et al., (2012). The DGGE was performed in 6 % (w/v) polyacrylamide gels 
with 45–65 and 20–50 % denaturant gradient for bacterial and fungal 
communities, respectively (100 % is defined as 7.0 M urea with 40 % deionized 
formamide). Electrophoresis was carried out at 100 V for 16 h at 60 °C and the gels 
were stained for 30 min in 0.5 % TAE buffer with SYBR gold (final concentration of 
0.5 μg/l) (Invitrogen, Breda, The Netherlands). Images were taken using 
Imagemaster VDS (Amersham Biosciences, Buckinghamshire, UK). Fingerprinting 
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results were analyzed using GelCompar software (Applied Maths, Sint-Martens 
Latem, Belgium) and then principal components analysis (PCA) was performed 
against the DGGE banding pattern using Canoco (v4.52; Wageningen, The 
Netherlands) (Andreote et al., 2009). 
 
Recovery and identification of bacterial and fungal strains 
The isolation of bacterial and fungal strains along with transfers was done on R2A 
agar (BD Difco®, Detroit, USA) and Potato Dextrose agar (PDA) (Duchefa 
Biochemie BV, Haarlem, The Netherlands), respectively. Serial dilutions were done 
in MSM and 100 μl of dilution (10−7 to 10−9) was spread on the surface of each 
medium. Morphological different colonies (Supplementary Fig. S1) were purified 
and preserved at 4 and −80 °C (in R2A broth with 20 % of glycerol). The genomic 
DNA was obtained using Microbial DNA Isolation Kit (MoBio®). For bacterial 
strains, we performed a BOX-PCR in order to cluster the strains, with the primer 
A1R (CTACGGCAAGGCGACGCTGA). BOX-PCR amplification was performed 
under the following conditions: 95 °C for 2 min; 35 cycles of 94 °C for 3 s, 50 °C for 
1 min, 65 °C for 8 min; and a final extension step at 65 °C for 16 min. BOX 
clustering analyses were performed using GelCompar software. Bacterial 16S rRNA 
genes of representative strains that belonged to each BOX group were amplified 
using primers 27F (5′-AGAGTTTGATCMTGGCTCAG-3′) and 1492R (5′-
GGTTACCTTGTTACGACTT-3′). PCR reactions were done in a 50-μl reaction 
mixture containing 1.25 U of Taq DNA polymerase (Biolase®, Luckenwalde, 
Germany), 1× reaction buffer, 2 mM of MgCl2, 200 μM of dNTPs, 0.3 μM of each 
primer, 0.25 μl of formamide (100 %), 0.125 μl of BSA (20 mg/ml) and 50–100 ng 
of DNA. PCR reactions were run for 35 cycles as follows: denaturation at 95 °C for 
45 s, annealing at 54 °C for 1 min and elongation at 72 °C for 2 min. For fungal 
strains, we amplified the partial 18S rRNA region using primers EF4 and ITS4 
according to Pereira e Silva et al. (2012). PCR products were purified with a Wizard 
SV Gel and PCR Clean Up system (Promega, Madison, USA) and sequenced by 
Sanger technology (LGC Genomics, Germany) using the 27F (for bacteria) and 
ITS4 (for fungi) primers. All chromatograms were analyzed for quality using the 
CLC Main Workbench software (CLCbio, MD, USA). Taxonomic assignment of the 
sequences was done by using BLAST-N against the NCBI Database (http://blast.
ncbi.nlm.nih.gov/Blast.cgi). 
 
Screening for (hemi)cellulolytic activity, growth in furanic compounds 
and 5-HMF oxidoreductase activity 
Briefly, a small amount of bacterial pure colony (on R2A agar) was transferred to 
200 μl of R2A broth using a sterile toothpick. Cultures in microplates were grown 
overnight and shaken at 100 rpm at 25 °C. Screenings for (hemi)cellulolytic activity 
and growth on furanic compounds were done in mineral minimum agar (MMA) 
(0.2 % NaNO3; 0.1 % K2HPO4; 0.05 % MgSO4; 0.05 % KCl; 1 % of vitamin solution; 
1.5 % agar). We evaluated the growth (negative, weak and positive) of the strains in 
the presence of 0.2 % glucose, 0.2 % fructose, 0.2 % carboxymethylcellulose (CMC), 
0.2 % xylan from beechwood, 7.5 mM furfural and 7.5 mM 5-HMF as a final 
concentration. A drop (20 μl) of bacterial culture grown overnight was inoculated 
on an agar plate (16 strains/per plate). Fungal strains were grown on PDA, after 
which agar plugs (5 mm in diameter) containing grown mycelium were excised 
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from the plate of each isolate. The agar plugs were placed in the center of each agar 
plate surface. All assays were performed in duplicate using as a negative control 
MMA without carbon source. The plates were incubated at 28 °C for 36 h and, after 
evaluation of growth, were flooded with Gram iodine (Kasana et al., 2008) for 
detection of CMC-ase and xylanase activity and evaluation of oxidoreductase 
activity in the presence of 5-HMF. We screened totals of 124 and 7 bacterial and 
fungal strains, respectively. CMC and xylan degradation was indicated by detection 
of clearing zones around the colonies and an enzymatic activity index (EAI) was 
defined on the basis of the diameter (millimeter) of the zone of clearance plus the 
diameter of the colony divided by the diameter of the colony. A cut-off value of 
more than 2.0 mm was considered as a positive. The same index was applied to 
describe the oxidoreductase activity. 
 
Nucleotide sequence accession numbers 
Sequences are publicly available in the GenBank database under accession 
numbers KF285950–KF285998. 
 
RESULTS 
 
Enrichment cultures and real-time PCR cell quantification 
Microcosm systems were constructed with cells from a forest soil as the inoculum 
(6 log cells/ml in the first enrichment flasks). Bacterial growth was observed after 
each transfer to fresh substrate-containing medium the cell densities increasing 
from the inoculum level, around 5 to 8.0–8.4 log bacterial cells/ml in all transfers 
and for both strategies (Figure 1). In the without-substrate negative control (WS) 
the number of cells per milliliter decreased from 5 to 2 log cells/ml from the third 
to the sixth transfers, respectively (data not shown). 
 

 
 
Figure 1. Bacterial cell numbers (log cells per milliliter) in enrichment cultures with RWS and TWS. 
Starting inocula revealed growth after 6–8 days in every sequential transfer step. 
 

The numbers of 16S rRNA gene and ITS1 copies in the forest soil suspension used 
as the inoculum were around 8 log per ml (1 × 108 copies/ml, ending up as 1 × 106 
copies/ml in the first enrichment flasks). In the first flasks, the 16S rRNA gene copy 
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numbers increased to 8.9 (±0.83) and 9.2 (±0.83) log per ml for the RWS and 
TWS, respectively (Figure 2a), whereas these remained reduced (around 7 log 
copies/ml) in the WS control as compared with the enrichment strategies. The 
abundances of bacterial communities consistently ended up at gene copy numbers 
between 8.7 and 9.5 log copies per ml following each transfer and subsequent 
growth (Figure 2a). An assessment of the 16S rRNA gene copy numbers per cell in 
transfer 10 for RWS (4.53 × 109 copies/ml and 1.55 × 109 cells/ml) revealed an 
average of 2.92 copies of 16S rRNA genes per cell. However, in the last transfer for 
the TWS system, this value was 1.71 copies per cell. 

In the first transfer flasks, the fungal communities showed numbers of 5.6 
(±0.66) and 5.9 (±0.87) log ITS1 copies/ml in RWS and TWS, respectively (Figure 
2b), whereas around 6 log copies/ml had been added. Fungal communities showed 
a greater variation in abundance, with maxima in transfer-7 (8.0 ± 0.26 log 
copies/ml) and transfer-4 flasks (7.8 ± 0.42 log copies/ml) for TWS and RWS, 
respectively. However, low values were observed in the flasks of transfer 6 
(5.8 ± 1.32 log copies/ml) and 4 (5.4 ± 0.30 log copies/ml) for TWS and RWS, 
respectively (Figure 2b). Moreover, the qPCR assessments showed progressively 
lower numbers in the control flasks (WS, WMS) along with the transfers, indicating 
that low or no growth took place without added wheat substrate or microbial 
source. Thus, every 1:1,000 transfer did effectively decrease the number of target 
gene copies, used as proxies for cell numbers, in a progressive manner. 
 
PCR-DGGE analyses 
We used PCR-DGGE to evaluate bacterial and fungal community structures, as well 
as their stabilities, along with all sequential transfers (Figure 3). For RWS, the 
bacterial communities revealed low diversity structures as from the beginning, 
which reached stability after six transfers. In the first transfer for this system, we 
observed approximately 12 bands and the profiles fluctuated a bit along six 
transfers, revealing minor changes in the number of bands (between 10 and 14). 
Three bands were unique and dominant in the RWS profiles after the third transfer 
(B1, B3 and B5) (Figure 3a). Then, the profiles showed approximately 12 to 14 
major bands between transfer 6 and transfer 10. For TWS, eight bands dominating 
the profiles were observed in the first, second and third transfers. Approximately 
ten bands were observed after six to ten transfers, with around 50 % of similarity 
between the third and tenth transfers. In the TWS, one dominant band (B2), 
possibly belonging to Bacteroidetes, appeared in the second transfer flask and 
remained dominant throughout the further flasks. Five dominant bands (B1–B5) 
from the two enrichment strategies were retrieved and sequenced. The dominant 
and consistent DGGE band B4 from TWS (transfer 6) was assigned to Raoultella 
terrigena (99 % identity—NR037085.1); it was also dominant in RWS after transfer 
3. Unfortunately, sequencing of the other bands failed. The triplicates of each 
system, in each transfer, consistently revealed communities that were very similar 
to each other (flask to flask) in both strategies (Figure 3a). 
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Figure 2. Abundance of bacterial and fungal communities as measured by qPCR in forest soil—derived 
enrichment cultures with RWS, TWS and microbial source or substrate-less negative controls 
(respectively, WMS and WS). a) 16S rRNA gene and b) ITS1 copy numbers (log copy number per 
milliliter of culture) in the sequential transfer steps. Quantifications were performed after completion of 
growth in each transfer, which commonly took 6–8 days. Superscripted letter a indicates the 
quantification in the initial soil suspension. Bars refer to standard errors of the mean (n = 3). 

 
PCR-DGGE analyses 
We used PCR-DGGE to evaluate bacterial and fungal community structures, as well 
as their stabilities, along with all sequential transfers (Figure 3). For RWS, the 
bacterial communities revealed low diversity structures as from the beginning, 
which reached stability after six transfers. In the first transfer for this system, we 
observed approximately 12 bands and the profiles fluctuated a bit along six 
transfers, revealing minor changes in the number of bands (between 10 and 14). 
Three bands were unique and dominant in the RWS profiles after the third transfer 
(B1, B3 and B5) (Figure 3a). Then, the profiles showed approximately 12 to 14 
major bands between transfer 6 and transfer 10. For TWS, eight bands dominating 
the profiles were observed in the first, second and third transfers. Approximately 
ten bands were observed after six to ten transfers, with around 50 % of similarity 
between the third and tenth transfers. In the TWS, one dominant band (B2), 
possibly belonging to Bacteroidetes, appeared in the second transfer flask and 
remained dominant throughout the further flasks. Five dominant bands (B1–B5) 
from the two enrichment strategies were retrieved and sequenced. The dominant 
and consistent DGGE band B4 from TWS (transfer 6) was assigned to Raoultella 
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terrigena (99 % identity—NR037085.1); it was also dominant in RWS after transfer 
3. Unfortunately, sequencing of the other bands failed. The triplicates of each 
system, in each transfer, consistently revealed communities that were very similar 
to each other (flask to flask) in both strategies (Figure 3a). 
 

 

 
 
Figure 3. PCR-DGGE cluster analyses of a) bacterial and b) fungal communities in enrichment 
cultures in sequential transfer steps. Left: similarity dendrograms using the DICE coefficient of 
similarity (Dice 1945). Arrows indicate selected bands. Band B4 corresponds to an organism related to 
Raoultella terrigena. Right: principal components analysis (PCA). WS without-substrate negative 
control. 

 
With respect to the fungal community structures, the PCR-DGGE results showed 
(1) a high fungal community richness in the original soil sample (approximately 30 
bands) and (2) consistency between replicates (flask to flask) in each transfer with 
reduced richness. In the first transfer for RWS, multiple bands were observed, i.e., 
20 to 25 bands, whereas these numbers dropped progressively upon transfer. At 
transfer 8, we observed 8 to 12 different bands. For TWS, between eight and ten 
bands were observed in the first stages, suggesting that a few specific fungi had 
been selected (Figure 3b). The profiles and band numbers were approximately 
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stable along transfer 3 to transfer 8, with six to eight bands in the last transfers. 
Specifically, two large clusters could be discerned in the TWS-derived profiles from 
all flasks, which shared around 40 % similarity. The first cluster encompassed all 
profiles derived from transfers 1 to 5, whereas the second one encompassed all 
samples from transfers 6 to 8 (Figure 3b). 
 
Recovery and identification of bacterial and fungal strains 
Totals of 60 bacterial strains were recovered from the systems of transfers 1, 2, 3, 6 
and 8 (30 strains for both cultures). From the transfer-10 flasks, we recovered 64 
bacterial strains (32 strains for both cultures). Pre-grouping of all strains by BOX-
PCR revealed a total of 13 large groups (data not shown). We then selected 
representatives from each BOX-PCR group and sequenced their 16S rRNA genes 
for identity (Table 1). The RWS enrichment systems showed high diversities and 
strains were mainly affiliated to species of the genera Raoultella/Klebsiella, 
Kluyvera, Citrobacter, Enterobacter, Serratia (Enterobacteriales), Pseudomonas, 
Acinetobacter, Flavobacterium, Aeromonas and Arthrobacter. From the TWS 
system, we identified seven bacterial types affiliated with species of 
Raoultella/Klebsiella, Enterobacter, Citrobacter, Escherichia, Pseudomonas, 
Sphingobacterium and Arthrobacter (Figure 4 and Table 1). The organisms 
identified as BOX-PCR groups 4, 6, 8, 10 and 12 (Citrobacter, Enterobacter, 
Kluyvera, Raoultella/Klebsiella and Escherichia) also showed high similarities 
with other genera within the order Enterobacteriales. However, we used the “best” 
BLAST hit affiliation for taxonomic assignment (Table 1) using a cutoff of 90 % of 
identity and 95 % of coverage. It is known that species of different genera from the 
Enterobacteriales are genetically diverse, despite the near identity (97–99 %) of the 
16S rRNA gene sequence and so the classifications are preliminary and will need 
confirmation with data from, e.g., comparative genomic hybridization and 
phenotype analyses. We isolated fungal strains from the systems of transfers 2, 8 
and 10. In the transfer-2 system, in both wheat substrates, we obtained strains that 
were closely related to Coniochaeta, Plectosphaerella and Trichosporon species, 
whereas in the transfer-8 and transfer-10 systems, we identified strains belonging 
to species of Penicillium (Figure 4 and Table 2). 
 

(Hemi)cellulolytic activities of bacterial and fungal strains 
A total of 124 bacterial and 7 fungal strains was evaluated for (hemi)cellulolytic 
activity (CMC-ase and xylanase). The data obtained showed that all fungal strains 
possessed (hemi)cellulolytic activity, with the exception of one isolate of 
Trichosporon (Table 2 and Supplementary Fig. S2). All bacterial strains were able 
to grow (strong to weak) in 0.2 % fructose and glucose (Figure 5a). Totals of 21 
(75 %), 6 (75 %), 4 (80 %) and 4 (100 %) RWS-derived strains of 
Raoultella/Klebsiella, Kluyvera, Enterobacter and Flavobacterium, respectively, 
showed positive CMC-ase and xylanase activity. All strain groups retrieved from 
RWS had members with (hemi)cellulolytic activity, except for Pseudomonas spp. 
Only six (19.3 %) and five (29.4 %) of the TWS-isolated strains related to 
Raoultella/Klebsiella and Pseudomonas, respectively, showed enzymatic activity 
(Figure 5b). 
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Table 1. Closest matches for 16S rRNA gene sequences of strains in each BOX group and relative 
abundance in RWS and TWS 
 

Strain 
code 

Box 
Group 

Closest relative species  
“best” hit partial 16S 

rDNA (accession) 

Length 
(bp) 

Coverage 
% 

Identity 
% 

Closest 
relative genus 

NSRWS 
(%relative 

abundance) 

NSTWS 
(%relative 

abundance) 

10w4 

1 

Acinetobacter baumannii 
(NR_074737.1) 

964 99 96 

Acinetobacter 7 (11.29) 0 (0.0) 

10w16 
Acinetobacter calcoaceticus 

(NR_042387.1) 
966 99 97 

1w4 
Acinetobacter calcoaceticus 

(NR_042387.1) 
930 100 99 

6w1 
Acinetobacter haemolyticus 

(NR_026207.1) 
902 99 95 

8w3 
Acinetobacter johnsonii  

(NR_044975.1) 
791 100 98 

8w5 
Acinetobacter johnsonii  

(NR_044975.1) 
874 100 98 

6w3 2 
Aeromonas veronii 

(NR_044845.1) 
1095 100 99 Aeromonas 1 (1.61) 0 (0.0) 

2t3 3 
Arthrobacter aurescens 

(NR_074272.1) 
1001 99 97 Arthrobacter a 2 (3.22) 5 (8.06) 

1w3 4 
Citrobacter gillenii 

(NR_041697.1) 
1044 100 99 Citrobacter 6 (9.67) 2 (3.22) 

10t3 

6 

Enterobacter amnigenus 
(NR_024642.1) 

974 99 98 

Enterobacter 5 (8.06) 3 (4.83) 
10w26 

Enterobacter amnigenus 
(NR_024642.1) 

983 99 98 

1w6 
Enterobacter amnigenus 

(NR_024642.1) 
883 100 98 

1t2 
Enterobacter asburiae 

(NR_074722.1) 
771 100 98 

3w2 
7 

Flavobacterium glaciei 
(NR_043891.1) 

572 100 92 
Flavobacterium 4 (6.45) 0 (0.0) 

10w3 
Flavobacterium johnsoniae 

(NR_074455.1) 
973 99 93 

6w6 

8 

Kluyvera cryocrescens 
(NR_028803.1) 

444 98 93 

Kluyvera 8 (12.90) 0 (0.0) 

10w18 
Kluyvera intermedia 

(NR_028802.1) 
987 100 98 

10w19 
Kluyvera intermedia 

(NR_028802.1) 
988 99 98 

10w21 
Kluyvera intermedia 

(NR_028802.1) 
1014 99 97 

2w3 
Kluyvera intermedia 

(NR_028802.1) 
916 100 98 

6w2 
Kluyvera intermedia 

(NR_028802.1) 
939 100 98 

3t3 

9 

Pseudomonas asplenii 
(NR_040802.1) 

827 100 97 

Pseudomonas 1 (1.61) 17 (27.41) 

8t4 
Pseudomonas oryzihabitans 

(NR_025881.1) 
1032 99 96 

10t15 
Pseudomonas plecoglossicida 

(NR_024662.1) 
1008 99 97 

10w8 
Pseudomonas putida 

(NR_043424.1) 
1071 100 98 

2t2 
Pseudomonas trivialis 

(NR_028987.1) 
984 99 94 

10t20 
Pseudomonas vranovensis 

(NR_043313.1) 
1030 96 95 

10t12 

10 

Raoultella terrigena 
(NR_037085.1) 

996 100 99 

Raoultella 
(Klebsiella-like) 

28 (45.16) 31 (50.0) 

10t14 
Raoultella terrigena 

(NR_037085.1) 
1044 100 98 

10t17 
Raoultella terrigena 

(NR_037085.1) 
1010 99 98 

10t5 
Raoultella terrigena 

(NR_037085.1) 
822 99 99 

10w11 
Raoultella terrigena 

(NR_037085.1) 
990 99 98 

2w5 
Raoultella terrigena 

(NR_037085.1) 
992 99 97 

6t1 
Raoultella terrigena 

(NR_037085.1) 
995 100 99 

8w1 
Raoultella terrigena 

(NR_037085.1) 
1002 99 99 

8w6 
Raoultella terrigena 

(NR_037085.1) 
1053 99 98 

2w4 11 
Serratia proteamaculans 

(NR_025341.1) 
806 99 99 Serratia 1 (1.61) 0 (0.0) 

1t5 
12 

Escherichia fergusonii  
(NR_074902.1)  

752 100 97 
Escherichia 0 (0.0) 2 (3.22) 

1t1 
Escherichia fergusonii  

(NR_074902.1) 
1065 99 98 

3t5 
13 

Sphingobacterium faecium 
(NR_025537.1) 

856 99 97 
Sphingobacteriu

m 
0 (0.0) 2 (3.22) 

3t6 
Sphingobacterium faecium 

(NR_025537.1) 
906 100 98 

Superscripted letter a belongs to Actinobacteria; NSRWS number of strains recovered from RWS; 
NSTWS number of strains recovered from TWS 
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Figure 4. Venn diagram indicating unique and common bacterial and fungal strains in RWS and TWS. 
Superscripted letter a indicates Raoultella/Klebsiella types. Superscripted letter b belongs to 
Basidiomycota. 

 
Table 2. Taxonomic affiliation by analysis of partial 18S rRNA gene sequence and enzymatic activity of 
seven fungal strains recovered in RWS and TWS 
 
Strain 
code 

Closest relative species - “best” hit 
partial 18S rRNA 

Phylum 
“Best” hit 
accession  

Identity 
Activity 
in CMC 

Activity 
in xylan 

8w1Fa Penicillium camemberti strain ATCC 10387 

Ascomycota 

GQ458039 
1111/1115 

(99%) 
(+) (+) 

10t2Fb Penicillium citrinum GU944576 
647/647 
(100%) 

(+) (+) 

2w1Fa Coniochaeta ligniaria (Lecythophora)  
strain CBS 267.33T 

AJ496246 
655/660 

(99%) 
(+) (+) 

2t2.1Fb Coniochaeta ligniaria (Lecythophora)  
strain CBS 267.33T 

AJ496246 
656/660 

(99%) 
(+) (+) 

2t2.2F
b 

Plectosphaerella cucumerina  
strain NRRL 20430 

AF176951.1 
633/643 

(99%) 
(+) (+) 

2w2Fa Plectosphaerella sp. MH727 FJ430715.1 
649/654 

(99%) 
(+) (+) 

2t1Fb Trichosporon porosum strain CBS 5597 Basidiomycota JN939405 
770/770 
(100%) 

(-) (-) 

a Strains recovered from RWS; b Strains recovered from TWS 
 

Hemi)cellulolytic activities of bacterial and fungal strains 
A total of 124 bacterial and 7 fungal strains was evaluated for (hemi)cellulolytic 
activity (CMC-ase and xylanase). The data obtained showed that all fungal strains 
possessed (hemi)cellulolytic activity, with the exception of one isolate of 
Trichosporon (Table 2 and Supplementary Fig. S2). All bacterial strains were able 
to grow (strong to weak) in 0.2 % fructose and glucose (Figure 5a). Totals of 21 
(75 %), 6 (75 %), 4 (80 %) and 4 (100 %) RWS-derived strains of 
Raoultella/Klebsiella, Kluyvera, Enterobacter and Flavobacterium, respectively, 
showed positive CMC-ase and xylanase activity. All strain groups retrieved from 
RWS had members with (hemi)cellulolytic activity, except for Pseudomonas spp. 
Only six (19.3 %) and five (29.4 %) of the TWS-isolated strains related to 
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Raoultella/Klebsiella and Pseudomonas, respectively, showed enzymatic activity 
(Figure 5b). 
 
Growth in furanic compounds and oxidoreductase activity in the 
presence of 5-HMF 
All bacterial strains were evaluated for their ability to grow in 7.5 mM of 5-HMF or 
furfural agar. After 2 days at 27 °C, some showed residual growth on furfural agar 
similar to that of the negative control. Thus, we considered this result as a negative. 
A total of 96 strains showed colonies with white concentric circles of growth in 5-
HMF (Figure 5a). From RWS, 27 (96.4 %), 5 (100 %) and 5 (71.4 %) strains of 
Raoultella/Klebsiella, Enterobacter and Acinetobacter, respectively, were capable 
of growth in 5-HMF. Only one strain, affiliated with Aeromonas, was not able to 
grow. From TWS, totals of 28 (90.3 %), 9 (52.9 %) and 5 (100 %) strains of 
Raoultella/Klebsiella, Pseudomonas and Arthrobacter showed growth in 5-HMF 
(Figure 5b). 

Thus, after we observed growth of bacterial strains, we tested the reaction 
of the colonies by Gram stain iodine (33 % of I2 and 67 % of KI) on 5-HMF plates. 
After flooding the colonies, we observed the production of a yellow halo in some 
strains (gray scale color plates in Figure 5a). Two concepts may be put forward to 
explain this response: (1) the production of H2O2–oxidation of 2KI in acidic 
conditions–production of I2 and change of color (Schmitz 2010; Milenković and 
Stanisavljev 2011) or (2) production of a 5-HMF oxidoreductase (HmfH)–direct 
oxidation of 2KI–production of I2 and change of color (Amachi et al., 2005; Suzuki 
et al., 2012). In both concepts, we expect to detect extracellular oxidoreductase 
activity (Figure 5). Thus, 32 and 15 bacterial strains, obtained from RWS and TWS, 
respectively, showed extracellular 5-HMF oxidoreductase activity (Figure 5b). 
Remarkably, we did not observe yellow halo formation on MMA with glucose, 
fructose or furfural as a carbon source (data not shown). 
 
DISCUSSION 
 
The biodegradation of lignocellulosic biomass and subsequent production of green 
chemistry/renewable fuels through complex communities that work together in the 
presence of toxic compounds has been proposed as a very promising 
biotechnological approach, which, however, is in continuous need of improvement 
(Zuroff and Curtis 2012). In this study, two different ex situ enrichment strategies 
to produce relevant microbial consortia were used with (1) untreated wheat straw 
(RWS) and (2) torrefied wheat straw (TWS). Unlike dilution-to-extinction 
approaches, which incur the loss of a certain function from a progressively diluted 
inoculum, the approach used by us (dilution-to-stimulation) results—due to 
selective processes—in a stimulus of function within the emerging consortia during 
succession (Lee et al., 2013; Zhang et al., 2013). In a previous work, microbial 
communities have been enriched from soil on NaOH-treated wheat straw (Wang et 
al., 2011a), but only a few studies have used untreated substrate (Hui et al., 2013). 
Wheat straw is mainly composed of cellulose (35–50 %), hemicellulose (25–30 %) 
and lignin (25–30 %) (Cheng and Zhu 2012), inciting us to use torrefaction to 
loosen the lignin moieties (Nikolopoulos et al., 2013). However, this possibly 
released furanic compounds. In a previous work (Trifonova et al., 2008), we 
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applied torrefaction to grass fibers and found furfural (27.9 mg/kg) and 5-HMF 
(<10 mg/kg) to be released. Such compounds, produced by dehydration of 
solubilized sugars, might serve as nutrient sources (López et al., 2004). 
 

 

 

 
Figure 5. a) Functional screening of 124 bacterial strains recovered from RWS and TWS to detect 
(hemi)cellulolytic activity (CMC-ase and xylanase), growth in mineral medium (MMA) (without-
substrate control), plus glucose (gluc), fructose (fruc) and furanic compounds (furfural and 5-HMF), 
and oxidoreductase activity in the presence of 5-HMF by iodine oxidation method (gray scale color 
plates). Labels—green and red: positive and negative (hemi)cellulolytic activity, respectively. Black, gray 
and white: negative, weak and positive growth, respectively. Yellow and blue: positive and negative 
extracellular oxidoreductase activity, respectively. Asterisks: negative outside control strains. b) 
Number of positive strains with extracellular production of hemicellulases, 5-HMF oxidoreductase and 
ability to grow in 5-HMF in each culture (RWS and TWS). Superscripted letter a indicates as 
Raoultella/Klebsiella types. 
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In the current study, the numbers of 16S rRNA gene copies increased for RWS and 
TWS, whereas the numbers remained low in the WS control (Figure 2a). Thus, the 
bacterial community in WS was not stimulated to growth and biodegradation, yet 
may have undergone residual growth due to the occurrence of traces of nutrients 
coming from the soil suspension. Overall, the data suggested that the 
lignocellulosic substrate, as compared to the WS control, did support bacterial 
growth (Figures 1 and 2). With respect to fungal communities, we observed a lower 
capacity to respond quickly to the substrates (Figure 2b). Bacterial abundances 
have been determined earlier using the 16S rRNA gene as a proxy, e.g., in lignin-
amended soils (DeAngelis et al., 2011a). Also, cellulose-degrading bacteria have 
been quantified using qPCR of glycoside hydrolase genes (family GH5 and GH48) 
(Pereyra et al., 2010). Collectively, such methods provide estimations of target gene 
abundances, yet are subjected to constraints as to the sensitivity and specificity 
related to the primer systems used and/or the DNA extraction methods. An 
assessment of the 16S rRNA gene copy numbers per cell indicated, on average, 2.92 
and 1.71 copies of 16S rRNA genes per cell for RWS and TWS, respectively. It is 
possible that the presence of a taxon such as Bacteroidetes, with an often low 16S 
rRNA copy number (3.5 ± 1.5 copies per genome) compared with 
Gammaproteobacteria (5.8 ± 2.8 copies per genome), strongly affected the 
measured average copy numbers per cell in the TWS treatment (Větrovský and 
Baldrian 2013). 

PCR-DGGE, on the basis of the 16S rRNA gene and the ITS1 region, has 
been used before on lignocellulose-degrading communities (Ho et al., 2012; Ma et 
al., 2013). Recently, Li et al., (2013) reported the use of primers for the β-
glucosidase family GH1-3 to evaluate the microbial community in cattle manure–
rice straw composting systems. In our study, the initial (inoculum) richness, 
indicated by the band numbers in the bacterial community fingerprints, was high 
(>70), after which divergent patterns emerged for RWS and TWS, with around 
40 % of similarity (based on band composition) between these (Figure 3a). Thus, 
clearly, the bacterial community compositions were driven by substrate treatment. 
For RWS, the bacterial communities reached approximate stability after six 
transfers, whereas for TWS only minor structural changes were found, related to 
band numbers and positions, after three transfers (Figure 3a). Similar results were 
reported before (Trifonova et al., 2008), i.e., structural stability was found after 
five transfers in torrefied grass microbial enrichments. Such dynamics might be 
due to the presence of furanic compounds. A dominant DGGE band (B4) from TWS 
was assigned to R. terrigena (Figure 3a). Considering this taxon, which is possibly 
involved in the biodegradation, recent phylogenetic studies demonstrated 
heterogeneity within the genus Klebsiella, suggesting its division into the genera 
Raoultella and Klebsiella (Drancourt et al., 2001). Thus, band B4 indicated the 
presence of a Klebsiella-like organism, which was dominant and possibly active in 
response to the both wheat substrates. 

With respect to the fungal community structures, the PCR-DGGE results 
showed high community richness in the original soil sample. This richness became 
markedly reduced throughout the transfers and PCA showed that the communities 
growing on TWS reached stability after the second transfer, which was earlier than 
those from RWS. The latter showed structural stability after transfer 6 (Figure 3b). 
The fact that the fungal community structures were very dissimilar between RWS 
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and TWS (~15 % similarity) indicated that these were strongly influenced by the 
substrate treatment. The differential stabilization in TWS than in RWS could be 
explained in the light of the specific conditions offered by the substrate, leading to 
selection of grossly similar types fine-tuned to the torrefied material. 

Strains belonging to Serratia, Escherichia, Sphingobacterium and 
Arthrobacter were recovered only in the first stages of the sequential transfers. 
Possibly these strains were depleted to extinction by the dilution-to-stimulation 
approach, indicating their lack of competitiveness versus other organisms in the 
emerging consortia. Overall, the RWS and TWS systems appeared to indeed incite a 
reshaping of the bacterial communities, with reductions in richness and increases 
in prevalence of particular members of the Enterobacteriales, Pseudomonadales, 
Flavobacteriales and Sphingobacteriales (Figure 4 and Table 1). These organisms 
are likely capable of coping with the nutritional and stress constraints of the 
system, similar to what occurs in the mosquito (Anopheles gambiae) gut 
microbiome (Wang et al., 2011b). Furanic aldehydes are highly reactive molecules, 
giving rise to the formation of reactive oxygen species (ROS), such as superoxide 
and H2O2, causing damage to proteins and nucleic acids. Presumably, the 
communities in TWS with Enterobacteriales and Pseudomonadales may relate to 
such bacterial stress tolerance. With respect to stress (antioxidant) responses, these 
may be primarily coordinated by two regulons (SoxR and OxyR). In 
Enterobacteriales, OxyR is a sensor of H2O2 and it controls the activation of major 
peroxide-degrading enzymes and other genes responding to oxidative stress (Kim 
et al., 2002). Possibly, this is the link between the abundance of Enterobacteriales 
and lignin degradation in the RWS treatment. Recently, several members of the 
Enterobacteriales were indeed found to possess genes for plant polymer 
degradation. They were also found in high proportions in insect herbivore 
microbiomes (Suen et al., 2010; Aylward et al., 2012). 

We isolated three different fungal genera from both systems (Coniochaeta, 
Plectosphaerella and Penicillium) (Figure 4 and Table 2). The genus Coniochaeta 
encompasses filamentous fungi that inhabit soil and decaying wood. Furanic 
compound utilization (López et al., 2004; Trifonova et al., 2008) and hemicellulose 
degradation (López et al., 2007) have been reported for such organisms. Recently, 
Plectosphaerella—which is highly related with Acremonium and Sarocladium—has 
been characterized as a xylanolytic and oleaginous producer yeast (Summerbell et 
al., 2011; Li et al., 2012). Metataxonomic analyses in bagasse feedstock piles 
showed that the most abundant fungal genera were Penicillium, Scytalidiu, 
Humicola and Thermomyces (Rattanachomsri et al., 2011). Eichorst and Kuske 
(2012) performed an elegant experiment, using 13C maize-cellulose, to evaluate the 
active microbial communities in different soils. They identified Trichocladium, 
Chaetomium, Dactylaria and Arthrobotrys as the active fungi. Also, Coprinopsis 
and Pseudallescheria were identified in a microbial consortium growing on wheat 
straw (Wang et al., 2011a). Collectively, such studies point to an important finding, 
i.e., that the microbial source and substrate are highly relevant for the fungal 
lignocellulolytic community composition in multispecies microbial consortia. 
Interestingly, we obtained one strain of Trichosporon (Basidiomycota) from 
treatment TWS (Figure 4 and Table 2). This triglycerol–lipid-producing yeast has 
been shown to be resistant to 5-HMF and furfural (Chen et al., 2009). Remarkably, 
the growth of oleaginous yeasts for lipid production using lignocellulose biomass 
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provides a practical option for a process with high economic competitiveness (Liu 
et al., 2013). 

Obtaining strains from a microbial consortium using traditional plating 
techniques is restricted to the readily cultivable ones and so key components of the 
consortia might have been missed in our work. We performed PCR-DGGE analyses 
of a representative of each BOX-PCR group side-by-side with the enriched samples 
to identify those members of the community brought into culture. However, some 
strains (Enterobacteriales) produced more than one band in DGGE and the same 
pattern was found between Enterobacter, Raoultella/Klebsiella and Kluyvera 
strains, possibly due to high similarity in G+C content and identity. However, from 
the current work, we infer that the plating technique used was useful to recover, 
possibly, the most abundant microbial players. 

In the case of the bacteria, 43 and 11 strains, recovered from RWS and 
TWS, respectively, showed (hemi)cellulolytic activity (Figure 5), indicating that the 
TWS system was a rather poor selector of such degradative organisms, possibly as a 
result of the presence of furanic compounds, lignin monomers and/or 
oligosaccharides. In methodological terms, Romano et al., (2013) reported a 
correlation between the diameter of the degradation halo around colonies and the 
quantity of reducing sugars produced. However, we used this method as a 
qualitative measurement. 

DeAngelis et al., (2011b) recently sequenced the genome of Enterobacter 
lignolyticus SCF1, a novel facultatively anaerobic bacterium with the capability to 
attack lignin. The genome showed an arsenal of genes for lignocellulolytic and 
carbohydrate-active enzymes, next to a large number of oligosaccharide 
transporters. In addition, the genome of Flavobacterium johnsoniae has shown an 
arsenal of enzymes for digestion of plant cell wall polysaccharides and 
hemicelluloses, as identified in silico and experimentally. These results indicate the 
ability of these organisms to degrade lignin, chitin, starch and cellulose (McBride et 
al., 2009). Recently, Chandra et al., (2011) reported a ligninolytic microbial 
consortium, composed of Serratia, Klebsiella and Citrobacter types, which was 
capable of decolorizing and detoxifying black liquor from the rayon grade pulp 
manufacturing paper industry. Moreover, Ho et al., (2012) showed bio-hydrogen 
production using xylan and paper filter as carbon sources by a microbial 
consortium composed of Clostridium, Klebsiella, Acinetobacter, Bacillus, 
Pseudomonas and Ruminococcus retrieved from an anaerobic sludge digester. It is 
important to note that Klebsiella is a facultatively anaerobic non-motile bacterium, 
producing 2,3-butanediol as a major end product of the fermentation of glucose (Ji 
et al., 2011). Additionally, Acinetobacter and Pseudomonas strains recovered by 
mixed enrichment cultures with guaiacol–alkali lignin and reed straw are able to 
produce lignin peroxidases (Wang et al., 2013). All of these studies highlight the 
relevance of the microbial players coexisting in multispecies microbial consortia. 

Overall, a total of 96 strains retrieved from the two strategies showed 
growth in 5-HMF (Figure 5), which exceeded the furfural degradation; this 
suggested that the furfural concentration used was comparatively more toxic than 
5-HMF. Several species of Cupriavidus, Pseudomonas, Acinetobacter, 
Flavobacterium and Stenotrophomonas are known to degrade furanic compounds 
(López et al., 2004; Wierckx et al., 2011). Furanic compound degradation may be 
limited to the Gram-negative (aerobic) bacteria, with a few exceptions, such as 
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Arthrobacter and Leifsonia spp. We expected a major number of bacterial strains 
(recovered from TWS) with the capacity to grow in 5-HMF. However, the microbial 
players were similar in the two enrichment strategies and possibly organisms that 
are active on lignocellulose have enzymes that allow growth on furanic compounds. 
The metabolism of 5-HMF is performed with enzymes encoded by eight so-called 
hmf genes (Wierckx et al., 2011). First, 5-HMF is oxidized to the corresponding 
monocarboxylic acid, which is further oxidized to 2,5-furan dicarboxylic acid 
(FDCA) by the specific oxidoreductase HmfH or by nonspecific dehydrogenases 
(Koopman et al., 2010a). This latter transformation entails two oxidations and 5-
formyl-2-furoic acid may be expected as an intermediate product and H2O2 as 
byproduct (Wierckx et al., 2011). Thus, 47 (48.9 %) bacterial strains showed 
extracellular 5-HMF oxidoreductase activity that was revealed by an iodide 
oxidation method (Figures 5 and 6). According to our knowledge, this is the first 
report of a novel, easy and fast method to detect oxidoreductase activity in the 
presence of 5-HMF. This is important because the 5-HMF oxidoreductase might 
have several functions in the biological oxidation of iodide, related with lignin 
degradation, as well as the production of FDCA (new biomass-derived compound 
that may serve as a substitute for terephthalate) (Koopman et al., 2010b). In the 
same way, extracellular oxidoreductases can detoxify xenobiotics, such as phenolic 
or anilinic compounds, and can efficiently oxidize inorganic compounds such as 
iodide, using oxygen as the final electron acceptor (Karigar and Rao 2011). 

To depict the process flux and organisms involved in our enrichments, we 
suggest a hypothetic bioconversion flux (Figure 6). In the RWS treatment, the 
major microorganisms involved in the degradation of lignin might be affiliated with 
Pseudomonas, Acinetobacter, Enterobacter and Penicillium. Additionally, the 
(hemi)cellulolytic activity might be related with Raoultella/Klebsiella, Kluyvera, 
Flavobacterium and Coniochaeta. Finally, Arthrobacter and Citrobacter could act 
as scavengers of the resulting sugar monomers. In the TWS system, the 
(hemi)cellulolytic activity may have been carried out by organisms related to 
Raoultella/Klebsiella and Pseudomonas species, whereas the role of 
Sphingobacterium may be scavenger of monomers (Figure 6). Thus, possibly, 
minimal consortia functioning in lignocellulose and furanic compound 
transformations could be composed of some of the here-isolated organisms which 
are affiliated with the bacterial genera Pseudomonas, Acinetobacter, 
Raoultella/Klebsiella, Flavobacterium, plus the fungi Coniochaeta and 
Trichosporon. 
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Figure 6. Diagram for hypothetic bioconversion flux in RWS and TWS. Red, green, blue, orange, and 
white circles: strains belonging to Enterobacteriales, Pseudomonadales, Flavobacteriales, 
Sphingomonadales and other orders, respectively. Black circles: strains belonging to fungi. 
Abbreviations: Acinetobacter (Ac), Aeromonas (Ae), Arthrobacter (Ar), Citrobacter (Ci), Coniochaeta 
(Cn), Enterobacter (En), Escherichia (Es), Flavobacterium (Fl), Kluyvera (Kl), Penicillium (Pn), 
Plectosphaerella (Pl), Pseudomonas (Ps), Raoultella/Klebsiella (Ra), Serratia (Se), Sphingobacterium 
(Sp) and Trichosporon (Tr). 
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Supplementary Fig S1. a) Photograph of sampling zone, b) preparation of enriched cultures and 
bacterial colony morphologies on R2A agar retrieve in c) soil, d) TWS and e) RWS. 

 

 
 
Supplementary Fig S2. Xylanolityc activity of fungal strains by gram iodine test. (+) and (-) indicates 
positive or negative enzymatic activity, respectively. 
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ABSTRACT 
 
Mixed microbial cultures, in which bacteria and fungi interact, have been proposed 
as an efficient way to deconstruct plant waste. The characterization of specific 
microbial consortia could be the starting point for novel biotechnological 
applications related to the efficient conversion of lignocellulose to cello-
oligosaccharides, plastics and/or biofuels. Here, the diversity, composition and 
predicted functional profiles of novel bacterial-fungal consortia are reported, on the 
basis of replicated aerobic wheat straw enrichment cultures.  

In order to set up biodegradative microcosms, microbial communities were 
retrieved from a forest soil and introduced into a mineral salt medium containing 
1% of (un)treated wheat straw. Following each incubation step, sequential transfers 
were carried out using 1 to 1,000 dilutions. The microbial source next to three 
sequential batch cultures (transfers 1, 3 and 10) were analyzed by bacterial 16S 
rRNA gene and fungal ITS1 pyrosequencing. Faith’s phylogenetic diversity values 
became progressively smaller from the inoculum to the sequential batch cultures. 
Moreover, increases in the relative abundances of Enterobacteriales, 
Pseudomonadales, Flavobacteriales and Sphingobacteriales were noted along the 
enrichment process. Operational taxonomic units affiliated with Acinetobacter 
johnsonii, Pseudomonas putida and Sphingobacterium faecium were abundant 
and the underlying strains were successfully isolated. Interestingly, Klebsiella 
variicola (OTU1062) was found to dominate in both consortia, whereas K. 
variicola-affiliated strains retrieved from untreated wheat straw consortia showed 
endoglucanase/xylanase activities. Among the fungal players with high 
biotechnological relevance, we recovered members of the genera Penicillium, 
Acremonium, Coniochaeta and Trichosporon. Remarkably, the presence of 
peroxidases, alpha-L-fucosidases, beta-xylosidases, beta-mannases and beta-
glucosidases, involved in lignocellulose degradation, was indicated by predictive 
bacterial metagenome reconstruction. Reassuringly, tests for specific 
(hemi)cellulolytic enzymatic activities, performed on the consortial secretomes, 
confirmed the presence of such gene functions.  

In an in-depth characterization of two wheat straw degrading microbial 
consortia, we revealed the enrichment and selection of specific bacterial and fungal 
taxa that were presumably involved in (hemi) cellulose degradation. Interestingly, 
the microbial community composition was strongly influenced by the wheat straw 
pretreatment. Finally, the functional bacterial-metagenome prediction and the 
evaluation of enzymatic activities (at the consortial secretomes) revealed the 
presence and enrichment of proteins involved in the deconstruction of plant 
biomass. 
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INTRODUCTION 
 
Efficient bioconversion of lignocellulosic substrates depends critically on the 
functioning of multispecies microbial consortia rather than single strains (Chandel 
and Singh 2011). In such consortia, secretion of the enzymes involved in 
biodegradation, as affected by the interactions between the microbial players 
(bacteria-fungi), is of crucial importance (Zuroff and Curtis 2012; Yamada et al., 
2013). Wheat straw, as the source of lignocellulose, can potentially serve to provide 
building blocks for production of plastics or energy in biofuels (Liguori et al., 
2013). The conversion of lignocellulosic polymers into sugar monomers that can be 
further processed involves the synergistic action of a range of secreted enzymes 
(Hasunuma et al., 2013; Liu et al., 2013). In spite of the fact that intricate 
knowledge on the decomposition process is lacking, many bacteria are known to be 
capable of producing such enzymes. In particular, members of the 
Gammaproteobacteria, Firmicutes and Bacteroidetes have been implicated in 
lignocellulose biodegradation (Kanokratana et al., 2013; Berlemont and Martiny 
2013). Moreover, fungi like Trichosporon and Coniochaeta are considered as 
potential sources of hydrolytic enzymes, in particular those involved in the 
bioconversion of (toxic) furanic compounds and in the production of unique 
secondary metabolites (López et al, 2007; Johnson 2013). In addition, recent 
evidence suggests that, from the biotechnological perspective, Penicillium, 
Acremonium and Trichoderma species represent fungi that are applicable in the 
production of commercial lignocellulases (Gusakov 2011). 

The current literature indicates several strategies by which effective 
microbial consortia can be obtained (Lee et al., 2013). In addition, the construction 
of target microbial communities can be aided using stable isotope probing (SIP) 
(Suenaga 2012). However, SIP suffers from drawbacks related to cross-feeding 
phenomena and/or the possible detection of bacterial or fungal predators of labeled 
cells, that is, those representing “microbial cheaters” (Neufeld et al., 2006). Thus, a 
valid strategy to obtain efficient microbial consortia that degrade lignocellulosic 
matter is ex situ dilution to stimulation, using (partially unlocked) plant material as 
the unique energy and carbon source (Wongwilaiwalin et al., 2010; Zhang et al., 
2013). Due to selective processes, this last approach results in a stimulus of 
(biodegradation) function within the emerging consortia during succession (Lee et 
al., 2013). The enrichment cultures produced can then provide a robust platform 
for biotechnological applications (Ho et al., 2012; Cheng and Zhu 2012; Zuroff et 
al., 2013). 

Unfortunately, cultivation-based analyses of complex microbial consortia 
are restrictive, as key organisms may be omitted. Thus, DNA-based high-
throughput sequencing techniques have been recently applied to lignocellulolytic 
consortia (Wirth et al., 2012; Wongwilaiwalin et al., 2013). The studies performed 
so far have, however, only addressed the role of bacteria, to the exclusion of fungal 
players. Fungi, either in the mycelial or yeast form, can have dominant roles in 
lignocellulose decomposition in plant litter and soil (Štursová et al., 2012; Ma et al., 
2013). In lignocellulosic enrichment cultures, the bacterial and fungal diversities 
may be driven by the microbial source, available substrates, pH, redox potential, 
temperature and possible toxic compounds (Trifonova et al., 2008; Wang et al., 
2011; Pankratov et al., 2011). Thus, such consortia need to be assessed over time in 
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relation to conditions and metabolic fluxes among key members, which is 
important for further “consortium engineering” (Zuroff and Curtis 2012). 

The classical bacterial 16S rRNA gene and fungal ITS1 based markers are 
useful to describe community composition but do not provide information on the 
genes that are involved in lignocellulose deconstruction. Recently, Langille et al., 
(2013) suggested a way to overcome such a limitation. They developed the software 
PICRUSt (Phylogenetic Investigation of Communities by Reconstruction of 
Unobserved States) to predict the occurrence of functions in microbial 
communities solely on the basis of bacterial 16S rRNA gene sequences. Although 
such an approach is theoretically fraught with uncertainties, realistic predictions of 
function in low-complexity environments were given. Thus, PICRUSt has been 
used to analyze the human intestinal mucosal surface microbiome, and the results 
correlated fairly well with the extant metabolome, suggesting a relationship 
between inferred function and metabolites found (McHardy et al., 2013). However, 
the method needs extreme caution in the interpretation of its outcomes, given the 
known impact of horizontal gene transfer (HGT) across the genomes of the 
members of most microbial communities. In addition, the quality of these 
functional predictions is largely dependent on the availability of annotated 
reference genomes. 

In a previous study (Jiménez et al., 2014a), we reported the construction of 
two novel bacterial-fungal consortia involved in the bioconversion of lignocellulose 
next to furanic compounds. We described their characteristics based on bacterial 
cell counts, quantitative PCR (qPCR), denaturing gradient gel electrophoresis 
(DGGE) analyses and isolation of some key consortium members. In addition, we 
designed a novel iodide oxidation method to detect 5-hydroxymethylfurfural 
oxidoreductase activity. In the current study, we expanded our previous work by 
focusing on the metataxonomic evaluation (based on bacterial 16S rRNA gene and 
fungal ITS1 pyrosequencing data) of two lignocellulolytic microbial consortia 
enriched on untreated versus pretreated wheat straw. We here analyze the 
successional microbial diversity and community composition of the two consortia 
and apply PICRUSt, thus predicting genes for functions involved in lignocellulose 
metabolism. Moreover, we evaluated the joint expression of some of these genes in 
the secretome, by quantification of specific (hemi)cellulolytic enzymatic activities. 
The two consortia constitute starting points for biotechnological applications in the 
light of their possible capacities in the conversion of lignin, (hemi)cellulose, furanic 
compounds and cello-oligosaccharides. 
 
METHODS 
 
Lignocellulolytic microbial consortia construction 
Soil samples (n = 10) were collected and mixed from a forest (top layer, 0 to 10 cm 
depth) in Groningen, The Netherlands (53.41 N; 6.90 E). Cell soil -suspensions 
were prepared by adding 10 g of fresh sampled soil to 250-mL flasks containing 10 
g of sterile gravel in 90 mL of mineral salt medium (MSM). The flasks were shaken 
for 20 min at 250 rpm, and aliquots (250 μL) of soil suspension were added to 
triplicate Erlenmeyer flasks containing 25 mL of MSM with 1% lignocellulose 
substrate (0.25 g in 25 mL), amended with a trace element and vitamin solution. 
Two different substrates were thus obtained, to serve as carbon sources: i) “raw” 
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wheat straw (RWS) and ii) heat-treated (torrefied) wheat straw (TWS). The flasks 
were incubated at 25°C with shaking at 100 rpm. Cultures were monitored at 
regular time intervals, and once the systems reached high cell density (log 7 to 8 
cells/mL), aliquots (25 μL microbial suspension with fibrous material) were 
transferred to 25 mL of fresh medium. Finally, a sample of soil suspension and 
duplicate flask samples (selected based on reported DGGE analyses) at the final 
batches were taken from the RWS and TWS consortia after 1 (T1), 3 (T3) and 10 
(T10) transfers (n = 13) and used for total DNA extractions and pyrosequencing as 
described below. Details of the experimental setup, substrate preparation, growth 
in sequential-batch cultures (cell counts and qPCR) and negative controls have 
been reported (Jiménez et al., 2014a). 
 
Total DNA extraction and bacterial 16S rRNA/fungal ITS1 
pyrosequencing 
The DNA extraction from the cultures and from the soil suspension was performed 
with the Power Soil DNA extraction kit (MoBio® Laboratories Inc., Carlsbad, CA, 
USA) according to the manufacturer’s instructions. The bacterial 16S rRNA gene 
amplicons were generated using the universal primer set GM3F (5′-
TAGAGTTTGATCMTGGC-3′) and 926R (5′-TCCGTCAATTCMTTTGAGTTT-3′) 
(Klindworth et al., 2013). For fungal communities, specific primers ITS1F (5′-
CTTGGTCATTTAGAGGAAGTAA-3′) and ITS4 (5′-TCCTCCGCTTATTGATATGC-
3′) were used to amplify the ITS1, 5.8S rRNA and ITS2 regions of fungal rRNA 
(Bokulich and Mills 2013) The pyrosequencing reactions were performed with the 
new flow pattern B (software v2.8) and the FLX-Titanium chemistry (Roche/454 
Life Sciences) at LGC Genomics (Berlin, Germany). Sequencing of 13 samples 
resulted in totals of 117,042 and 35,506 raw reads for bacterial 16S rRNA gene and 
fungal ITS1, respectively. 
 
Sequencing processing and statistical analysis 
Pyrosequencing raw data were processed using the Quantitative Insights Into 
Microbial Ecology (QIIME) toolkit (Caporaso et al., 2010). The sequences were 
quality trimmed using the following parameters: quality score of >25, sequence 
length of 300 to 900 bp (for 16S rRNA) and 100 to 900 bp (for ITS1), maximum 
homopolymer of 6, 0 maximum ambiguous bases and 0 mismatched bases in the 
primer. In order to select for the same region of each gene, we retrieved sequences 
with primers GM3F (for the bacterial 16S rRNA) and ITS1F (for fungal ITS1). We 
identified bacterial and fungal players by grouping highly similar sequences into 
operational taxonomic units (OTUs) (at 97% of nucleotide identity) using UCLUST 
(Edgar 2010) followed by selection of representative sequences. Subsequently, 
chimeric sequences were detected using ChimeraSlayer (Haas et al., 2011) and 
deleted. Additionally, clusters consisting only of singleton sequences were removed 
in order to avoid sequencing errors. Analyses of community composition, as well as 
richness and diversity estimators, were carried out at a depth of 1,400 bacterial and 
550 fungal rarefied sequences per sample, to eliminate the effect of sampling effort. 
QIIME was also used to generate alpha- and beta-diversity metrics, including OTU 
richness, Chao richness estimator (CRE), Shannon-Wiener index (SWI), Faith’s 
phylogenetic diversity (PD) and UniFrac distances. Taxonomic classifications at the 
phylum and order level of each OTU were done using RDP classifier and BLAST 
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algorithms against the Greengenes (16S rRNA), UNITE and GenBank (ITS1) 
databases. The assignment of each OTU on the genus level was based on the best 
BLASTn hit against the GenBank database (Additional file 6). Abundant OTUs, 
more than 10 and 5 sequences per OTU for the 16S rRNA and ITS1 data 
respectively, were selected to construct the PCA using Canoco software v4.52 
(Wageningen, The Netherlands). The 16S rRNA and ITS1sequences were deposited 
in GenBank with SRA accession numbers (SRP039495). 
 
Detection of abundant OTUs as bacterial strains 
Isolation of bacterial strains along the experiment and the determination of their 
taxonomic identification and (hemi)cellulolytic activity in agar plates (with 
carboxymethylcellulose -CMC and xylan from birchwood) were previously reported 
(Jiménez et al., 2014a). Partial 16S rRNA gene sequences of these strains were 
obtained using the same forward primer as used for the 16S rRNA pyrosequencing. 
To detect which OTUs were possibly recovered as bacterial strains, we constructed 
a phylogenetic tree using the sequences of the 15 most abundant bacterial OTUs 
(representing over 72% and 88% of the consortia in RWS and TWS, respectively) in 
addition to 20 sequences retrieved from the bacterial strains. Sequences were 
aligned using the ClustalW software, and the phylogenetic analyses (p-distance) 
were conducted with MEGA v5.1 using the Neighbour-Joining method (Tamura et 
al., 2011). The evolutionary distances were computed using the Kimura-2 
parameter method and are in the units of the number of base substitutions per site 
(note scale bar - Figure 5). The branches were tested with bootstrap analyses (1,000 
replications). Furthermore, (hemi)cellulolytic activity was linked to the OTUs based 
on the similarity and clustering with the bacterial strains. 
 
Reconstructing the bacterial metagenomes with PICRUSt software 
The bacterial metagenomes were reconstructed using the PICRUSt software 
(Langille et al., 2013). A PICRUSt-compatible OTU table was constructed in QIIME 
(at 97% of nucleotide identity) using the newest available reference closed-
reference OTU collection in the Greengenes database (McDonald et al., 2012). In 
order to normalize the data, we used 1,000 rarefied sequences of bacterial 16S 
rRNA per sample as an input. Subsequently, the normalization by 16S rRNA copies 
number per OTU was performed with the normalize_by_copy_number.py script 
and IMG database information. The metagenome inference was done using the 
predict_metagenomes.py script with the normalized OTU table as an input. We 
analyzed the average number of annotated genes in each sample and selected the 
top 40 known genes related with the bioconversion of lignocellulose. PICRUSt also 
calculated the NSTI, a measure of prediction uncertainty presented here in a 
comparative way along the sequential batches in both consortia datasets. 
 
Quantification of specific enzymatic activities related to the 
(hemi)cellulose bioconversion 
In order to evaluate the metabolic potential in the degradation of (hemi)cellulose 
and the expression of selected genes identified by the PICRUSt prediction, we 
quantified specific enzymatic activities in samples of 2 mL from the enriched 
cultures after final batch (T10), when the communities are stable. Microbial cells 
plus wheat substrate were harvested by centrifugation for 3 min at 12,000 rpm, the 
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supernatant (secretome) was recovered and tested for enzymatic activity using 
MUF(methylumbelliferyl)-beta-D-xylopyranoside, MUF-beta-D-mannopyranoside, 
MUF-beta-D-galactopyranoside, MUF-beta-D-cellobioside and MUF-beta-D-
glucopyranoside as substrates. The reaction mixture consisted of 10 μl of MUF-
substrate (10 mM in dimethyl sulfoxide), 15 μL of Mcllvaine buffer (pH 6.8) and 25 
μL of each supernatant. The mixture was incubated at 27°C for 45 min in the dark, 
and the reaction was stopped by adding 150 μL of 0.2 M glycine-NaOH buffer (pH 
10.4). Fluorescence was measured at an excitation of 365 nm and emission of 445 
nm. We also evaluated the fluorescence without the MUF-substrate as a negative 
control. Enzyme activities were determined from the fluorescence units using a 
standard calibration curve and expressed as rates of MUF production (nM MUF 
per min at 27°C, pH 6.8). 
 
RESULTS 
 
Analysis of the community structures and diversities of two microbial 
consortia 
Overall, 18,200 trimmed-rarefied sequences of bacterial 16S rRNA from the forest 
soil inoculum (SS) as well as the RWS (untreated wheat straw) and TWS (heat-
treated wheat straw) consortia (n = 13) were analyzed. The rarefied sequencing data 
(1,400 sequences per sample) were binned into 338, 109 (±6.5) and 102 (±0.3) 
abundant OTUs, for SS, RWS and TWS (both at transfer 1 - T1), respectively 
(Figure 1A and B; Additional file 1). At T10 (transfer 10, approximately 70 days 
after setting up the first microcosm), we observed the presence of 100 (±9.5) and 
47 (±2.7) OTUs for RWS and TWS, respectively. 

Based on the bacterial 16S rRNA gene sequences, the PD and CRE values in 
SS were 20.66 and 340.90, respectively. In contrast, these values (at T10) in RWS 
were 4.15 (±0.68) and 151.87 (±3.09). For RWS, in particular the CRE values for 
16S rRNA gene decreased slightly from T1 to T10. However, the PD and SWI values 
did not show large changes, for example with PD values of 3.91 (±0.23) and 4.15 
(±0.68) for T1 to T10, respectively (Figure 1A). For TWS, the bacterial consortia 
also showed progressively decreasing CRE and PD values, with the higher ones in 
the SS and T1 (161,67 ± 0.49 and 3.54 ± 0.26 for CRE and PD, respectively) 
(Figure 1B).For fungal communities across all samples, 6,600 trimmed-rarefied 
sequences (n = 12) were analyzed. One sample (T10 in RWS) was omitted due to 
low-quality reads. At the sequencing depth of 550 sequences per sample, 91, 54 
(±16) and 61 (±1.2) different OTUs were identified in SS, T1/RWS and T1/TWS, 
respectively (Figure 1C and D). At T10, 36 and 50 (±7.4) OTUs were identified for 
RWS and TWS, respectively. In SS, the fungal consortia showed values of 43.02, 
97.95 and 5.41 for PD, CRE and SWI, respectively. For RWS, the PD values were 
33.52 (±8.71) and 26.20 (at T1 and T10, respectively) (Figure 1C). As expected, we 
observed a decrease of the PD values from SS (43.02) to T10 (22.81 ± 2.00). The 
CRE values also showed a decrease, from 97.95 in SS to 89.33 (±13.02) at T1 and 
74.93 (±6.28) at T10 (Figure 1D). 
 

http://biotechnologyforbiofuels.biomedcentral.com/articles/10.1186/1754-6834-7-92#Fig1
http://biotechnologyforbiofuels.biomedcentral.com/articles/10.1186/1754-6834-7-92#MOESM1
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Figure 1. Diversity indices in the soil inoculum (SS) and in enriched cultures (RWS and TWS) along the 
sequential batches. Diversity indices and richness estimator measured using (A, B) rarefied bacterial 
16S rRNA and (C, D) ITS1 region sequences. Bars refer to standard errors (n = 2). For SS and 10-RWS 
(ITS1) only one sample was analyzed. The arrows represent the number of parallel sequential transfers 
between 1T (transfer 1), 3T (transfer 3) and 10T (transfer 10) (for more detail see Methods). 

 

Relative abundance of bacterial and fungal types in the microbial 
consortia 
The source (SS) bacterial community was predominantly composed of 
Acidobacteria (19.28%), Gammaproteobacteria (18.07%), Bacteroidetes (17.5%) 
and Betaproteobacteria (10.21%) (Additional file 2A). For RWS at T10, increases of 
the relative abundances (RA) of Gammaproteobacteria and Bacteroidetes 
(67.64% ± 2.28 and 29.78% ± 2.28, respectively) were noted. For TWS, the RA of 
Gammaproteobacteria was high at T1 (80.5% ± 2.14), declining at T10 to 47.42% 
(±2.5) (Additional file 2A). Successive subcultivation led to the enrichment of OTUs 
mainly affiliated with nine bacterial orders (Figure 2 and Additional file 2B). For 
RWS, we observed an increase of the RA of Enterobacteriales from 0.71% in SS to 
49.39% (±1.46) in T10. Pseudomonadales and Flavobacteriales showed a similar 
behaviour, with an increase of the RA from SS (3.71% and 1.92%, respectively) to 
T3 (15.96% ± 2.03 and 15.57% ± 1.57, respectively), with a small subsequent 
reduction in T10 (Figure 2A). For TWS, the RA of Enterobacteriales increased to 
53.21% (±6.14) in T1, decreasing along the transfers to 31.32% (±2.67) in T10 
(Figure 2B). In contrast, the Sphingobacteriales RA showed an opposite pattern, 
starting at 15.5% in SS and decreasing to 0.03% (±0.03%) at T1, with an increase to 
46.25% (±2.17) at T10. Members of Bacillales and Flavobacteriales showed a 
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similar tendency in TWS, with higher values at T1 and lower ones at T10. 
Pseudomonadales was the third most abundant order, with values of 12.60% 
(±1.60) and 20.96% (±7.96) at T1 and T3, respectively (Figure 2B). 
 

 
 
Figure 2. Relative abundance (bacteria and fungi) in the soil inoculum (SS) and in enriched cultures 
(RWS and TWS) along the sequential batches. Relative abundance (%) of the most abundant (A, B) 
bacterial orders and (C, D) fungal phylum members based on 1,400 (16S rRNA) and 550 (ITS1) 
sequences. 

 
The most abundant fungi in SS belonged to unclassified types (possibly uncultured 
Ascomycota) (52.18%), followed by Basidiomycota (24%), Ascomycota (9.63%), 
Mucoromycotina (8.18%) and Chytridiomycota (1.09%). Totals of 24, 172 and 97 
sequences in SS, RWS and TWS, respectively, showed no affiliation against the 
UNITE and/or GenBank databases, and were removed from the analyses 
(Additional file 3A). For RWS, the RA of Ascomycota and Basidiomycota increased 
compared to that in SS. However, the replicate patterns were internally not very 
consistent (Figure 2C). On the other hand, TWS showed high consistency between 
replicates in each transfer (Additional file 3A). The RA of Basidiomycota was 
90.45% (±0.09) in T1, decreasing along the transfers to 43.09% (±16.18) in T10. In 
contrast, the RA of Ascomycota increased from 7.54% (±0.27) in T1 to 54.09% 
(±16.18) in T10 (Figure 2D). 
 
Relative abundance at genus level and structure of the microbial 
consortia 
To assess the RA of each genus in the RWS and TWS microbial consortia, we 
removed the least abundant OTUs (those containing less than 10 sequences in 
total). We thus used 92.64% (±1.50) to 98.50% (±0.57), and 81.63% (±0) to 95.65 
(±1.09) of the 1,400 16S rRNA gene and 550 ITS1 sequences, respectively. On this 
basis, 24 bacterial and 13 fungal genera were detected across all samples in both 
enrichment strategies (omitting the source SS) (Figure 3). The bacterial 
communities at T1 for RWS and TWS showed eight abundant genera, defined as 
having an RA > 5%; these were Stenotrophomonas, Sphingobacterium, 

http://biotechnologyforbiofuels.biomedcentral.com/articles/10.1186/1754-6834-7-92#Fig2
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Acinetobacter, Flavobacterium, Pseudomonas, Serratia, Klebsiella and 
Paenibacillus. 
 

 
 
Figure 3. Relative abundances of the most abundant genera in the sequential batches enriched cultures 
(RWS and TWS). Abbreviations: Basidiomycota (Bs), Ascomycota (As), Sphingobacteriales (Sp), 
Pseudomonadales (Ps), Flavobacteriales (Fl), Enterobacteriales (En). 

 
After the third transfer (T3), when communities had stabilized, the bacterial genera 
in RWS with the highest RA were Klebsiella (about 35%), Acinetobacter (about 
12%), Flavobacterium (about 9%), Sphingobacterium (about 9%), Pedobacter 
(about 8%) and Enterobacter (about 3%). This was followed by Stenotrophomonas, 
Citrobacter, Sphingobium and Chitinophaga (1 to 2%). For TWS, the most 
abundant bacterial genera at T3 and T10 were Sphingobacterium (about 42%), 
Klebsiella (about 38%) and Pseudomonas (about 8%), whereas the least abundant 
OTUs (1 to 2%) were affiliated with Stenotrophomonas, Flavobacterium, 
Achromobacter and Paenibacillus species. Concerning the fungi, for RWS the 
genera with highest RA at T1 and T3 were Acremonium (about 42%), Malassezia 
(about 25%) and Coniochaeta (~10%), whereas at T10 we observed highest RA for 
Penicillium (about 63%). For TWS, Trichosporon (66.45% ± 5.90) and Malassezia 
(16.81% ± 5.18) were most abundant at T1. After this stage, we observed an increase 
of the RA of Coniochaeta (about 33%), Penicillium (about 5%) and Acremonium 
(about 4%). In addition, the RA of Trichosporon (about 39%) was also high at T10 
(Figure 3). 

A principal components analysis (PCA) of the data showed that 
Flavobacterium, Acinetobacter, Pedobacter, Citrobacter, Chryseobacterium, 
Opitutus, Sphingomonas, Acremonium and Malassezia were preferentially 
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selected at T10 for RWS, while Sphingobacterium, Achromobacter, Coniochaeta 
and Aureobasidium were increased at T10 for TWS (Figure 4). 
 

 
 
Figure 4. Principal components analysis (PCA) of the most abundant genera in the enriched cultures 
(RWS and TWS). 
 

Bacterial OTUs related to (hemi)cellulolytic strains 
A total of 10 out of the 15 abundant bacterial OTUs detected by direct molecular 
assessment was recovered as isolates (Figure 5). Bacterial isolates were recovered 
by dilution plating on R2A agar and presumptively identified using 16S rRNA gene 
sequencing (Jiménez et al., 2014a). Among these, non-(hemi)cellulolytic strain 
10w8 isolated from TWS matched Pseudomonas putida_OTU418 (99% identity). 
In RWS, two OTUs representing the genus Acinetobacter were found to be 
abundant. Sequence-wise, the isolated strains 8w3 and 8w5, which were found to 
have endoglucanase and xylanase activities, matched one OTU, affiliated with 
Acinetobacter johnsonii (OTU1927), whereas strain 10w16, which was devoid of 
any (hemi)cellulolytic activity (based on its activity on CMC and xylan from 
birchwood), matched Acinetobacter calcoaceticus_OTU636. The sequence of 
OTU1062 (Klebsiella variicola) represented the most abundant OTU in RWS 
(approximately 37%), and the RWS- and TWS-derived strains 10w11, 10w26, 10 t14 
and 1 t2 matched this sequence type. Interestingly, the strains retrieved from RWS 
(10w11 and 10w26) showed (hemi)cellulolytic activity, whereas those from TWS (10 
t14 and 1 t2) did not (Figure 5). In accordance with the phylogenetic tree and low 
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identity (90%), we not consider that Flavobacterium hercynium_OTU838 
represents the (hemi)cellulolytic bacterial strain 3w2. Moreover, strains 3 t5 and 3 
t6, which likely represented the highly abundant Sphingobacterium 
faecium_OTU387, did not show CMC-ase and xylanase activities on agar plates. 
 

 
Figure 5. Neighbour-joining phylogenetic tree of partial bacterial 16S rRNA gene sequences (274 
nucleotides) from bacterial strains and most abundant OTUs in the enriched cultures (RWS and TWS). 
Yellow dots represent (hemi)cellulolytic activity in agar plates (CMC-ase and xylanase). Taxonomic 
affiliation and accession numbers of isolates from the GenBank are shown in parentheses. Right side 
shows average relative abundance of each OTU in the 3 to 10 transfers. Circles, squares and triangles 
represent sequences retrieved in T1, T3 and T10, respectively in RWS (white) and TWS (black). 
 

Predicting functions involved in lignocellulose deconstruction 
Totals of 25 and 17 genes related with plant biomass deconstruction were predicted 
to be consistently enriched from the SS to the RWS and TWS consortia at T10, 
respectively. Conversely, 34 and 18 predicted genes were enriched from the 
sequential batches (T1 to T10) in RWS and TWS, respectively (Table 1). 
Interestingly, predicted genes that codify for glycolate oxidase (EC:1.1.3.15), alpha-
L-fucosidase (EC:3.2.1.51), alpha-N-arabinofuranosidase (EC:3.2.1.55), endo-1.4-
beta-xylanase (EC:3.2.1.8), alpha-L-rhamnosidase (EC:3.2.1.40) and 
maltooligosyltrehalose trehalohydrolase (EC:3.2.1.93) decreased in number along 
the sequential transfers in RWS; however, they increased in TWS (Table 1). 
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Table 1. Selection of 40 genes involved in lignocellulose degradation and average number of predicted genes by PICRUSt 
 

        Transfer in RWS Transfers in TWS 

  KEGG gene description [EC number] CAZy family – GH or AA SS 1T 3T 10T 1T 3T 10T 

L
ig

n
in

 

glycolate oxidase [EC:1.1.3.15] AA7 374 127 63 62 119 192 231 d 

catalase [EC:1.11.1.6] AA2 253 417 b 339 b 578 bc 384 b 486 b 521 bd 

vanillate monooxygenase [EC:1.14.13.82] NC 102 94 92 230 bc 70 41 55 

catalase/peroxidase [EC:1.11.1.6 1.11.1.7] AA2 656 349 351 670 bc 343 310 307 d 

glutathione peroxidase [EC:1.11.1.9] AA2 536 477 400 651 bc 371 468 513 d 

cytochrome c peroxidase [EC:1.11.1.5] AA2 468 287 210 301 c 69 310 326 d 

chloride peroxidase [EC:1.11.1.10] AA2 410 236 200 410 c 212 258 250 d 

thiol peroxidase. atypical 2-Cys peroxiredoxin [EC:1.11.1.15] AA2 93 212 b 174 b 351 bc 216 b 252 b 237 bd 

peroxiredoxin (alkyl hydroperoxide reductase subunit C) [EC:1,11,1,15] AA2 427 349 343 605 bc 377 351 333 

(H
e

m
i)

c
e
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u
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s

e
 

alpha-amylase [EC:3.2.1.1] GH (13, 14, 57, 119) 55 133 b 190 b 546 bc 234 b 145 b 95 b 

alpha-galactosidase [EC:3.2.1.22] GH (4, 27, 32, 36, 57, 97, 110) 605 198 159 404 c 86 183 198 d 

alpha-L-fucosidase [EC:3.2.1.51] GH (29, 95) 927 1150 b 456 409 30 1489 b 1604 bd 

alpha-mannosidase [EC:3.2.1.24] GH (31, 38, 92) 181 171 140 272 bc 190 b 265 b 227 bd 

alpha-N-arabinofuranosidase [EC:3.2.1.55] GH (3, 10, 43, 51, 54, 62) 667 320 207 267 128 339 361 d 

arabinogalactan endo-1.4-beta-galactosidase [EC:3.2.1.89] GH (53) 24 32 b 37 b 190 bc 39 b 27 b 24 

beta-galactosidase [EC:3.2.1.23] a GH (1, 2, 3, 35, 42, 50) 940 554 403 842 c 243 674 688 d 

beta-glucuronidase [EC:3.2.1.31] GH (1, 2, 79) 192 12 26 35 c 13 4 4 

beta-mannosidase [EC:3.2.1.25] a GH (1, 2, 5) 162 16 32 34 c 23 13 16 

carboxylesterase [EC:3.1.1.1] GH (5) 26 6 3 10 c 55 b 15 29 b 

endo-1.4-beta-xylanase [EC:3.2.1.8] a GH (5, 8, 9, 10, 11, 12, 16, 30, 43, 44) 362 161 92 74 41 153 176 d 

evolved beta-galactosidase subunit alpha [EC:3.2.1.23] a GH (1, 2, 3, 35, 42, 50) 1 14 b 17 b 125 bc 13 b 3 b 4 b 

levanase [EC:3.2.1.65] GH (32) 75 119 b 69 181 bc 27 139 b 149 bd 

lysophospholipase [EC:3.1.1.5] GH (5) 59 91 b 121 b 283 bc 151 b 98 b 61 b 

mannan endo-1.4-beta-mannosidase [EC:3.2.1.78] a AA10- GH (5, 9, 26, 44, 113) 8 8 21 b 29 bc 5 2 1 

xylan 1.4-beta-xylosidase [EC:3.2.1.37] a GH (1, 3, 30, 39, 43, 52, 54, 116, 120) 281 122 132 412 bc 120 63 57 

endoglucanase [EC:3.2.1.4] a GH (5-9, 12, 16, 44, 45, 48, 74, 124) 472 192 193 474 bc 203 130 117 

C
e

ll
o

b
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s
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6-phospho-beta-glucosidase [EC:3.2.1.86] a GH (1, 4) 54 414 b 607 b 1842 bc 783 b 514 b 333 b 

alpha-glucosidase [EC:3.2.1.20] GH (4, 13, 31, 63, 97, 122) 774 415 359 702 c 258 418 c 411 d 

beta-glucosidase [EC:3.2.1.21] a GH (1, 3, 5, 9, 30, 116) 1468 771 752 1786 bc 671 783 754 d 

glucan endo-1.3-beta-D-glucosidase [EC:3.2.1.39] a GH (16, 17, 55, 64, 81, 128) 4 9 b 24 b 29 bc 5 b 2 1 

oligo-1.6-glucosidase [EC:3.2.1.10] a GH (13, 31) 106 13 21 28 c 11 4 6 

c
e
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o
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a
c

c
h

a
r
id

e
s

 beta-fructofuranosidase [EC:3.2.1.26] GH (32, 68, 100) 146 108 166 b 642 bc 217 b 146 103 

glyceraldehyde 3-phosphate dehydrogenase [EC:1.2.1.12] NC 542 714 b 583 b 1033 bc 490 840 b 833 bd 

alpha.alpha-trehalase [EC:3.2.1.28] GH (13, 15, 37, 65) 210 277 b 282 b 596 bc 278 b 314 b 265 b 

trehalose-6-phosphate hydrolase [EC:3.2.1.93] GH (13) 18 82 b 112 b 306 bc 161 b 106 b 60 b 

maltose-6'-phosphate glucosidase [EC:3.2.1.122] GH (4) 16 114 b 158 b 504 bc 220 b 140 b 87 b 

alpha-L-rhamnosidase [EC:3.2.1.40] GH (13, 78, 106) 140 303 b 117 105 10 405 b 435 bd 

maltooligosyltrehalose trehalohydrolase [EC:3.2.1.141] GH (13) 225 110 45 50 55 154 186 d 

PTS system. cellobiose-specific IIB component [EC:2.7.1.69] NC 36 300 b 407 b 1527 bc 500 b 307 b 196 b 

PTS system. cellobiose-specific IIC component NC 59 447 b 587 b 1963 bc 819 b 522 b 335 b 

The absolute values show the number of predicted genes per each 1,000 rarefied 16S rRNA sequences analyzed (normalized data). a Enzymatic activities 
detected in the secretome by MUF-substrate quantification. b Enriched functions in RWS and TWS (compared with the soil inoculum SS). c Enriched 
functions in 10 T-RWS (compared with 1 T-RWS). d Enriched functions in 10 T-TWS (compared with 1 T-TWS). NC) Not classified. GH) Glycosyl hydrolase. 
AA) Auxiliary activities. 
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Six predicted genes potentially related to lignin bioconversion were enriched in 
RWS at T10, while one (catalase - EC:1.11.1.6) was enriched in TWS at T10, 
compared with the SS source (Table 1). With respect to (hemi)cellulose 
bioconversion, the number of predicted genes that encode alpha-mannosidase 
(EC:3.2.1.24) and levanase (EC:3.2.1.65) increased along the sequential transfers 
(T1 to T10) in both cultures and also were higher than those in the SS source. The 
predicted genes that encode glucosidase (alpha and beta) enzymes also increased 
along the sequential transfer in both strategies. Moreover, many predicted genes 
that were already abundant in SS, such as those that encode beta-galactosidases 
(EC:3.2.1.23) and beta-glucosidases (EC:3.2.1.21), showed an extra increase by the 
sequential transfer in both cultures. Also, xylan 1.4-beta-xylosidase (EC:3.2.1.37) 
and endoglucanase (EC:3.2.1.4) related predicted genes were either enriched or 
depleted along the sequential transfers in RWS and TWS, respectively (Table 1). In 
addition, a beta-mannosidase (EC:3.2.1.25) related gene was found in both 
enrichment cultures. Regarding the accuracy of metagenome predictions, the 
Nearest Sequenced Taxon Index (NSTI), which quantifies the uncertainty of the 
prediction (lower values mean a better prediction), decreased from 0.18 in SS to 
0.03 (RWS) and 0.09 (TWS) at T10 (Figure 6A). The NSTI metric represents the 
sum of phylogenetic distances for each organism in the OTU table to its nearest 
relative with a sequenced reference genome, measured in terms of substitutions per 
site in the 16S rRNA gene and weighted by the frequency of that organism in the 
OTU table (Langille et al., 2013). 
 
Quantification of specific enzymatic activities related to (hemi)cellulose 
bioconversion 
As shown by direct enzymatic assays, beta-xylosidases, beta-galactosidases, beta-
mannosidases, cellobiohydrolases and beta-glucosidases were active in the 
secretome of both consortia. Interestingly, we observed high beta-mannosidase 
(0.35 nM 4-methylumbelliferyl (MUF)/min) and beta-galactosidase (1.3 nM 
MUF/min) activities in TWS but low ones in RWS. In addition, cellobiohydrolases 
showed higher activities in RWS (0.11 nM MUF/min) compared to TWS (0.03 nM 
MUF/min). Beta-galactosidases, beta-glucosidases and beta-xylosidases also 
showed higher activity values in both secretomes compared with the other two 
enzymes (Figure 6B). The bacterial abundance at T10 was evaluated by cell counts, 
and we observed increases from the inoculum level, around 5, to about 8.4 log 
bacterial cells/mL in both consortia (data not shown). 
 
DISCUSSION 
 
The use of microbial consortia in lignocellulose transformation is likely to reduce 
impairments in bioprocesses using lignocellulosic matter, such as incompletely 
synergistic enzymes, pH regulation, the presence of toxic compounds, end-product 
inhibition and tolerance to environmental fluctuations (Zuroff and Curtis 2012; 
Cheng and Zhu 2012). Previously, several different types of plant biomass, such as 
sugarcane bagasse, poplar wood chips and switchgrass (Wongwilaiwalin et al., 
2010; van der Lelie et al., 2012; Yang et al., 2011), have been used in the selection 
of biodegradative microbial consortia. In our work, wheat straw, either torrefied 
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(pretreated with heat at 240°C) or not, was used. However, torrefaction, which is 
proposed as a valuable step in waste plant biomass valorization (Nikolopoulos et 
al., 2013), introduces furanic compounds and/or cello-oligosaccharides in the 
medium (Trifonova et al., 2008). Other studies suggested that lignocellulose-
degrading soil communities are best addressed using SIP analysis based on 13C-
substrates (Semenov et al., 2012), whereas lignin-degradative microbial 
communities can be enriched directly in soil (DeAngelis et al., 2011a). 
 

 
 
Figure 6. NSTI values and quantification of enzymatic activities by methylumbelliferyl (MUF)-
substrates. (A) NSTI values in the soil inoculum (SS) and in enriched cultures (RWS and TWS) along 
the sequential batches. (B) Quantification of specific enzymatic activities by MUF-substrates in the 
consortial secretome of the last transfer in both enriched cultures. 

 
Lignocellulolytic microbes are important members of forest soil communities and 
aid in the degradation of litter (Baldrian et al., 2012; Romano et al., 2013). Our 
dilution-to-stimulation approach from a forest soil source community resulted in a 
stimulus of biodegradative function within the emerging bacterial-fungal consortia. 
Moreover, qPCR showed that the bacterial 16S rRNA gene copy numbers were 
higher than the fungal ITS1 copy numbers (about 2 log units) in both substrates 
(Jiménez et al., 2014a). Notably, the microbial diversity became markedly reduced 
in both consortia compared to the source SS (Figure 1), suggesting the selection of 
particular taxa (including lignocellulose and possibly cello-oligosaccharide eaters) 
at the detriment of others. On the other hand, the apparently low microbial 
richness in SS could be related to the deletion of all singletons in our bioinformatic 
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analysis. The bacterial CRE values decreased along the sequential batches, 
indicating enrichment of OTUs that grew consistently well in the enrichment. 
Interestingly, the TWS consortia showed low bacterial diversities compared to the 
RWS ones, possible due to the presence of toxic compounds such as furanic 
aldehydes. With respect to fungal diversity and richness, our data showed values 
that were similar between RWS and TWS, indicating that substrate type did not 
strongly affect fungal diversity. However, Faith’s PD measure suggested the 
selection of particular lignocellulolytic fungi in both consortia. Moreover, both 
UniFrac unweighted distances and PCA (Figure 4; Additional file 4) showed that 
the consortia were highly influenced by substrate type (variation explained: 
43.8%), which is similar to other reported data (Wongwilaiwalin et al., 2013; Hui et 
al., 2013). In addition, the structures of both consortia became less different after 
T3. In our previous analysis based on PCR-DGGE, stability of the dominant 
microorganisms after six transfers was reported (Jiménez et al., 2014a). 

The enrichment process increased the abundances of the bacterial orders 
Enterobacteriales, Pseudomonadales, Flavobacteriales and Sphingobacteriales 
(Figure 2A and B). In 2012 Eichorst and Kuske performed SIP using 13C-maize 
cellulose to evaluate the biodegradative microbial communities in different soils. 
They identified Burkholderiales, Caulobacterales, Rhizobiales, Sphingobacteriales 
and Xanthomonadales as the active bacterial groups. Enterobacteriales and 
Pseudomonadales were also enriched in insect herbivore microbiomes and lignin-
enriched cultures, respectively (Aylward et al., 2012; Wang et al., 2013). 
Interestingly, in our RWS consortia the abundance of Enterobacteriales increased 
after T1, but the number of OTUs decreased, suggesting the selection of specific 
strains, for example, K. variicola, within this group. A similar pattern was observed 
for Sphingobacteriales in TWS, although the number of OTUs did not change after 
T3 (Additional file 5). 

In soils, Ascomycota may be highly abundant in early stages of litter 
decomposition, whereas particular basidiomycetous yeasts increase in the later 
stages, possibly due to their capacity to degrade more recalcitrant compounds 
(Voříšková and Baldrian 2013). Members of the orders Atheliales, Agaricales, 
Helotiales, Chaetothyriales and Russulales were found to be abundant in 
(coniferous) forest soils (Baldrian et al., 2012). Here, we found a high abundance of 
Malasseziales and Hypocreales. Abundant fungal orders present in SS were even 
more enriched in RWS. In contrast, only low-abundance orders were enriched in 
TWS, such as Coniochaetales and Tremellales (Additional file 3B). Štursová et al. 
(2012), using SIP analysis in soil and litter plant samples with 13C-cellulose, 
identified fungi affiliated with Dothideales, Leotiomycetes, Helotiales, Tremellales 
and Chaetothyriales. Thus, diverse fungi can be involved in lignocellulose 
bioconversion. We posit here that this diversity is dictated by the environmental 
source, substrate and methodology used for recovery and characterization. 

Bacterial strains affiliated with an abundant K. variicola_OTU1062 
showed (hemi)cellulolytic activity when isolated from RWS, but not from TWS, 
suggesting either HGT of mobile genes or differential gene expression between the 
isolates obtained from the two substrate types. Okeke and Lu (2011) proposed that 
the capacity of Klebsiella types to degrade lignocellulose can be attributed to the 
acquisition of plasmids encoding (hemi)cellulolytic enzymes from the environment. 
However, Suen et al. (2010) reported a chromosomal location in K. variicola At-22 
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of genes involved in plant biomass degradation, that is, beta-1,4-glucanase, alpha-
xylosidases and alpha-mannosidases. Interestingly, the degradation of 
lignocellulose by an insect herbivore microbiome has been attributed to an 
association between Leucoagaricus gongylophorus (Basidiomycota) with 
Klebsiella species (Aylward et al., 2012). Another possible explanation for such 
findings arises from the regulatory mechanism of (hemi)cellulolytic genes, which is 
ultimately mediated by environmental conditions, in this case the torrefied 
substrate. 

Members of Citrobacter, Enterobacter, Acinetobacter, Pseudomonas, 
Flavobacterium and Stenotrophomonas have the capacity to degrade plant lignin, 
(hemi)cellulose and/or CMC (Kog et al., 1999; McBride et al., 2009; Chandra et al., 
2011; DeAngelis et al., 2011a; Talia et al., 2012; Wang et al., 2013). The presence of 
Sphingobacterium and Pedobacter in both microbial consortia may suggest the 
production of beta-glucosidases, indicating that these organisms are acting as 
“cheaters” that remove the cello-oligosaccharides produced by polymer degraders 
(Matsuyama et al., 2008). However, such organisms might also be involved in the 
production of aryl alcohol oxidases or endoxylanases (Zhou et al., 2009; Tamboli et 
al., 2011). We recently confirmed the production of beta-mannosidases, beta-
galactosidases and beta-glucosidases by characterization of S. faecium (similar to 
OTU387, strain 3T5, data not shown). The presence of Chryseobacterium, 
Opitutus, Chitinophaga and Xanthomonas in RWS might relate to secondary 
functions, the nature of which is unclear. In TWS, members of Stenotrophomonas, 
Pseudomonas and Flavobacterium can be involved in the degradation of furanic 
compounds (López et al., 2004; Jiménez et al., 2014a). However, in both our 
consortia, P. putida_OTU418 might also act as a sugar cheater. Interestingly, 
Ronan et al. (2013) reported an aerotolerant bacterial consortium composed of 
Clostridium and Flavobacterium that had the ability to produce ethanol. Moreover, 
the production of hydrogen by a consortium composed of Clostridium, Klebsiella, 
Acinetobacter, Bacillus, Pseudomonas, Ruminococcus and Bacteroides retrieved 
from sludge anaerobic digester has been evaluated (Wirth et al., 2012). These 
studies highlight the importance of aerobic bacterial members to deconstruct 
lignocellulose, such as those belonging to Flavobacterium, Klebsiella and 
Acinetobacter. 

Concerning fungi, Acremonium is considered to be a very important 
organism for the production of (hemi)cellulases, as compared to Trichoderma 
reesii (Fujii et al., 2009; Hideno et al., 2013). Moreover, Penicillium species have 
an elaborate enzymatic machinery to deconstruct lignocellulose, such as vanillyl-
alcohol oxidases, copper-dependent polysaccharide monooxygenases (Levasseur et 
al., 2013), galactosidases, mannosidases and fucosidases (Baldrian et al., 2011). In 
our consortia, the Malassezia species may have acted as sugar monomer cheaters, 
and their high abundances in RWS might be related with their high abundance in 
the SS. Trichosporon species are anamorphic basidiomycetous yeasts that are 
widespread in nature (Laitila et al., 2006; Heneberg and Řezáč 2013). The presence 
of Trichosporon in the gut of xylophagous insects is probably facilitated by their 
ability to assimilate and transform lignin and various phenolic compounds (Gujjari 
et al., 2011). Recent results from our group confirm the ability of our Trichosporon 
isolates to produce cellobiohydrolases and beta-xylosidases (data not shown). 
Trichosporon, an oil-rich yeast, has high biotechnological potential and has been 
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shown to be tolerant to furanic compounds (Chen et al., 2009; Johnson 2013). It 
has been reported that the use of single fungal strains can be highly efficient to 
deconstruct specific compounds, such as lignin (Šnajdr et al., 2010). However, the 
breakdown of lignocellulose, for example, for biofuel production, often encounters 
great recalcitrance which will likely require the synergistic action of multispecies 
consortia (with higher gene diversity) to overcome it (Zuroff and Curtis 2012). 
Some enzymatic transformations might be slow in such communities as a 
consequence of interspecific competition or even antagonism. To resolve these 
issues, enzyme cocktails that come from multispecies consortia may be retrieved 
and applied directly to the plant waste materials. 

On theoretical grounds, one could bring up compelling evidence pointing 
to the scientific danger of attempting to link phylogeny with function by using 
PICRUSt, and the arguments extend to the limitation of current databases used in 
the software. However, the linkage might be regarded in a loose manner, including 
genes/functions that might be actually “floating” in the horizontal gene pool of the 
community. Thus, such functions are thought of as being not tightly linked to a 
phylogenetically determined species. In both microbial consortia, the uncertainty 
of the prediction as revealed by the NSTI was very reduced compared with that in 
the SS, thus indicating fair reliability and accuracy in the metagenome 
reconstruction (Figure 6A). The analysis predicted the enrichment of several genes 
in our consortia that were potentially involved in lignocellulose degradation, and 
also showed that TWS was possibly a poorer selector of such genes than RWS 
(Table 1). It was predicted that some peroxidases (EC:1.11.1-), classified as an 
“auxiliary activities” (AA2 family) in the CAZy (Carbohydrate-Active EnZymes 
database) (Cantarel et al., 2009), were enriched in both consortia by the sequential 
transfers. Such enzymes oxidize phenolic and non-phenolic aromatic compounds 
and can modify lignin polymers (Levasseur et al., 2013). These enzymes were more 
evident in the RWS consortium, supporting its potential to act on lignin. 
Furthermore, glycolate oxidase (EC:1.1.3.15; an oxidoreductase capable of oxidizing 
glycolate to glyoxylate, producing reactive oxygen species) was progressively 
enriched in the TWS consortium, suggesting a correlation with the metabolism of 
furanic compounds. Glycolate oxidases are classified in CAZy as family AA7. In this 
family, we found gluco-oligosaccharide oxidases capable of oxidizing a variety of 
carbohydrates and possibly involved in the biotransformation of lignocellulosic 
compounds (van Hellemond et al., 2006). 

Concerning (hemi)cellulose bioconversion, genes encoding alpha-L-
fucosidase (EC:3.2.1.51) (families GH29 and GH95 in CAZy) and alpha-L-
arabinofuranosidases (E.C. 3.2.1.55) (GH51 and GH54) were abundant in RWS (T1) 
and also in TWS (T10). The alpha-L-arabinofuranosidases and alpha-L-fucosidases 
are the most important (hemi)cellulosic accessory enzymes that catalyze the 
hydrolysis of arabinans, arabinoxylans and alpha-l-fucosyl residues in agricultural 
waste (Numan and Bhosle 2006; Benesová et al., 2013; Wright et al., 2013). In an 
anaerobic microbial community decomposing poplar wood chips, high levels of 
genes for these enzymes were found, especially in Bacteroidetes genomes (van der 
Lelie et al., 2012). In our microbial consortia, such genes may have come from 
Sphingobacterium members. 

Endo-1.4-beta-xylanases (EC:3.2.1.8) (GH families 5, 8, 10, 11, 43) perform 
the endohydrolysis of (1 - 4)-beta-D-xylosidic linkages in xylans. These genes were 
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also predicted to occur in both our consortia. Other genes involved in the 
deconstruction of xylan were also identified; for instance, the gene that encodes 
xylan-1,4-beta-xylosidase (EC:3.2.1.37) was enriched in T10 in RWS (Table 1). Beta-
xylosidases are exotype glycosidases that hydrolyze short xylo-oligomers to single 
xylose units (Zhou et al., 2012). These enzymes were active in the secretomes of 
both microbial consortia, suggesting the expression of these bacterial genes. 

The beta-galactosidases, which hydrolyze beta-galactosidic bonds between 
galactose and its organic functional group and can act on xyloglucans (Husain 
2010), were highly active in both consortia (Figure 6B). The beta-mannosidases 
(EC:3.2.1.25), involved in the hydrolysis of terminal, non-reducing beta-D-
mannosyl residues in beta-D-mannosides (Scully et al., 2010), were lowly abundant 
in our consortia as compared to SS, but such activities were also detected in the 
secretome. The activities of these last two types of enzymes were higher in TWS1 
than in RWS (Figure 6B), suggesting the raised availability of beta-D-galactose and 
beta-D-mannosyl residues in TWS, possibly released due to the torrefaction. 

Conversely, mannan endo-1,4-beta-mannosidase (E.C: 3.2.1.78) (GH5, 
GH26, GH113 and AA10) related genes were enriched in RWS compared to SS. 
These enzymes are involved in the random hydrolysis of (1 - 4)-beta-D-mannosidic 
linkages in mannans, galactomannans and glucomannans. Cellobiohydrolases 
(endo- and exoglucanases) showed low activity in the secretome of TWS, suggesting 
the presence of high cellulose levels in the untreated compared with the torrefied 
wheat tissue. Several genes that encode beta-glucosidases were enriched in both 
consortia compared with SS, suggesting that the conversion of cellobiose to glucose 
is an important function in these consortia. Finally, cleavage and further 
metabolism of di-sugars was represented by several predicted enzymes. For 
example, alpha-L-rhamnosidase related genes were highly abundant in TWS at 
T10, compared to SS. These enzymes cleave terminal alpha-l-rhamnose from a 
large number of natural glycosides, and are relevant for application in citrus fruit 
juice and wine industries (Yadav et al., 2010). 

In this study, the application of DNA-based high-throughput sequencing 
technology allowed the characterization of novel bacterial-fungal consortia growing 
on wheat straw. The data, in conformity with our previous work (Jiménez et al., 
2014a), indicate that mixed microbial consortia, encompassing specific 
biodegradative (mainly affiliated to Klebsiella, Sphingobacterium, 
Flavobacterium, Acinetobacter, Penicillium and Acremonium) and cheater types, 
are selected by the specific lignocellulose substrate. The approach allowed us to 
identify interesting yeasts, such as Coniochaeta and Trichosporon, that are 
possibly involved in plant biomass degradation and/or conversion of furanic 
compounds. Application of PICRUSt to predict the functional profile (using 16S 
rRNA sequences), in conjunction with the evaluation of enzymatic activities in the 
consortial secretomes, allowed the inference of genes/proteins that were 
presumptively involved in lignocellulose degradation (such as peroxidases, beta-
mannases, beta-galactosidases, alpha-L-fucosidases, alpha-L-arabinofuranosidases 
and beta-glucosidases). Finally, assays of the degradation of other plant waste and 
quantification of initial and final products (for example, cello-oligosaccharides) 
might demonstrate the degradative potential that is needed for future biofuel 
production. A closer analysis of the metagenome and mobilome in our consortia 
will clarify the enzymatic profile and biotechnological potential present and can 
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also shed light on the potential role of HGT in its evolution. A greater 
understanding of the ecological interactions between consortium members during 
plant biomass biodegradation is required for further progress in this area. 
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Additional file 1: Rarefaction curves in the soil inoculum (SS) and in enriched cultures (RWS and 
TWS) along the sequential batches. Rarefaction curves of (A) bacterial 16S rRNA and (B) ITS1 
pyrosequencing. OTUs were generated at 97% of nucleotide identity. 
 

 
 
Additional file 2: Relative abundance (bacteria) in the soil inoculum (SS) and in enriched cultures 
(RWS and TWS) along the sequential batches. Relative abundance (%) of the most abundant bacterial 
(A) phylum and (B) orders based on 1,400 (16S rRNA) rarefied sequences. 
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Additional file 3: Relative abundance (fungi) in the soil inoculum (SS) and in enriched cultures (RWS 
and TWS) along the sequential batches. Relative abundance (%) of most the abundant fungal (A) 
phylum and (B) orders based on 550 (ITS1) rarefied sequences. 
 

 
 
Additional file 4: Unweighted UniFrac three-dimensional continuous matrix of bacterial 16S rRNA 
and ITS1 pyrosequencing data from soil inoculum (SS), RWS and TWS consortia in different sequential 
batches. 
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Additional file 5: Number of OTUs per taxon in the soil inoculum (SS) and in enriched cultures (RWS 
and TWS) along the sequential batches. Number of OTUs per taxon of the most abundant (A, B) 
bacterial orders and (C, D) fungal phylum based on 1,400 (16S rRNA) and 550 (ITS1) rarefied 
sequences. 
 
Additional file 6: OTU table with the taxonomic affiliation. OUT table with the taxonomic affiliation 
of each OTU (bacteria and fungi) based on BLASTn against GenBank database. The table shows the 
number of sequences per OTU in enriched cultures (RWS and TWS) and along the sequential batches. 
(This additional information is a xls. file that can be downloaded directly in the article web page 
http://biotechnologyforbiofuels.biomedcentral.com/articles/10.1186/1754-6834-7-92) 

http://biotechnologyforbiofuels.biomedcentral.com/articles/10.1186/1754-6834-7-92
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ABSTRACT 
 
Based on the premise that plant biomass can be efficiently degraded by mixed 
microbial cultures and/or enzymes, we here applied a targeted metagenomics-
based approach to explore the metabolic potential of two forest soil-derived 
lignocellulolytic microbial consortia, denoted RWS and TWS (bred on wheat 
straw). Using the metagenomes of three selected batches of two experimental 
systems, about 1.2 Gb of sequence was generated. Comparative analyses revealed 
an overrepresentation of predicted carbohydrate transporters (ABC, TonB and 
phosphotransferases), two-component sensing systems and β-
glucosidases/galactosidases in the two consortia as compared to the forest soil 
inoculum. Additionally, “profiling” of carbohydrate-active enzymes showed 
significant enrichments of several genes encoding glycosyl hydrolases of families 
GH2, GH43, GH92 and GH95. Sequence analyses revealed these to be most 
strongly affiliated to genes present on the genomes of Sphingobacterium, 
Bacteroides, Flavobacterium and Pedobacter spp. Assembly of the RWS and TWS 
metagenomes generated 16,536 and 15,902 contigs of ≥10 Kb, respectively. 
Thirteen contigs, containing 39 glycosyl hydrolase genes, constitute novel 
(hemi)cellulose utilization loci with affiliation to sequences primarily found in the 
Bacteroidetes. Overall, this study provides deep insight in the plant polysaccharide 
degrading capabilities of microbial consortia bred from forest soil, highlighting 
their biotechnological potential. 
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INTRODUCTION 
 
The recent thrust to use plant waste such as straw for the production of compounds 
such as biofuel, plastics and intermediates for pharmaceuticals has raised major 
questions about the efficiency of lignocellulose deconstruction driven by 
microorganisms (Ragauskas et al., 2006; Sims et al., 2010). Moreover, the 
physical-chemical structures of different plant remains may vary considerably, 
hampering efforts to design strategies to completely degrade lignocellulose across 
plant waste sources (Chandel and Singh 2011). One major source of straw is wheat, 
which contains, on average, 21% lignin, 28% hemicellulose and 36% cellulose 
(Shang et al., 2012). Heat treatment of wheat tissue results in a softening of the 
lignin part, turning the (hemi)cellulose moiety more amenable to enzymatic 
digestion (Limayem and Ricke 2012). However, heating produces trace amounts of 
process-inhibiting furanic compounds, next to sugars, small polysaccharides, acids 
and ash (Tumuluru et al., 2011). Thus, in the light of the complexity of the (wheat) 
waste source, efficient bioconversion may depend on the synergistic action of 
diverse enzymes, such as hemicellulases, endo/exoglucanases and β-glucosidases. 
Hemicellulases include a variety of enzymes with different activities, such as 
mannosidases, arabinofuranosidases, fucosidases, galactosidases and xylanases. 
These glycosyl hydrolases (GH) act directly on the three major hemicellulose 
structures xylan, xyloglucan and galacto(gluco)mannan (de Souza 2013). 
Hemicellulases, by nature, are known to enhance the conversion of lignocellulosic 
biomass to monosaccharides, thus improving the action of commercial cellulase-
based enzyme cocktails (Gao et al., 2011; Goldbeck et al., 2014). 

Unfortunately, we hitherto understand very little about the intricacies of 
lignocellulose biodegradation processes in microbial consortia. A key assumption 
about the mechanisms in such consortia is that the Darwinian principle of survival 
of the fittest reigns. Thus, sets of “locally fit” microorganisms in relative 
abundances that are appropriate for efficient biodegradation are predicted to be 
obtained at each time point in the process. A “matured” consortium then 
presumably contains all of the microbial members that have been, or are, 
important for the biodegradative process. Based on such assumptions, analyses of 
such matured consortia via metagenomics (Xing et al., 2012; Cheng and Zhu 2012) 
offer exciting possibilities to foster our understanding of the biodegradative 
process. In such analyses, the interplay of biodegradative next to other (supporting) 
processes may be unveiled, shedding light on the intricate ways in which the 
microbes that constitute the consortium interact with their environment and 
among themselves. In addition, genes that encode novel enzymes may become 
accessible, improving our knowledge on the biodegradative capacity of the 
individual members of the selected microbial communities (DeAngelis et al., 2010; 
Xia et al., 2013; Mori et al., 2014). 

Current analyses of metagenomics-based datasets rely strongly on 
alignment of sequences against those present in databases. In the “Carbohydrate-
Active Enzyme database” (CAZy), enzymes that hydrolyze diverse carbohydrates 
are classified into different GH families on the basis of their amino acid sequences 
(Cantarel et al., 2009). Examination of the CAZy database reveals enormous 
sequence diversity, even within each gene family. On top of that, every new study 
on natural systems is expected to add more diversity to the database, as evidenced 
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by recent work on the microbiomes of switchgrass-adapted compost (Allgaier et al., 
2010), herbivorous insects (Suen et al., 2010; Shi et al., 2013), poplar wood chips 
(van der Lelie et al., 2012), buffalo rumen (Patel et al., 2014) and snail guts 
(Cardoso et al., 2012). To foster our understanding of the interplay of the different 
enzymatic processes in biodegradative microbial communities, it is important to 
reduce the diversity. Lignocellulose-based enrichments constitute an excellent 
vehicle to achieve this aim. Recently, Wongwilaiwalin et al. (2013) analyzed a rice 
straw-degrading microbial consortium enriched from sugarcane bagasse. Nine 
hundred and fifty seven GH-encoding genes were found, the most abundant ones 
belonging to the GH2, GH3 and GH43 families. Also, DeAngelis et al. (2013a) 
compared the metagenomes of two switchgrass-bred consortia (one of them 
amended with Fe). Enrichments of the GH65 family, sugar transporters (ABC 
systems), oxidoreductases and (Fe-S) binding proteins were found in the Fe-
amended consortia. However, both studies did not address the levels of enrichment 
of such genes as compared to the microbial source nor did they analyze the genetic 
backgrounds of the identified GH-encoding genes. The latter analysis might allow 
the detection of metabolic pathways, regulatory mechanisms and substrate 
sensing/transport functions. 

In previous work, we obtained two microbial consortia from forest soil by 
sequential transfers on i) untreated and ii) heat-treated wheat straw. Both 
consortia grew efficiently in each step and showed (hemi)cellulolytic enzymatic 
activities in the extracellular fractions (Jiménez et al., 2014a; Jiménez et al., 
2014b). In order to analyze the lignocellulolytic machineries present in the two 
consortia, we performed whole-metagenome analyses of selected consortia in a 
time course. We hypothesize that the microbial consortia analyzed were or became 
fine-tuned with respect to the utilization of resources from the wheat straw. The 
data from this study foster our understanding of the ecology of straw degradation 
and straw-based selection. They also give insight into the metabolic potential 
present in the resulting microbial consortia, opening up possibilities for further 
ecological and biotechnological studies. 
 
METHODS 
 
Lignocellulolytic microbial consortia and metagenome sequencing 
Breeding of the microbial consortia has been reported before (Jiménez et al., 
2014a). Briefly, cell suspensions were prepared by adding 10 g of sampled soil to 
250 ml flasks containing 10 g of sterile gravel in 90 ml of mineral salts medium 
(MSM). The flasks were shaken for 20 min at 250 rpm. The cell extracts (250 μl) 
were then introduced into triplicate flasks containing 25 ml of MSM supplemented 
with 1% of i) “raw” wheat straw (RWS) and ii) heat-treated (240 °C, 1 h) wheat 
straw (TWS). Subsequently, flasks were incubated at 25 °C with shaking (100 rpm). 
Once the systems reached 7 to 8 log cells/ml (between 6 and 8 days), aliquots 
(25 μl) were transferred to 25 ml of fresh MSM containing the same substrates. 
Samples from the soil suspension (FS1) and from the triplicate RWS and TWS 
flasks were taken after 1, 3 and 10 transfers (n = 21). The selection of the samples 
was based on previous bacterial PCR-DGGE results (Jiménez et al., 2014a). 
Metagenomic DNA was extracted from the FS1 (n = 3) and from the selected RWS 
and TWS samples (n = 18) using the UltraClean Microbial DNA Isolation Kit 
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(MoBio® Laboratories Inc., Carlsbad, CA, USA), according to the manufacturer’s 
instructions. Based on previous bacterial 16S rRNA gene and fungal ITS1 diversity 
analyses (DGGE and pyrosequencing), the latter samples showed consistent 
microbial structure and composition per time point (Jiménez et al., 2014a; Jiménez 
et al., 2014b). The triplicate DNAs from the FS1 and from each selected RWS and 
TWS consortia were pooled, yielding a total of 7 metagenomes. The DNA samples 
were then subjected to Illumina Mi-Seq v2 sequencing (250 bp paired-end reads) at 
LGC Genomics (Berlin, Germany). 
 
Sequence processing and annotation of unassembled sequences 
A total of 5,298,311 unassembled sequences (reads) were uploaded to the MG-
RAST v3.1.2 server (Meyer et al., 2008). Overlapping sequence pairs were matched, 
and non-overlapping reads retained as individual reads, after which dereplication 
was performed. Duplicate read based inferred sequencing error estimation and 
quality trimming (phred score <20) were done using default settings in MG-RAST. 
The coverage values of each metagenome was calculated based on the number of 
bacterial 16S rRNA OTUs at 97% cut-off value (338, 108, 112, 100, 102, 45 and 46 
for FS1, 1W, 3W, 10W, 1T, 3T and 10T, respectively) (Jiménez et al., 2014b), using 
as a reference 4 Mb per bacterial genome. Gene predictions were done using the 
FragGeneScan software and subsequently the predicted proteins were annotated 
based on BLASTX searches against the RefSeq, KEGG and SEED databases using 
an e-value cutoff of 1e-15, a minimum alignment length of 50 amino acids and a 
minimum identity of 50%. In order to retrieve 16S rRNA gene sequences from the 
metagenomes, we performed a BLASTN search against the RDP database using an 
e-value cutoff 1e-15, a minimum alignment of 200 base pairs (bp) and a minimum 
nucleotide identity of 90%. The 16S rRNA gene sequences were taxonomically 
classified using the Classifier software with a confidence threshold of 50% (Wang et 
al., 2007; Claesson et al., 2009). The total metagenome sequences are publically 
accessible under the MG-RAST project code 7220 (Metagenome IDs 4547279.3 to 
4547285.3). 
 
Detection and compositional profile of genes involved in plant waste 
deconstruction 
Genes, or parts thereof, involved in lignocellulose degradation were detected using 
as a starting point the reads (quality filtered and trimmed) obtained by MG-RAST. 
Annotation was performed via BLASTX against the CAZy database v3 (downloaded 
from dbCAN site) (Yin et al., 2012; Lombard et al., 2014) using an e-value cutoff 1e-
15. Filtering was done based on a measure that relates the coverage and the identity 
percentage (ratio) (alignment length × % identity/query length) of >30%. To 
evaluate the relative abundance (RA) of reads per family, the counts were 
normalized using the total numbers of quality reads (matched in the database) per 
metagenome. Moreover, the RA of reads of each class (AA, CBM, CE, GH, GT and 
PL) and family was compared between the metagenomes from the selected 
consortia (1W, 3W, 10W, 1T, 3T and 10T) as well as the FS1. Fold changes were 
calculated based on the normalized RA values (fold increase = RA consortia/RA of 
FS1) and then Log10 transformed. 

Unassembled sequences belonging to CAZy families CBM50, GH1, GH2, 
GH3, GH20, GH29, GH31, GH43, GH92 and GH95 were extracted from FS1, 10W 
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and 10T (stable consortia), re-annotated (in-house) using BLASTX searches against 
the nr-NCBI database and clustered at 97% of nucleotide identity using the CD-HIT 
software (Huang et al., 2010). The BLAST results were loaded into MEGAN v5 
software and classified taxonomically according to suggested parameters for the 
Lowest Common Ancestor algorithm (LCA) (maximum number of matches per 
read: 10; min support: 5; min score: 35; max expected 0.01; min complexity 0.3; 
and top percent: 10) (Huson et al., 2011). To calculate the RA and the relative 
differences of read “richness” value, the counts and clusters were normalized using 
the total numbers of reads within each selected family. In addition, reads extracted 
in each family were assembled using the CLC Genomics Workbench v4.0.3 
software (CLC Bio, Cambridge, MA, USA). 
 
Comparisons and statistical analysis of unassembled metagenome data 
Data from MG-RAST and CAZy annotation were statistically analyzed using the 
STAMP package (Parks and Beiko 2010). Routinely, two-sided Fisher’s and/or 
ANOVA tests were used for hypothesis testing. Differences in proportions and 95% 
confidence intervals (CIs) were calculated according to the Newcombe-Wilson 
method. Multiple test corrections were done using the Storey FDR q-value or the 
Benjamini–Hochberg false discovery rate. A heat-map was constructed based on 
the RA by the Ward method and a dendrogram produced at a threshold of 0.9. 
 
Evaluation of gene clusters involved in (hemi)cellulose degradation 
The metagenome assembly was performed using the CLC Genomics Workbench 
v4.0.3 with the following parameters: mismatch cost 2, insertion cost 3, deletion 
cost 3, length fraction 0.5 and similarity 0.9 (Mason et al., 2012; Taş et al., 2014). 
Each metagenome was assembled separately and contigs from 1W, 3W and 10W 
were used for subsequent assembly in order to obtain a dataset for RWS. The TWS 
consortia were analyzed similarly. In the RWS and TWS assembled datasets, genes 
were detected using the MetaGeneMark software (Zhu et al., 2010). Subsequently, 
these were annotated by Hidden Markov Models (HMM) based on CAZy family 
domains (v3) in the dbCAN platform using default parameters. Contigs ≥ 5 Kb with 
GH genes (specifically belonging to families GH2, GH3, GH29, GH31, GH43, GH92 
and GH95) were retrieved and annotated using the RAST server (Aziz et al., 2008). 
The predicted GH were manually annotated using PSI-BLASTP against nr-NCBI 
database. Finally, to select contigs with GH “hotspots” and analyze their genomic 
contexts, we selected those contigs that had the followed parameters: 1) 
size ≥ 10 Kb, containing at least two GH genes, 2) size ≥ 35 Kb with at least one GH. 
G + C contents (Gao and Zhang 2006), tetranucleotide frequencies (TTNF) and 
average nucleotide identities (ANIb) against different genomes (Teeling et al., 
2004; Richter and Rosselló-Móra 2009) were calculated in each selected contig. 
 
RESULTS 
 
Selection of microbial consortia and production of metagenomic DNA 
To foster our understanding of the genetic make-up of the “phylogenetically-stable” 
lignocellulose-degrading consortia, two biodegradative consortia, denoted RWS 
(bred on untreated wheat straw) and TWS (bred on heat-treated wheat straw), were 
selected, each at three time points. In addition, the source community (forest soil-
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derived) was selected as a comparator. Based on preliminary results from Fourier 
transformed infrared spectroscopical (FTIR) analyses, we obtained evidence for 
slightly higher percentages of lignin, hemicellulose and cellulose in the RWS 
(untreated wheat straw) compared with TWS (heat treated) substrate (data not 
shown). 

Metagenomic DNA from all microbial consortia was successfully obtained 
at a rate of, on average, about 0.75 μg/ml culture (containing roughly 108 bacterial 
cells/ml). A calculation of the extraction efficiency revealed that >90% of the 
bacterial cells in these had been captured into the extracts (Christensen et al., 
1995). Illumina Mi-Seq sequencing of the metagenomes of the seven samples 
(forest soil-derived inoculum: FS1; transfer 1, 3 and 10 in RWS: 1W, 3W and 10W; 
and transfer 1, 3 and 10 in TWS: 1T, 3T and 10T) yielded a total of 5,067,095 
sequence reads (average length 272 bp) that passed the quality criteria used, with a 
range of 385,175 to 1,026,339 reads per sample. The total genomic information 
(Mb) thus obtained for each metagenome was 136.82 (FS1), 170.58 (1W), 293.17 
(3W), 112.23 (10W), 238.95 (1T), 221.46 (3T) and 198.10 (10T). On this basis, 
calculated coverage values for these respective metagenomes were 0.10, 0.39, 0.65, 
0.28, 0.59, 1.23 and 1.05. The average G + C contents per metagenome showed 
strongly reduced values, of <50%, in the selected consortium samples as compared 
to that of the source community (60 ± 9%). Thus, G + C values measured in the 
latest enrichments were 41 ± 12% and 49 ± 13%, for 10W and 10T, respectively. 
 
Taxonomic assignment based on total protein-encoding and bacterial 
16S rRNA gene sequences 
MG-RAST-based annotation analyses of the reads in all metagenomes showed that 
around 70% of those in the RWS and TWS datasets had homologs on bacterial 
genomes (RefSeq database). The remaining reads (roughly 30%) were similar to 
unannotated genomic regions (e.g. unknown DNA or intragenic sequences). The 
total reads that could be affiliated to Eukarya with the existing tools was 
consistently low (<0.001% across all metagenomes). In contrast to the above, only 
38% of the reads from the FS1 source community was predicted to encode proteins. 
On the basis of an analysis of the affiliation of the collective protein-encoding 
sequences, the bacterial community structures (at genus level) turned out to be 
quite different (r2 = 0.480) between the RWS and the TWS consortia 
(Supplementary Fig. S1). They were also different from that of the FS1 source 
community. Remarkably, in the FS1 metagenome, one 16S rRNA sequence was 
retrieved per 11,276 reads, whereas in the RWS as well as TWS consortium ones, 
the ratios were 1/800, 1/820, 1/618, 1/673, 1/576 and 1/628 for 1W, 3W, 10W, 1T, 
3T and 10T, respectively. Considering the phylogenetic affiliations, some 
differences were observed between the taxonomic profile based on protein-
encoding and the bacterial 16S rRNA gene sequences. For example after transfer-3, 
a predominance of Sphingobacterium sequences (35% versus 3% of Klebsiella) was 
found in the 16S rRNA-based classification, while Klebsiella-like sequences were 
most abundant in the protein-encoding gene approach (~15% versus 10% of 
Sphingobacterium) (Supplementary Fig. S1). 
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Functional profiles — evidence for a dominance of ABC transporters 
and TonB-dependent receptors 
In order to obtain a robust metabolic profile, two databases were used for the 
analyses (KEGG and SEED). Based on principal components analyses (PCA) of the 
KEGG-based functional profiles, the TWS metagenome samples 1T, 3T and 10T all 
clustered together, suggesting stabilization and preservation of function as from 
transfer-1. Quite remarkably, these metagenomes still revealed considerable levels 
of similarity with those from RWS (r2 = 0.890). Thus, both consortia showed 
largely similar functional profiles at three time points, which were clearly different 
from those of the FS1 community (Figure 1a,b). Pairwise analyses revealed that FS1 
and RWS correlated at r2 = 0.608 and FS1 and TWS at r2 = 0.513. 
 

 
 
Figure 1. Functional profile of the metagenomes based on KEGG identifiers. (a) PCA of the seven 
metagenomes using the lower hierarchical functional level; (b) Relative abundance (%) of microbial 
functions and pairwise comparison between RWS (1W, 3W and 10W) and TWS (1T, 3T and 10T) 
samples, red dots represent functions within the ABC transporters; (c) Highly enriched specific 
functions (compared with soil inoculum FS1) along three sequential transfers (fold-increase). 
Abbreviations: ABC transporters (ABCT), two-component system proteins (TCSP) and 
phosphotransferase systems (PTS). 

 
Close examination of the differences between the RWS and TWS consortium 
metagenomes on the one hand and the FS1 community one on the other hand 
showed several significantly enriched functions (p < 0.005), at KEGG orthology 
level 2. These were membrane transport systems (mainly ABC transporters) next to 
systems for the metabolism of cofactors and vitamins, cell motility and glycan 
biosynthesis (Supplementary Fig. S2). ABC transporters (ABCT) (9.5 ± 0.9% and 
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13 ± 0.7% relative abundance -RA- in RWS and TWS samples, respectively, versus 
~8.5% in FS1) and two-component system proteins (TCSP) (6.0 ± 0.25% RA in 
both consortia, versus ~5% in FS1) were the most abundant functions in both 
consortia. The most overrepresented (p < 0.005) specific functions, after transfer-
3, in the RWS and TWS metagenomes were iron transport system permease 
proteins (up to 10-fold RA increases), formate C-acetyltransferases (~2–5-fold RA 
increase). In addition, methyl-accepting chemotaxis proteins and 
phosphotransferase system (PTS)-cellobiose-specific IIC components were also 
enriched. Interestingly and with respect to the biodegradative process, sequences 
predicted to encode enzymes involved in lignocellulose degradation were indeed 
also overrepresented in the RWS and TWS consortia as compared to the FS1 
community. This included (partial) genes encoding β-glucosidases (1.62, 1.83, 1.62 
and 1.29 -fold RA increases in 3W,10W, 3T and 10T, respectively), β-galactosidases 
(3.09, 2.57, 2.36 and 2.09 -fold RA increases in 3W, 10W, 3T and 10T, respectively) 
and catalases (2.61, 2.18, 1.96 and 2.72 -fold RA increases in 3W, 10W, 3T and 10T, 
respectively) (Figure 1c). 
Comparative SEED-based analyses of the RWS and TWS consortium metagenomes 
versus that of the FS1 community showed that the most enriched specific genes 
(p < 0.005) in the 3W, 10W and 3T metagenomes were those for utilization of 
monosaccharides (2.06 ± 0.16 -fold RA increase) as well as iron acquisition 
(4.53 ± 0.26 -fold RA increase). In the 10T one, genes for proteins involved in iron 
acquisition were also strongly enriched (5-fold RA increase) (Supplementary Fig. 
S3). In the 3W and 10W metagenomes, genes for TonB-dependent receptors (TBR) 
(4.63 and 4.15 -fold RA increases, respectively), and, to a lesser extent, for 
ferrichrome-iron receptors and β-galactosidases were enriched in comparison to 
the FS1 one (p < 0.005). In contrast, genes for decarboxylases were highly 
abundant in FS1, 3W and 10W (~0.65% RA) (Figure 2a). For TWS, TBR (3.4 and 
5.6 -fold increases in 3T and 10T, respectively), ferrichrome-iron receptors and β-
galactosidases were enriched in the 3T metagenome, whereas decarboxylases were 
depleted at 10T (Figure 2b). On the other hand, three specific functions, i.e. 
adenylate cyclase, carbon monoxide dehydrogenase and cobalt/cadmium/zinc 
resistance proteins, were strongly deselected (p < 0.005) in the two systems. 
 
Genes predicted to be involved in lignocellulose degradation 
In order to detect genes, or parts thereof, involved in lignocellulose deconstruction, 
we performed BLASTX of all metagenome reads against the CAZy database. The 
results show that, after transfer-3, the carbohydrate-active genetic profiles were 
stable and consistent in the RWS and TWS metagenomes (Fig. 3a). The most 
enriched functions at the last transfers (compared with FS1) were polysaccharide 
lyases (PL) (0.43 and 0.33 log X-fold in 10W and 10T, respectively) and GH (0.11 
and 0.12 log X-fold in 10W and 10T, respectively) (Figure 3b). The correlation (r2) 
between the RWS and TWS consortium metagenomes was 0.970. Specific enzyme 
families that abounded in the TWS and RWS metagenomes were glycosyl 
transferase (GT) families 2 (~8.5% RA) and 4 (~6.5% RA), followed by GH2, GH13 
and GH3 (Figure 3c; Table 1). 
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Figure 2. Comparison of functional profiles (percentage of relative abundance of SEED identifiers at 
lower hierarchical level) between the soil inoculum FS1 and metagenomes of the three sequential 
transfers of (a) RWS and (b) TWS. Numbers: are the selection of the eight most overrepresented 
functions in the consortial metagenomes. Asterisks (*) represent functions that were most enriched in 
RWS and TWS samples (p < 0.005). Letters a (adenylate cyclase), b (carbon monoxide dehydrogenase) 
and c (and cobalt/cadmium/zinc resistance proteins) correspond to the most deselected functions 
(p < 0.005). 
 

An overall examination of the data revealed the presence of a high diversity of 
predicted enzymes, with respect to the number and diversity of CAZy families. To 
reduce the complexity of the data, we selected a “top-60” of the most enriched 
CAZy families in both consortia for further analyses. Data on count matches, RA 
and log10 fold increases for each consortium and transfer are presented in the 
Supplementary Table S1. As compared to the FS1 source community, some genes of 
particular families were highly enriched (≥1 log10 unit) in both derived consortia, 
albeit at rather low (≤0.3) RA levels. Specifically, these were genes for the GH117, 
GH50, GT8 and PL17 family proteins. The most abundant (approximately >1.5% 
RA) enriched (p <0.005) families in the two consortia were GH1, GH2, GH3, 
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GH20, GH29, GH31, GH43, GH92, GH95 and CBM50. Remarkably, enrichment of 
these was already apparent as from transfer-1 (Supplementary Fig. S4), suggesting 
the occurrence of a strong selective effect early on in the consortium enrichments. 
Specifically, reads falling in families GH1, GH2, GH31 and CBM50 were enriched 
along the transfers in the RWS and those of families GH2, GH20, GH29, GH43, 
GH92 and GH95 in the TWS metagenomes. In contrast, reads for families PL17, 
GH50, GH3 and GH13 were deselected or showed a neutral behavior along the 
transfers (Table 1). 
 

 
 
Figure 3. Carbohydrate-active functional profiles. (a) Heat map of the relative abundance (%) of each 
CAZy class (AA, CBM, CE, GH, GT and PL) in each metagenome; (b) Log10 X-fold increase of each 
CAZy class in RWS and TWS samples comparatively to the soil inoculum (FS1); (c) Pairwise comparison 
between RWS (1W, 3W and 10W) and TWS (1T, 3T and 10T) samples, red dots: are functions belonging 
to glycosyl hydrolases (GH) families; (d) “Richness” values (number of clusters at 97% nucleotide 
identity over the total retrieved reads in each family) of the most enriched CAZy families at transfer-10 
(10W and 10T) and comparison with the soil inoculum (FS1). 
 

CAZy families enriched at transfer-10 - tracking richness and microbial 
source 
The reads of overrepresented CAZy families at transfer-10 (stable community) 
(Figure 4a,b) were clustered at 97% nucleotide identity cut-off and taxonomically 
classified. Using the normalized numbers of clusters in each family, we observed 
that reads assigned to all enriched CAZy families (except CBM50) in 10T showed 
lower “richness” values than those in 10W and FS1. Richness was defined as the 
number of clusters at 97% nucleotide identity over total retrieved reads in each 
family.  
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Table 1.  The most abundant and enriched CAZy families (top-15) in the RWS and TWS metagenomes (compared with FS1). 
 

 
Metagenomes 

 

CAZy family 
FS1 1W 3W 10W 1T 3T 10T 

Most common activities (EC Number) 
Log RA Log RA Log RA Log RA Log RA Log RA Log RA 

PL17 0 0,017 1,135 0,236 1,071 0,203 1,122c 0,229 1,267 0,320 1,304 0,348 1,234c 0,296 Alginate lyase (EC 4.2.2.3); Oligoalginate lyase (EC 4.2.2.-) 

CBM50 0 0,742 0,342 1,633 0,293 1,458 0,427a 1,983 0,548 2,622 0,426 1,980 0,228b 1,254 Carbohydrate-Binding Module (peptidoglycan and chitin binding module) 

GT8 0 0,009 0,826 0,058 0,969 0,080 1,367a 0,201 0,980 0,082 0,263 0,016 0,757b 0,049 
Lipopolysaccharide galacto(gluco)syltransferase; Homogalacturonan 
galacturonosyltransferase; Xylan glucuronyltransferase (EC 2.4.1.-) 

GH117 0 0,009 1,593 0,338 1,513 0,281 1,528c 0,291 0,883 0,066 1,564 0,316 1,798a 0,542 Neoagarooligosaccharide hydrolase (EC 3.2.1.-) 

GH92 0 0,311 1,060 3,564 0,978 2,955 0,861b 2,254 0,465 0,906 0,980 2,967 1,197a 4,895 Alpha-mannosidase (EC 3.2.1.24) 

GH50 0 0,009 1,159 0,125 0,694 0,043 0,808b 0,055 1,306 0,175 1,144 0,120 1,264b 0,158 Beta-agarase (EC 3.2.1.81) 

GH95 0 0,423 0,663 1,944 0,606 1,707 0,649c 1,886 0,181 0,642 0,636 1,831 0,797a 2,648 Alpha-1,2-L-fucosidase (EC 3.2.1.63); Alpha-L-fucosidase (EC 3.2.1.51) 

GH20 0 0,570 0,523 1,900 0,462 1,652 0,384b 1,380 0,078 0,682 0,405 1,449 0,617a 2,359 Beta-hexosaminidase (EC 3.2.1.52); Lacto-N-biosidase (EC 3.2.1.140) 

GH31 0 0,768 0,376 1,824 0,424 2,038 0,444a 2,136 0,446 2,148 0,502 2,439 0,492c 2,384 
Alpha-glucosidase (EC 3.2.1.20); Alpha-xylosidase (EC 3.2.1.177); Alpha-

mannosidase (EC 3.2.1.24) 

GH2 0 1,839 0,336 3,987 0,410 4,722 0,417a 4,806 0,245 3,235 0,334 3,963 0,409a 4,715 
*Beta-galactosidase (EC 3.2.1.23); *Beta-mannosidase (EC 3.2.1.25); Beta-

glucuronidase (EC 3.2.1.31); Alpha-L-arabinofuranosidase (EC 3.2.1.55) 

GH43 0 1,364 0,378 3,257 0,411 3,517 0,362c 3,141 0,210 2,214 0,366 3,166 0,348a 3,039 
*Beta-xylosidase (EC 3.2.1.37); Alpha-L-arabinofuranosidase (EC 3.2.1.55); Xylanase 

(EC 3.2.1.8); Galactan 1,3-beta-galactosidase (EC 3.2.1.145) 

GH1 0 0,656 0,260 1,192 0,424 1,740 0,457a 1,879 0,665 3,034 0,552 2,341 0,320b 1,370 
*Beta-glucosidase (EC 3.2.1.21); Beta-galactosidase (EC 3.2.1.23); Beta-mannosidase 
(EC 3.2.1.25); Beta-glucuronidase (EC 3.2.1.31); Beta-xylosidase (EC 3.2.1.37); Beta-

D-fucosidase (EC 3.2.1.38) 

GH29 0 0,716 0,326 1,517 0,349 1,602 0,342c 1,574 -0,112 0,553 0,331 1,534 0,536a 2,461 Alpha-L-fucosidase (EC 3.2.1.51); Alpha-1,3/1,4-L-fucosidase (EC 3.2.1.111) 

GH3 0 2,762 0,177 4,156 0,160 3,996 0,158c 3,974 0,139 3,804 0,083 3,343 0,035b 2,993 
Beta-glucosidase (EC 3.2.1.21); Xylan 1,4-beta-xylosidase (EC 3.2.1.37); Beta-

glucosylceramidase (EC 3.2.1.45); Beta-N-acetylhexosaminidase (EC 3.2.1.52); 
Alpha-L-arabinofuranosidase (EC 3.2.1.55) 

GH13 0 7,242 -0,245 4,120 -0,258 4,001 -0,257c 4,008 -0,090 5,893 -0,099 5,760 -0,264b 3,940 Alpha-amylase (EC 3.2.1.1); Pullulanase (EC 3.2.1.41) 

Log: Log10 X-fold increase in relative abundance 
RA: Relative abundance. 
Negative values are subfamilies deselected comparatively with the FS1. 
*Detected enzymatic activity in the secretome of both consortia at transfer-10 (Jiménez et al., 2014b) 
a Enriched along the transfers (selecting) 
b Depleted along the transfers (deselecting) 
c Neutral enrichment along the transfers  
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Families GH1, GH31, CBM50 and GH92 showed “richness” values between 0.71 to 
0.69 in 10W, but GH20, GH95, GH92 and GH29 had “richness” values between 
0.35 to 0.29 in 10T (Figure 3d). Based on the taxonomic classification by the lowest 
common ancestor (LCA) algorithm (Figure 4c), the GH2, GH20, GH29, GH43, 
GH92, GH95 reads were mainly assigned to genomes of members of the 
Bacteroidetes (e.g. Sphingobacterium, Bacteroides, Flavobacterium and 
Pedobacter). Moreover, sequences that belonged to the GH1, GH3, GH31 and 
CBM50 families were mostly affiliated with organisms from within the 
Enterobacteriaceae, especially within Klebsiella. The taxonomic affiliation of the 
GH retrieved from transfer-1 and -3, in both consortia, showed similar results, 
indicating that the enrichments selected for GH assigned to members of the 
Bacteroidetes and Enterobacteriaceae. 
 

 
 
Figure 4. Differentially enriched CAZy families (p < 0.005, 95% confidence intervals) between FS1 and 
(a) 10W and (b) 10T metagenomes; (c) Taxonomic affiliation of reads belonging to families GH92, 
GH2, GH95, GH43, GH20, GH31, GH1, GH3, GH29 and CBM50, in 10W, 10T and FS1, using the Lowest 
Common Ancestor (LCA) algorithm. 
 

Additionally, in order to explore whether the reads make part of any specific 
genetic region, we performed an assembly (contigs > 750 bp as a cut-off) of all 
reads in each overrepresented family. This approach yielded no contigs for the FS1 
metagenome, indicating great heterogeneity. From the 10W metagenome, 17, 12, 9, 
8 and 5 contigs were produced for the GH2, GH92, GH43, GH31 and GH29 
families, respectively. Between 28.03 to 59.38% of the total retrieved reads, in each 
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of these last families, were used. In contrast, in the 10T metagenome, 88, 86, 82, 81 
and 79% of the total retrieved reads in GH29, GH92, GH31, GH2 and GH43 were 
used to construct 12, 15, 7, 13 and 15 contigs, respectively (Supplementary Table 
S2). Contigs (or complete genes) with the highest read coverage were analyzed by 
BLASTX against the nr-NCBI database. All GH-encoding genes in 10T were thus 
identified to derive from members of the Bacteroidetes, especially 
Sphingobacterium spp. However, the most abundant GH1, GH3 and GH31-
encoding genes in 10W were affiliated with predicted proteins of Kluyvera 
ascorbata (Table 2). 
 
Contigs containing gene clusters predicted to be involved in 
(hemi)cellulose degradation 
Totals of 16,536 (contig mean length 3.6 Kb) and 15,902 (contig mean length 
3.4 Kb) contigs were generated for the metagenomes obtained for the RWS and 
TWS consortia, respectively. Of these, 10,571 and 9,987 contigs, respectively for 
RWS and TWS, were >1,000 bp. Moreover, in RWS, 94 GH genes (specifically 
belonging to families GH2, GH3, GH29, GH31, GH43, GH92 and GH95) were 
detected in 70 contigs (≥5 Kb). In TWS, 75 GH were identified in 58 contigs (≥5 Kb) 
(Supplementary Table S3). Thirteen large contigs (≥10 Kb; G + C content between 
35 to 42%; read coverage 14X to 30X) contained at least two GH genes. Based on 
CAZy annotations, in these contigs we identified a total of 39 GH genes. 
Interestingly, 11 of these showed an identity less than 60% to already described 
proteins (Table 3). Regarding the RAST annotations, 25, 19 and 20 genes encoding 
TBR, ABCT and TCSP, respectively, were detected in the selected 13 contigs (Fig. 
5). The tetranucleotide frequencies (TTNF) and average nucleotide identities 
(ANIb) results showed that these contigs were mainly affiliated with regions on 
genomes of Sphingobacterium, Bacteroides, Parabacteroides, Flavobacterium and 
Pedobacter. However, the 13 contigs showed an ANIb < 72% and a correlation of 
TTNF less than 0.79, suggesting that these genomic fragments make part of as yet 
unknown (yet related) genomes (Supplementary Table S4). Seven contigs were 
presumed to belong to organisms affiliated with Sphingobacterium (contigs 278, 
373, 26, 4309 and 1110), Pedobacter (contig 248) and Parabacteroides (contig 
316), on the basis of BLAST analyses of the GH genes (Table 3). All contigs were 
found to contain at least one complete predicted operon. Contigs 242, 248, 1110, 
4309 and 3786 contained operons/genes with predicted roles in xylan, xyloglucan 
and galacto(gluco)mannan degradation (Figure 5). In addition, contigs 278 and 26 
contained operons/genes involved in the bioconversion of cellobiose (GH3). Contig 
939 contained genes encoding L-ribulose-5-phosphate 4-epimerase, L-arabinose 
isomerase, aldose-1-epimerase and a putative lipoprotein. Interestingly, in contigs 
278, 582, 248 and 1110 we found genes involved in sugar metabolism steps, such as 
transketolases (TKT) (3), xylose isomerase (XI) (3) and xylulose kinase (XKN) (4). 
In contig 1110, one putative gene involved in lignin metabolism (cytochrome 
peroxidase - EC1.11.1.5) was found. Finally, six genes encoding transcriptional 
regulators of the AraC family were found in contigs 316, 3786 and 1110 (Figure 5). 
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Table 2. The most abundant/enriched CAZy family gene encoding metagenome fragments at transfer-10. 
 

Consortia CAZy family 
Contig/
gene ID 

Length 
(bp) 

NRC (%)a BLASTx best hit [Taxa] (Accession number) % QC E % I 

10W 

CBM50 Contig 1 1357 21 (7.3) M23/M37 family cell wall endopeptidase [Kluyvera ascorbata] (KFD08719.1) 85 0.0 97 

GH2 Contig 5 2755 33 (4.7) Beta-galactosidase [Parabacteroides merdae] (WP_005651198.1) 98 0.0 60 

GH20 Contig 3 1373 15 (7.5) Beta-N-acetylhexosaminidase [Sphingobacterium sp.] (WP_031288206.1) 99 0.0 98 

GH95 Contig 5 1707 25 (9.1) Fuc19 [Sphingobacterium sp.] (ACX30659.1) 99 0.0 92 

GH31 Contig 2 1572 25 (8.1) Alpha-glucosidase [Kluyvera ascorbata] (KFD07596.1) 95 0.0 91 

GH3 Contig 1 2127 36 (6.2) Periplasmic beta-glucosidase [Kluyvera ascorbata] (KFC99801.1) 96 0.0 95 

GH43 Contig 6 2144 32 (7.0) Glycoside hydrolase family 43 [Sphingobacterium sp.] (CDT33327.1) 89 0.0 87 

GH1 Contig 4 1172 23 (8.4) Beta-glucosidase/6-phospho-beta-glucosidase [Kluyvera ascorbata] (KFC94642.1) 93 0.0 94 

GH92 Contig 3 2533 29 (8.9) Alpha-1,2-mannosidase [Sphingobacterium sp.] (CDT06451.1) 88 0.0 92 

GH29 Contig 1 1438 25 (11.0) Alpha-L-fucosidase [Sphingobacterium sp.] (WP_031288978.1) 87 1E-144 99 

10T 

CBM50 Contig 1 1268 19 (5.3) Peptidase [Enterobacter aerogenes] (WP_015705953.1) 85 0.0 95 

GH2 Contig 5 4302 228 (17.0) Beta-galactosidase [Sphingobacterium sp.] (AIM35762.1) 92 0.0 78 

GH20 Contig 1 1753 88 (13.1) Beta-N-acetylhexosaminidase [Sphingobacterium sp.] (WP_031287911.1) 93 0.0 98 

GH95 Contig 4 1792 84 (11.1) Hypothetical protein [Pedobacter borealis] (WP_029274415.1) 99 0.0 77 

GH31 Contig 1 4119 189 (27.9) Alpha-xylosidase [Sphingobacterium sp.] (AIM36311.1) 93 0.0 86 

GH3 Contig 4 2418 128 (15.0) Beta-glucosidase [Sphingobacterium sp.] (CDS91967.1) 96 0.0 88 

GH43 Contig 4 4115 138 (15.9) GH43D19 precursor [Sphingobacterium sp.] (ACX30655.1) 51 0.0 99 

GH1 Contig 3 1824 76 (19.5) Beta-glucosidase A [Sphingobacterium sp.] (CDT05903.1) 73 0.0 83 

GH92 Contig 4 2597 131 (9.4) Alpha-1,2-mannosidase [Sphingobacterium sp.] (CDT06451.1) 86 0.0 92 

GH29 Contig 7 2779 109 (15.5) Alpha-1,3/4-fucosidase [Sphingobacterium sp.] (AIM37951.1) 94 0.0 90 

NRC: Number of reads within the contig/gene; a percentage of reads based on the total number of reads retrieved in each subfamily. 

QC: Query coverage  
E: E-value  
I: Amino acid identity 
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Table 3. Glycosyl hydrolases detected by annotation using the CAZy database in thirteen putative novel predicted Bacteroidetes (hemi)cellulose utilization 
loci. 
 

Contig ID 
(Consortia) 

CL 
(bp) 

NRC (%)a CRC  
CAZy 

family 
Length 

(aa) 
PSI-BLASTp best hit [Taxa] (Accession number) 

% 
QC 

E % I 

278 (RWS) 64,242 4,084 (0.19) 19X 

GH29 596 Alpha-L-fucosidase [Sphingobacterium spiritivorum] (WP_003008132.1) 98 0.0 65 

GH29 477 Alpha-L-fucosidase [Sphingobacterium spiritivorum] (WP_003008126.1) 100 0.0 78 

GH3 765 Beta-glucosidase [Sphingobacterium sp.] (YP_004318346.1) 96 0.0 65 

GH92 717 
Alpha-1,2-mannosidase [Sphingobacterium spiritivorum] 

(WP_003008094.1) 
99 0.0 73 

582 (RWS) 59,220 3,501 (0.16) 17.5X 
GH43 360 Beta-xylosidase [Bacteroides fragilis] (WP_005778595.1) 95 0.0 80 

GH92 1032 Hypothetical protein [Parabacteroides sp.] (WP_010801039.1) 100 0.0 70 

373 (RWS) 57,434 3,534 (0.17) 17X 

GH92 657 Alpha-1 2-mannosidase [Sphingobacterium spiritivorum] (WP_002997981.1) 98 0.0 83 

GH92 766 Alpha-1,2-mannosidase [Sphingobacterium sp.] (YP_004319748.1) 98 0.0 67 

GH92 763 Alpha-1,2-mannosidase [Sphingobacterium sp.] (YP_004317288.1) 98 0.0 71 

26 (RWS) 41,283 2,396 (0.11) 20X 
GH29 326 Alpha-L-fucosidase [Sphingobacterium spiritivorum] (WP_003003741.1) 88 8e-174 82 

GH3 350 Beta-glucosidase [Sphingobacterium sp.] (YP_004316656.1) 94 0.0 78 

262 (RWS) 38,022 2,177 (0.10) 17X 
GH43 320 

Arabinan endo-1,5-alpha-L-arabinosidase [Sphingobacterium sp.] 
(WP_002997231.1) 

93 6e-176 78 

GH43 165 Beta-xylosidase [Echinicola vietnamensis] (YP_007226458.1) 93 1e-54 58* 

939 (RWS) 23,370 1,210 (0.05) 14X 

GH2 833 Glycoside hydrolase [Dysgonomonas gadei] (WP_006801003.1) 99 0.0 62 

GH43 641 Glycoside hydrolase [Flavobacterium johnsoniae] (YP_001195445.1) 98 0.0 66 

GH43 328 Glycosyl hydrolase family 32 [Paraprevotella clara] (WP_008623026.1) 88 1e-149 69 

242 (RWS) 21,746 1,305 (0.06) 
16.5

X 

GH2 670 Beta-galactosidase [Parabacteroides goldsteinii] WP_007653379.1 99 0.0 59* 

GH29 543 Alpha-1,3/4-fucosidase [Capnocytophaga canimorsus] (YP_004740108.1) 98 0.0 63 

GH95 747 Hypothetical protein [Sphingobacterium spiritivorum] (WP_003005855.1) 99 0.0 70 

GH2 1068 Beta-galactosidase [Sphingobacterium spiritivorum] (WP_002995396.1) 85 0.0 50* 

248 (RWS) 19,539 1,037 (0.05) 15X 

GH43 323 Alpha-N-arabinofuranosidase [Dysgonomonas mossii] (WP_006843656.1) 100 7e-176 72 

GH43 363 Glycoside hydrolase family protein [Pedobacter saltans] (YP_004274934.1) 96 0.0 77 

GH43 602 Glycosyl hydrolase [Pedobacter saltans] (YP_004274947.1) 99 0.0 75 

GH95 716 Alpha-L-fucosidase [Pedobacter saltans] (YP_004274942.1) 100 0.0 68 

519 (TWS) 107,716 
10,720 
(0.43) 

30X 
GH2 439 Beta-galactosidase [Bacteroides fragilis] (WP_005786683.1) 95 3e-119 44* 

GH31 705 Glycosyl hydrolase [Sphingobacterium spiritivorum] (WP_003001890.1) 99 0.0 79 
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4309 (TWS) 39,914 4,462 (0.17) 23X 
GH2 442 Beta-galactosidase [Sphingobacterium spiritivorum] (WP_002997393.1) 98 0.0 81 

GH95 507 Hypothetical protein [Sphingobacterium sp.] (WP_021190421.1) 100 0.0 98 

316 (TWS) 25,776 2,588 (0.10) 
22.5

X 

GH2 704 Hypothetical protein [Parabacteroides sp.] (WP_010803531.1) 99 0.0 59* 

GH2 567 Beta-galactosidase [Parabacteroides merdae] (WP_005649701.1) 97 1e-97 33* 

GH2 752 Beta-galactosidase [Parabacteroides merdae] (WP_005649701.1) 99 0.0 59* 

3786 (TWS) 24,838 2,275 (0.09) 
20.5

X 

GH2 427 
Beta-galactosidase/beta-glucuronidase [Flavobacterium sp.] 

(WP_007809792.1) 
90 1e-155 56* 

GH29 382 Glycoside hydrolase family protein [Niastella koreensis] (YP_005006468.1) 95 6e-81 39* 

GH95 807 Alpha-L-fucosidase [Paludibacter propionicigenes] (YP_004041891.1) 96 0.0 54* 

GH95 682 Hypothetical protein [Sphingobacterium spiritivorum] (WP_002994973.1) 99 0.0 70 

1110 (TWS) 24,779 2,150 (0.08) 26X 

GH43 140 Glycoside hydrolase [Sphingobacterium sp.] (YP_004317870.1) 78 9e-42 77 

GH43 531 Hypothetical protein [Sphingobacterium sp.] (WP_021189555.1) 55 0.0 99 

GH95 269 Alpha-L-fucosidase [Pedobacter saltans] (YP_004274942.1) 95 1e-83 53* 

GH95 430 Alpha-L-fucosidase [Pedobacter saltans] (YP_004274942.1) 98 0.0 72 

Continuation table 3 
CL: Contig length 
NRC: Number of reads within the contig; a percentage of reads based on the total number of reads in RWS and TWS samples. 
CRC: Coverage of reads per contig 
QC: Query coverage  
E: E-value  
I: Amino acid identity; *less than 60%  
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Figure 5. Graphical representation of thirteen novel Bacteroidetes HULs (hemicellulose utilization 
loci) recovered from the metagenome assemblages. Numbers represents annotated proteins that are 
flanked by glycosyl hydrolase (GH) genes. Abbreviations: Two-component system proteins (TCSP), ABC 
transporters (ABCT), TonB-dependent receptors (TBR), transketolases (TKT), xylose isomerase (XI) 
and xylulose kinase (XKN) genes. 

 

DISCUSSION 
In this study, we analyzed 576 (RWS) and 658 (TWS) Mb of sequence information 
from two lignocellulose-bred microbial consortia, in comparison to a source 
community from forest soil (FS1). This allowed a robust comparative metagenomic 
analysis to be performed. To avoid biases, we used two different methodologies. 
First, unassembled sequences were used for taxonomic and functional assignments 
(using RefSeq, KEGG, SEED and CAZy), on the premise that such analyses would 
not “distort” the abundance and representation of the sequences of abundant 
species in the dataset (Teeling and Glöckner 2012). In addition, we performed an 
assembly of reads in our metagenomes, allowing to recover complete genes and 
gene clusters or operons, and to study the arrangement of genes for the most 
overrepresented GH (compared with FS1). An estimation of the predicted 
abundance of the organisms carrying these gene clusters resulted in the contention 
that such organisms occurred among the top-5 members of these consortia. 

Comparative analyses of the consortium metagenome datasets versus those 
from the source community first revealed that organisms with genomes with 
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relatively low G + C content had been strongly selected in the consortia. This 
indicated a selection of fast-growing decomposer organisms with, on average, lower 
G + C% genomes, e.g. Proteobacteria and Bacteroidetes, and concurrent deselection 
of the high G + C positive members of the soil microbiota, e.g. Actinobacteria. The 
fact that a majority (around 70%) of the predicted protein-encoding genes, or parts 
thereof, in both consortia had homologs (>50% homology) on published bacterial 
genomes supported the contention of selection of bacterially-dominated degrading 
consortia. The differences between the percentages of mappable reads between the 
bred microbial consortia (~70%) and the soil inoculum (~38%) could be explained 
by the fact that soil contains high microbial diversity and DNA novelty compared 
with most enrichment cultures. The percentage of annotated reads in FS1 was 
similar to that found in previous soil metagenomics-based studies (Andreote et al., 
2012; Delmont et al., 2012). Remarkably, we found differences and fluctuations 
between the taxonomic profile based on protein-encoding and the bacterial 16S 
rRNA gene sequences in the metagenomes under study. However, it is known that 
major biases exist in both gene enumerations, as both 16S rRNA and functional 
gene copy numbers may vary, differently, across genomes. In addition, their 
accuracy also depends on the representation of the different taxonomic groups in a 
database (Jiménez et al., 2012b). Based on an average copy number of four 16S 
rRNA gene sequences per bacterial genome of 4 Mb, and a mean length of 1.5 Kb 
per gene copy, indeed roughly 1/1000 sequences are expected to represent 16S 
rRNA genes (Ni et al., 2013; Větrovský and Baldrian 2013). Hence, the ratio’s 
(1/618 to 1/820) obtained in the RWS and TWS consortia are indicative of largely 
bacterially-driven communities, whereas that in the FS1 source community 
(1/11,276) may have come about as a result of (1) undetectable “novel” 16S rRNA 
gene sequences, (2) the co-occurrence of a larger proportion of fungi, (3) a 
generally larger bacterial genome per cell (6–12 Mb) and (4) a generally lower 
number of rRNA gene copies per genome. 

With respect to the functional profiles, ABCT and phosphotransferase 
systems function in the cellular uptake of sugars (e.g. cellobiose, cellodextrin, 
glucose, galactose and mannose). In addition, some ABCT can import key ions such 
as Sn, Fe and Co (Aylward et al., 2012; Rodriguez and Smith 2006). Interestingly, 
ABCT may be differentially expressed in Clostridium, Thermobifida and 
Streptomyces species in response to different lignocellulosic substrates (Xu et al., 
2013; Adav et al., 2012b; Takasuka et al., 2013), indicating their involvement in 
transport of intermediate products of biodegradation or sugars. DeAngelis et al. 
(2013b) suggested that ABCT mediate - in Enterobacter lignolyticus - the transport 
of xylose and lignin-derived aromatic compounds into the cells. Moreover, ABCT 
were also abundantly present in a metagenome of the gut of a wood-feeding beetle 
(Anoplophora glabripennis) (Scully et al., 2013). Overrepresentation of genes for 
these type of proteins was also evident in a tropical soil-microbial consortia 
selected by switchgrass (DeAngelis et al., 2013a). 

Regarding TonB-dependent receptors (TBR) (outer membrane proteins 
that are known for the active transport of Fe-siderophore complexes, vitamin B12 
and plant carbohydrates in Gram-negative bacteria), in Caulobacter crescentus, 
expression is induced by xylose (Hottes et al., 2004). Blanvillain et al. (2007) 
reported that, in phytopathogenic and aquatic bacteria, TBR are involved in 
scavenging of plant sugars. Fernández-Gómez et al. (2013) showed that genes 
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encoding several polysaccharide-degrading proteins (e.g. β-galactosidases or β-
xylosidases) are located in close proximity to genes for TBR and transducers 
(especially in Bacteroidetes), suggesting an integrated regulation of adhesion to, 
and degradation of, polysaccharides that are attacked by the products of the 
neighboring genes. An interesting study, in Gramella forsetii, revealed that TBR 
also could work as anticipatory polysaccharide sensors (Kabisch et al., 2014). With 
respect to the two-component system proteins (TCSP), these may sense 
carbohydrates using the sensing domain in the periplasm (Ravcheev et al., 2013). 
In Clostridium cellulolyticum, TCSP perceive the presence of extracellular soluble 
sugars and regulate most GH and associated ABCT (Xu et al., 2013). In Bacteroides, 
these TCSP act similarly and regulate (hemi)cellulose utilization loci (HULs) 
(Sonnenburg et al., 2010; Martens et al., 2011; Larsbrink et al., 2014). 

The overrepresentation of genes for ABCT, TBR and proteins involved in 
lignocellulose degradation (e.g. β-xylosidases) in RWS and TWS is consistent with 
the hypothesis that enhanced capacities are required in these consortia in order to 
facilitate the utilization of complex plant materials (e.g. hemicellulose) and 
transport the products (e.g. xylose) of various structures into the cells. Bacterial 
consortia were thus selected that metabolize the partially degraded plant material. 
In addition, the genomic machineries in these consortia (especially TCSP or TBR) 
apparently sense the activation of GH and ABCT in response to a wide range of 
environments, stressors and growth conditions, such the use of wheat straw as 
carbon source. 

The functional assignments, in conjunction with the taxonomic profiles 
based on genes encoding proteins, as well as previous 16S rRNA gene and ITS 
pyrosequencing analysis (Jiménez et al., 2014b), indicate that the RWS and TWS 
consortia had distinct microbial community structures, but highly similar 
functional profiles. Clearly, function was a much stronger driver of community 
structuring than phylogeny. Similar results have been reported in the past for other 
microbial communities (Qin et al., 2010; Mhuantong et al., 2015). We observed 
that different functional profiles had emerged in comparison to the FS1 
community, although functional overlaps still existed. However, the high 
percentage of sequences with no homology (in FS1) could mask the conservation of 
function between the consortia and the soil inoculum. It is likely that selective 
force, in relation to the complexity of the wheat straw, offered many microbial 
niches, giving origin to a still rather complex consortium in both enrichments. 

The CAZy profile data were consistent with those previously reported based 
on the function predictor PICRUSt (Jiménez et al., 2014b). This suggests that, for 
relatively simple communities, such predictions are consistent with “reality”, as 
also suggested recently (Xu et al., 2014). In terms of enriched CAZy families, GH50 
and GH117 constitute enzymes involved in the degradation of complex 
polysaccharides, such as agarose and neoagarobiose (Kim et al., 2010; Chi et al., 
2012). The role of these two GH families in lignocellulose deconstruction is still 
unknown, however their enrichment points to a role in plant biomass degradation. 
A subset of the enriched enzymes in our consortia is capable of degrading different 
structures in the lignocellulose materials. For example, GH1, GH2 and GH3 (mostly 
β-glucosidases and β-galactosidases) are mainly involved in cellobiose and 
oligosaccharide deconstruction. The α-mannosidases (GH92), α-fucosidases (GH95 
and GH29), α-arabinofuranosidases and β-xylosidase (GH43) are the most 
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important hemicellulose active exo-enzymes that catalyze the hydrolysis of plant 
polysaccharides in agricultural waste (DeSouza 2013) (Figure 6). High levels of 
these families were reported in a microbial community decomposing poplar wood 
chips, especially sourced from Bacteroidetes members (van der Lelie et al., 2012). 
GH92 family genes have been shown to be abundantly present in a buffalo rumen 
metagenome (Singh et al., 2014). Interestingly, previous enzymatic analysis showed 
that the β-glucosidases, β-galactosidases and β-xylosidase were highly active in the 
secretome of both our consortia at transfer-10 (Jiménez et al., 2014b), confirming 
the presence of these types of genes and their expression. 

 

 

Figure 6. Graphical explanation of the presumed catalytic mode of action, on the major component of 
(hemi)cellulose, by the most enriched GH in our consortia (left). GH2 hydrolizes β-glycosidic bonds 
between galactose and its organic functional group; GH95 and GH29 are enzymes that hydrolyze Fuc-
alpha1-2Gal linkages attached to the non-reducing ends of oligosaccharides; GH43 can act directly on 
xylan and release D-xylose and L-arabinose as main products. At the top: two different lignocellulose 
structures and microorganisms involved in their deconstruction (flask pictures were taken by the 
authors). Abbreviations: Acinetobacter (Ac), Klebsiella/Kluyvera (Kl), Flavobacterium (Fl), 
Pseudomonas (Ps) and Sphingobacterium (Sp). Right, partial metabolic reconstruction based on a 
theoretical (hemi)cellulose degradation pathway and uptake of sugars (intra - and extracellularly), in 
Bacteroidetes, using the contig_1110 genetic information. Abbreviations: Two-component system 
proteins (TCSP), ABC transporters (ABCT), TonB-dependent receptors (TBR), transketolases (TKT), 
xylose isomerase (XI) and xylulose kinase (XKN) and pentose phosphate pathway (PPP). Plus sign 
represent the regulation of the GH by the TCSP. 

 
On the other hand, based on “richness” values and the contigs constructed from the 
reads that came from enriched GH families in transfer-10, we hypothesize that 
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strong selection, yielding “less niches or less complex and specific carbon sources”, 
occurred for the 10T and 10W systems, compared with FS1. In addition, a reduction 
of the functional “richness” values was more evident in 10T than in 10W, 
confirming that pretreatment reduces the complexity of the substrate and can 
introduce a stronger, or narrower, selection, which is possibly also based on the 
presence of furanic compounds (Jiménez et al., 2014a). The low “richness” values 
and the classification, at “high” taxonomy ranking (e.g. family GH29 in 10T), might 
constitute evidence for selection of specific novel proteins. Finally, the large 
enrichment of GH families associated with Bacteroidetes (i.e. Sphingobacterium, 
Bacteroides, Flavobacterium and Pedobacter) types at transfer-10 indicated these 
taxa as prime agents in the deconstruction of the hemicellulose part on the wheat 
straw. This stood in contrast to the presumed role of Enterobacteriaceae (i.e. 
Klebsiella and/or Kluyvera types) which may act mainly on the cellulose 
structures, and possibly also the lignin (Deangelis et al., 2013b; Woo et al., 2014) 
(Figure 6). We hypothesize that soils with a majority of Bacteroidetes have elevated 
levels of metabolic capabilities to degrade plant polysaccharides, especially 
hemicellulose. 

In lignocellulolytic microbial consortia of reduced complexity, genome 
pieces and/or gene clusters might be assembled at the coverage levels used by us, 
allowing the description/detection of partial metabolic pathways related with plant 
waste deconstruction. Our metagenome assembly yielded thirteen putative novel 
Bacteroidetes HULs. This apparent “bias” towards Bacteroidetes is consistent with 
the reported relative dominance of this taxon in both our selected microbial 
consortia (Jiménez et al., 2014b). The collective contigs contained genes for 39 GH 
involved in (hemi)cellulose degradation, of which 11 might encode novel proteins 
based on the low identity percentage with database entries. Minor differences in 
the numbers of detected GH were observed between the CAZy and RAST based 
annotations (e.g. contigs ID 939, 248 and 316), which might be explained by 
differences in the two gene-calling systems used. 

Interestingly, the GH detected in the 13 retrieved HULs were mostly 
flanked by TBR, TCSP, ABCT and genes involved in sugar metabolism (e.g. TKT, 
XKN and XI). Recently, four types of regulatory systems were proposed to be 
involved in transcriptional regulation of genes for polysaccharide degradation in 
Bacteroides sp.: i) Sus-like regulators (or TBR), ii) TCSP, iii) extra cytoplasmic 
function (ECF) sigma/anti-sigma factors and iv) AraC family regulators (Ravcheev 
et al., 2013; Dai et al., 2012). In B. thetaiotaomicron, SusC is a member of the TBR 
family specialized in the transport of oligosaccharides from the outer membrane 
into the periplasmic space (Fernández-Gómez et al., 2013). Moreover, the presence 
of genes involved in sugar metabolism, in our retrieved contigs, was indicative of 
partial pathways encoded by these genomic fragments. Adav et al. (2012b) revealed 
an up-regulation of XI in Thermobifida fusca when grown on different 
lignocellulosic biomass. Interestingly, the heterologous expression of L-ribulose-5-
phosphate 4-epimerase, L-arabinose isomerase, aldose-1-epimerase (found in 
contig 939) could improve sugar utilization and production of ethanol in 
Zymomonas and Saccharomyces species (Mohagheghi et al., 2002; Kricka et al., 
2014). Based on the cluster of genes in contig 1110, the theoretical and hypothetical 
pathway could be: D-xylose produced from the hydrolysis of xyloglucan by GH43, 
recognized by TBR or TCSP and transported into cells by ABCT. Once inside the 
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cell, XI converts it to D-xylulose and subsequently to D-xylulose 5-phosphate by 
XKN. D-xylulose 5-phosphate then enters the pentose phosphate pathway with the 
help of the TKT (Figure 6). 

Thus, our data demonstrate the presence of partial pathways related with 
plant biomass deconstruction and sugar (e.g. xylose, glucose, arabinose and fucose) 
transport and metabolism. As a prospect, abundant and enriched enzymes, such as 
mannosidases (GH92), arabinofuranosidases, xylanases (GH43), fucosidases 
(GH95 and GH29) and galactosidases (GH2) can be extracted from the HULs, 
custom-synthesized, codon-optimized and expressed in a suitable host. This will 
generate novel efficient enzyme cocktails that can enhance the activity of currently-
used cellulolytic enzymes. Overall, the data from this study allow us to clarify the 
consortial metabolic capacities, including the unraveling of lignocellulose-active 
enzymatic machineries. This demonstrates the biotechnological potential of the two 
soil microbiome derived consortia selected by wheat straw. 
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Supplementary Fig S1. Taxonomic profile of soil inoculum (FS1) and each metagenome that come 
from the three sequential transfers in RWS and TWS. a) Left: Taxonomic affiliation, based on protein-
encoding reads (RefSeq database), of the most abundant bacterial genera in RWS and TWS samples, 
Right: PCA of the seven metagenomes using the classification at bacteria genus level; b) 16S rRNA reads 
classification using Classifier software 
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Supplementary Fig S2. Differentially enriched functions (p<0.005, 95% CIs), at KEGG level 2, 
between the soil inoculum (FS1) and each metagenome that come from the three sequential transfers in 
RWS (1W, 3W and 10W) and TWS (1T, 3T and 10T). 
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Supplementary Fig S3. Differentially enriched functions (p<0.005, 95% CIs), at SEED level 2, 
between the soil inoculum (FS1) and each metagenome that come from the three sequential transfers in 
RWS (1W, 3W and 10W) and TWS (1T, 3T and 10T). 
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Supplementary Fig S4. Differentially enriched CAZy families (p<0.005, 95% CIs) between FS1 and 
1W, 3W, 1T and 3T metagenomes. 
 
Supplementary tables (1 to 4) are xls. files that can be downloaded directly in 
the article web page (http://www.nature.com/articles/srep13845#supplementary-information) 

http://www.nature.com/articles/srep13845#supplementary-information
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ABSTRACT 
 
Functional metagenomics is a promising strategy for the exploration of the 
biocatalytic potential of microbiomes in order to uncover novel enzymes for 
industrial processes (e.g. biorefining or bleaching pulp). Most current 
methodologies used to screen for enzymes involved in plant biomass degradation 
are based on the use of single substrates. Moreover, highly diverse environments 
are used as metagenomic sources. However, such methods suffer from low hit rates 
of positive clones and hence the discovery of novel enzymatic activities from 
metagenomes has been hampered. 

Here, we constructed fosmid libraries from two wheat straw-degrading 
microbial consortia, denoted RWS (bred on untreated wheat straw) and TWS (bred 
on heat-treated wheat straw). Approximately 22,000 clones from each library were 
screened for (hemi)cellulose-degrading enzymes using a multi-chromogenic 
substrate approach. The screens yielded 71 positive clones for both libraries, giving 
hit rates of 1:440 and 1:1,047 for RWS and TWS, respectively. Seven clones (NT2-2, 
T5-5, NT18-17, T4-1, 10BT, NT18-21 and T17-2) were selected for sequence 
analyses. Their inserts revealed the presence of 18 genes encoding enzymes 
belonging to twelve different glycosyl hydrolase families (GH2, GH3, GH13, GH17, 
GH20, GH27, GH32, GH39, GH53, GH58, GH65 and GH109). These encompassed 
several carbohydrate-active gene clusters traceable mainly to Klebsiella related 
species. Detailed functional analyses showed that clone NT2-2 (containing a beta-
galactosidase of ~116 kDa) had highest enzymatic activity at 55 °C and pH 9.0. 
Additionally, clone T5-5 (containing a beta-xylosidase of ~86 kDa) showed > 90 % 
of enzymatic activity at 55 °C and pH 10.0. 

This study employed a high-throughput method for rapid screening of 
fosmid metagenomic libraries for (hemi)cellulose-degrading enzymes. The 
approach, consisting of screens on multi-substrates coupled to further analyses, 
revealed high hit rates, as compared with recent other studies. Two clones, 10BT 
and T4-1, required the presence of multiple substrates for detectable activity, 
indicating a new avenue in library activity screening. Finally, clones NT2-2, T5-5 
and NT18-17 were found to encode putative novel thermo-alkaline enzymes, which 
could represent a starting point for further biotechnological applications. 
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INTRODUCTION 
 
Lignocellulose constitutes an abundant organic material that is recalcitrant to 
degradation. Across different plant species, it contains cellulose (~35–50 %) and 
hemicellulose (~25–35 %) moieties that are complexed with lignin (Limayem and 
Ricke 2012). The cellulose moiety is a glucose polymer, whereas the hemicellulose 
part is composed of various pentose and hexose sugars (e.g. xylose, arabinose, 
mannose and galactose) linked by beta/alpha-glycosidic bonds (Himmel et al., 
2010; Dougherty et al., 2012; De Souza 2013). All of these sugars have great value 
for the production of bioethanol, biodiesel and/or plastics (Turner et al., 2007; 
Sims et al., 2010), and so there have been many efforts to release them from the 
plant matrix. However, current physicochemical methodologies for the degradation 
of plant biomass and subsequent production of sugars are imperfect (Himmel et al., 
2007) and so there is a great interest in the development of alternative and efficient 
processes, based on enzymes and/or lignocellulolytic microbes (Gowen and Fong 
2010; Xing et al., 2012). 

The conversion of plant biomass to sugars requires the concerted action of 
different proteins, such as carbohydrate-binding modules (CBMs), polysaccharide 
monooxygenases, pectin lyases, hemicellulases, endoglucanases and beta-
glucosidases (Jayani et al., 2005; Gilbert et al., 2008; Sweeney et al., 2012). Among 
the hemicellulases, xylosidases that can work efficiently at high temperatures in 
alkaline conditions are highly valued with respect to their usefulness in the pulp 
bleaching process (Clarke et al., 2000; Sudha et al., 2003). Actually, 
hemicellulases, which have previously been regarded as “accessory enzymes” of 
cellulases, may themselves exert vital roles in plant biomass hydrolysis (Gao et al., 
2011; Del Pozo et al., 2012). Given the complexity of the enzymes required for 
efficient lignocellulose breakdown, multi-species microbial consortia offer 
interesting perspectives (Wongwilaiwalin et al., 2010; Wang et al., 2011; Jiménez et 
al., 2014a; Cheng and Zhu 2012). To unlock the biocatalytic potential present in 
lignocellulolytic microbial consortia, metagenomics-based approaches have been 
proposed (DeAngelis et al., 2013a; Wongwilaiwalin et al., 2013; Zhou et al., 2014). 
Two different strategies can be used: i) the unleashing of high-throughput DNA 
sequencing on degradative consortia, and/or ii) the selection of enzymes via 
functional/genetic screening of metagenomic libraries produced from these 
consortia (Xing et al., 2012). 

Functional metagenomic screening includes the detection of “positive 
clones” on the basis of phenotype (e.g. enzymatic activity), heterologous 
complementation and modulated detection by reporter genes (Simon et al., 2009). 
As such, the approach does not depend on the availability of prior sequence 
information to detect enzymes and it therefore offers great potential to discover 
genetic novelty. Using this approach, searches for (hemi)cellulases have already 
been made in microbiomes from decaying wood, compost, rumen and soil (Li et al., 
2011; Allgaier et al., 2010; Ferrer et al., 2012; Nacke et al., 2012). However, only 
few studies have explored the enzymatic potential of microbial enrichments (Mori 
et al., 2014; Beloqui et al., 2010). It is important to notice that functional 
screenings come with a possible caveat, which relates to the fact that the expression 
conditions in the heterologous host used need to match the requirements of the 
insert. Due to this and other caveats (e.g. improper codon usage and/or promoter 



CHAPTER 5 
P

ag
e1

0
6

 

recognition, inclusion body formation, toxicity of the gene product or inability of 
the host to induce the gene expression), the frequency with which positive clones 
are uncovered may be very low (Ekkers et al., 2012). In attempts to overcome such 
low hit rates, some studies have applied “biased” (e.g. substrate-enriched 
environment) samples, coupled to the use of highly sensitive chromogenic 
substrates (e.g. 5-bromo-3-indolyl-beta-D-xylopyranoside) (Bastien et al., 2013). 
Other studies have used plasmid vectors with dual-orientation promoters to obtain 
more positive clones (Lämmle et al., 2007). The commonly-used substrates for 
screening for (hemi)cellulose-degrading enzymes include azo-dyed and azurine 
cross-linked polysaccharides (e.g. AZCL-HE-cellulose, AZCL-xylan or AZCL-beta-
glucan), para-nitrophenyl glycosides (e.g. pNP-beta-D-cellobioside, pNP-alpha-
galactopyranoside or pNP-alpha-L-arabinofuranoside), carboxymethylcellulose 
and rimazol brilliant blue dyed-xylan. However, multiple chromogenic substrates 
as proxies for functional screening for (hemi)cellulases have been underexplored, 
although, recently, these types of approaches were catalogued as highly interesting 
(Ferrer et al., 2015). 

In this study, phylogenetically stable wheat straw-degrading microbial 
consortia (Jiménez et al., 2014a; Jiménez et al., 2014b) served as the sources for 
two fosmid-based metagenomic libraries. These libraries were subjected to 
expanded functional screens by a multi-substrate approach using six chromogenic 
compounds (indolyl-monosaccharides). Sequencing of the inserts of seven selected 
positive clones indicated the presence of a suite of novel genes encoding proteins of 
distinct glycosyl hydrolase (GH) families, which were flanked mostly by CBMs and 
ABC transporters. Thus, we present an effective strategy for exploration of fosmid 
libraries for (hemi)cellulases, revealing hit rates higher than those reported in 
previous studies. Subsequent functional analyses unveiled genes encoding putative 
novel thermo-alkaline-tolerant enzymes, which opens the way for future 
biotechnological applications (e.g. biorefining or bleaching pulp). 
 
METHODS 
 
Metagenomic DNA extraction from lignocellulolytic microbial 
consortia 
The lignocellulolytic microbial consortia examined here were primed with a forest 
soil derived microbial source. Briefly, the microbial cells were introduced into 
triplicate flasks containing 25 ml of mineral salt medium (MSM) with 1 % of i) 
“raw” wheat straw (RWS) and ii) heat-treated (240 °C, 1 h) wheat straw (TWS), 
after which flasks were incubated at 25 °C with shaking at 100 rpm. A sequential-
batch approach was followed up to the 10th transfer (Jiménez et al., 2014a; Jiménez 
et al., 2014b). Then, DNA was extracted from the 10th transfer microbial consortia, 
by using the UltraClean® Microbial DNA Isolation Kit (MoBio Laboratories Inc., 
USA). Three replicate crude DNA extracts were pooled for each fosmid library and 
concentrated up to 250 ng/μl using a Speedvac concentrator (Eppendorf, 
Hamburg, Germany). 
 
Construction of metagenomic libraries in fosmids 
Metagenomic libraries were constructed using the CopyControlTM HTP Fosmid 
Library Production Kit (Epicentre Biotechnologies, Madison, USA). Briefly, the 
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metagenomic DNA was partially sheared by pipetting, to yield DNA fragments 
between 30 to 50 kb, after which it was 5’phosphorylated / blunt-ended. The DNA 
was then analyzed in 1 % low-melting-point agarose using a CHIEF-DR III pulsed 
field gel electrophoresis system (BioRad, Hercules, USA) at 14 °C with the following 
parameters: gradient 6 V/cm, included angle 120°, initial switch time 0.5 s, final 
switch time 8.5 s, linear ramping factor, 18 h. DNA fragments of approximately 30–
40 Kb were excised from the gel and recovered using ZymocleanTM Large Fragment 
DNA Recovery Kit (Zymo Research, Irvine, USA). The DNA was then ligated into 
vector pCC2FOS, packaged in phage particles and competent E. coli EPI300-T1R 
cells were transformed with it. The E. coli cells were diluted 1:103 and plated onto 
1 % LB agar supplemented with 12.5 μg/ml chloramphenicol (LBA + Cm). Plates 
were incubated overnight at 37 °C, to produce 500 to 600 colonies per plate. The 
colonies of each plate were pooled in 1 ml of LB broth with 20 % of glycerol and 
stored as fosmid pools at −80 °C for further analysis. 
 
Screening for fosmid clones expressing (hemi)cellulolityc enzymes 
Screening was done in three steps. First, fosmid pools stored at −80 °C were 
recovered in 100 μl LB broth at 37 °C for 1 h (shaking at 250 rpm) and serially 
diluted up to 1:105. Then, each suspension (100 μl) was plated on LBA + Cm 
supplemented with a mix of each of the six chromogenic substrates (at 40 μg/ml) 
(Table 1). After incubation (48 h, 37 °C), dark blue colonies (due to hydrolysis of 
the chromogenic substrate) were selected, purified to obtain single colonies and 
retested. Secondly, selected clones were plated onto LBA + Cm supplemented with 
each of the specific hemicellulose-mimicking substrates, i.e. X-Fuc, X-Gal, X-Man 
and X-Xyl, in single, double, triple and quadruple combinations. Thirdly, clones 
that were positive in the first screening (on six substrates) and negative in the 
second screening (four substrates in different combinations) were further tested on 
X-Cel and X-Glu (single and double combinations) (Figure 1). 
 
Extraction of DNA from selected fosmid clones 
Selected positive clones were cultured in 4 ml of LB supplemented with 12.5 μl/ml 
chloramphenicol (LB + Cm) and incubated at 250 rpm for 8 h at 37 °C. After 
incubation, 25 μl was used to inoculate 25 ml of fresh LB + Cm. To increase the 
fosmid copy numbers, 50 μl of autoinduction solution (500X) (Epicentre 
Biotechnologies, Madison, USA) were added and flasks incubated (37 °C, shaking 
at 250 rpm). At OD600 of about 2–2.5, fosmid DNA was extracted from these 
cultures using the Gene Jet Plasmid Midi Preparation Kit (Thermo Scientific, 
Waltham, USA). DNA size and integrity were verified by running aliquots of the 
DNA on 1 % agarose gels and DNA concentration was measured by 
spectrophotometry (Nanodrop 2000; Thermo Scientific). The resulting fosmid 
DNA was digested with EcoR1 and the restriction patterns were analyzed on 0.8 % 
agarose gels. Band sizes were estimated by comparison to a standard DNA marker 
(GeneRulerTM 1 Kb ladder, Thermo Scientific). The size of the insert of each fosmid 
was estimated by calculating the sum of the sizes of the individual EcoR1 generated 
bands minus 8,181 bp (fosmid backbone). 
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Sequencing and gene annotation of fosmid inserts 
The selected positive fosmid clones were sequenced using the Illumina HiSeq 
platform (2 X 100 bp). Sequences from the E. coli EPI300 genome as well as vector 
backbone sequences were removed. The resulting set of raw sequence data was 
quality-checked and further processed, with normalization and Velvet-based de 
novo assembly to generate contigs (Beckman Coulter Genomics, Danvers, USA). 
Contigs were selected from the data if the average coverage exceeded 200-fold, and 
final contigs were considered to be representative of the whole insert. ORFs were 
assigned to each of the contigs using the Rapid Annotation Subsystems Technology 
(RAST) server (Aziz et al., 2008). Subsequently, the ORFs were annotated in the 
CAZymes Analysis Toolkit (CAT) platform (Park et al., 2010), using default 
parameters. Finally, all genes predicted in each fosmid insert were re-annotated 
and verified (in-house) using BLASTX searches against the NCBI database. The 
results from this analysis were loaded into MEGAN v5 software (Huson et al., 
2013), after which they were classified taxonomically using the suggested 
parameters for the LCA algorithm (maximum number of matches per read 10; 
minimal support 5; minimal score 35; max expected 0.01; minimal complexity 0.3; 
and top percent 10). The nucleotide sequences of the contigs retrieved from the 
clones NT2-2, T5-5, NT18-17, T4-1, 10BT, NT18-21 and T17-2 were deposited in the 
GenBank database under the accession numbers KU505133-KU505147. 
 
Functional analyses – beta-galactosidase, beta-xylanase and alpha-
glucosidase activity assays 
Positive clones were grown (37 °C, shaking at 250 rpm) in 5 ml LB + Cm containing 
10 μl of auto-induction solution (500X). At OD600 of 0.5, cells were harvested by 
centrifugation (10 min, 10,000 g). Proteins were extracted by adding 2 ml of lysis 
buffer (20 mM Tris–HCl pH 7.5, 100 mM NaCl, 1 mM EDTA, 0.1 % Triton, 5 mM 
CHAPS and a tablet of protease inhibitor -Roche- to 50 ml) to the pellet. 
Subsequently, the mixtures were sonicated on ice (6 s on, 15 s off, 30 cycles with 
amplitude of 10–15 microns). Protein concentration was determined by the 
Bradford method using bovine serum albumin as standard. The total protein 
fractions were recovered and tested for activity using pNPGal, pNPXyl and 
pNPGlu. The reaction mixture consisted of 0.3 ml of 10 mM pNPGal, pNPXyl or 
pNPGlu (diluted in 50 mM of Tris–HCl pH 7.0) and 0.3 mL of each clone protein 
fraction. The mixtures were incubated at 40 °C for 30 min to 2 h (depending on the 
quantity of proteins and activity) and the reactions were stopped on ice. Two 
negative controls were used for all assays: i) reaction mixture without substrate and 
ii) reaction mixture using the total protein fraction from the fosmid-less host E. coli 
EPI300. Enzymatic activities were determined from the measured absorbance 
units using a standard calibration curve. The amount of para-nitrophenol liberated 
was measured by absorbance at 410 nm. One unit (U) of enzyme activity was 
defined as the activity required for the formation of 1 μM of pNP per min under the 
above conditions (in this case mg of total protein). Optimum temperature was 
determined in the range of 4–80 °C using pNPGal, pNPXyl and pNPGlu (at pH 7.0 
and 9.0). The pH optimum was determined in a pH range from 3.0 to 10.0 (at 
40 °C and 55 °C) under standard conditions using the following buffers: 50 mM 
sodium citrate (pH 3.0 to 6.0), 50 mM Tris–HCl (pH 7.0–9.0) and 50 mM glycine-
NaOH (pH 10.0). 
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Protein electrophoresis and zymographic analyses 
Zymograms were used to detect beta-galactosidase and beta-xylosidase activities on 
native polyacrylamide gels (4 % stacking, 10 % resolving gels) using 40 μg of total 
protein per sample. After running the gels at 4 °C, they were washed with water and 
then incubated with 5 mM of each substrate (MUFGal and MUFXyl) diluted in 
0.1 M of Tris–HCl (pH 8.0) at 25 °C for 1 h. Following this, bands were visualized 
under UV light. 
 
RESULTS 
 
Construction and functional screening of two fosmid metagenomic 
libraries 
Two metagenomic libraries were produced in fosmids, one from pooled raw wheat 
straw (RWS) consortial DNA (~70,000 clones) and another one from torrified 
wheat straw (TWS; ~70,000 clones). Each library contained clones with inserts of 
~35 kb average size, yielding approximately 2.4 Gb of total cloned genomic DNA 
per library. In order to screen for (hemi)cellulose-degrading enzymes, about 
22,000 clones per library were subjected to activity screens on LB agar 
supplemented with mixtures of six chromogenic substrates (Table 1; Figure 1). 
These screens yielded a total of 71 positive hits, being 50 from RWS and 21 from 
TWS. This corresponded to, respectively, 1 hit per 440 screened clones (RWS), and 
1 hit per 1,047 screened clones (TWS). 
 
Table 1. Chromogenic substrates used in this study 
 

Activity on a 
Type of 

enzymes 
detected 

Substrate 
(indolyl-monosaccharide) 

Abbreviation 
Concentration 
into the plate 

Supplier 

Hemicellulose 

alpha-fucosidases 
5-bromo-4-chloro-3-indolyl-α-L-

fucopyranoside 
X-Fuc 

Each 40 μg/ml 
Biosynth AG, 
Switzerland 

beta-
galactosidases 

5-bromo-4-chloro-indolyl-β-D-
galactopyranoside 

X-Gal 

beta-xylosidases 
5-bromo-4-chloro-3-indolyl-β-D-

xylopyranoside 
X-Xyl 

alpha-
mannosidases 

5-bromo-4-chloro-3-indolyl α-D-
mannopyranoside 

X-Man 

Cellulose and 
Starch 

beta-glucanases 
5-bromo-4-chloro-3-indolyl-β-D-

cellobioside 
X-Cel 

alpha-
glucosidases 

5-bromo-4-chloro-3-indolyl-α-D-
glucopyranoside 

X-Glu 

aActivity was predicted based on the linked monosaccharide 
 

The 71 positive fosmid clones were restreaked to purity and then retested for 
activity to confirm the initial screening results. They were then subjected to 
additional plate screens with the hemicellulose-mimicking substrates X-Fuc, X-Gal, 
X-Xyl and X-Man, including single-, double- and mixed-substrate plates. The 71 
positive clones showed activity in the latter assay (mixed-substrate plate), 
confirming the initial data. Clones that showed consistent activities on the mixtures 
of six substrates but no activity on the aforementioned hemicellulose-mimicking 
substrates were then tested for their abilities to degrade cellulose or starch using X-
Cel and X-Glu (single and double) (Figure 1). After removal of clones with 
questionable activity (e.g. faint-blue colonies with white background), the 
remaining 52 clones showed consistent activities on at least one of the substrates 
tested. Specifically, 20 clones showed activity on X-Gal (18 from RWS - hit rate 
1:1,157; 2 from TWS - hit rate 1:11,000), 9 on X-Xyl (all from TWS – hit rate 
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1:2,444) and 15 on X-Glu (all from RWS – hit rate 1:1,466) (as singletons). 
Remarkably, eight were positive only on the mixture of six substrates. 

For each fosmid clone type in our library, as determined by activity, 2–4 
clones were selected for genetic analysis. This selection was also guided by the 
clones' origin, i.e. RWS or TWS. Restriction with EcoR1 revealed, for all tested 
fosmids, the presence of insert sizes of approximately 28 to 35 kb. It also allowed 
the detection of duplicates, for dereplication of the fosmid set. The, thus selected, 
final set of (seven) fosmids consisted of two clones that were positive for X-Gal 
(T17-2 and NT2-2), one for X-Xyl (T5-5), two for X-Glu (NT18-17 and NT18-21), 
and two with activity on multiple mixed substrates (10BT and T4-1) (Table 2). 
 

 
 
Figure 1. Schematic representation of the methodology used to screen for (hemi) cellulases in fosmid-
based metagenomic libraries. 1) Biased communities (e.g. soil-derived microbial consortia cultivated on 
wheat straw) are at the basis of enhanced hit rates. 2) Screening of fosmid pools (700 fosmids per pool) 
allow high-throughput analyses. 3) Screening on substrate mixtures accelerate the analyses. 4) Re-
screening of positive clones in single, double and further mixed combinations of substrates enable the 
detection of specific activities 

 
Analysis of fosmid insert sequences and detection of carbohydrate-
active enzymes 
The seven selected clones (NT2-2, T5-5, NT18-17, T4-1, 10BT, NT18-21 and T17-2), 
were subjected to full insert sequencing. Final assembly of the inserts revealed a 
total of 15 contigs, of sizes between 3.0 and 35 kb. Thus, some inserts had more 
than one contig, indicating the existence of regions with too low coverage. Per 
clone, the contigs were considered to be of sufficient representation to allow further 
analyses (Figure 2). All contigs were then screened for the presence of open reading 
frames (ORFs) on the basis of the presence of start and stop codons (automatic 
annotation from the RAST server, followed by manual validation). In addition, the 
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identified genes were, gene-by-gene, subjected to BLAST-based analyses, 
comparing against the NCBI and carbohydrate-active enzyme (CAZy) databases. 
Overall, we detected 18 promising ORFs encoding proteins from 12 different GH 
families amongst a total of 211 ORFs. The G + C contents of the inserts ranged from 
54.6 to 63.5 %. The complete annotation of each of the seven fosmid inserts is 
presented in the supplementary files. A brief description of each insert is listed 
below (Tables 2 and 3). 
 
Table 2. Selected fosmids for insert sequencing and annotation of genes  
 

 
Number of genes based on RAST platform and  

CAZy database annotation 

Fosmid 
ID 

Positive 
on 

# Contigs 
(total 

length) 

% 
GC 

GHs CBMs AAs GTs CEs ABC H/U Others Total 

NT2-2 X-Gal 2 (31.21 Kb) 60.1 2 2 1 2 0 3 2 14 26 

T5-5 X-Xyl 5 (31.63 Kb) 51.9 4 2 0 0 0 3 8 13 30 

NT18-17 X-Glu 2 (33.7 Kb) 63.5 4 0 1 1 1 10 4 14 35 

T4-1 Mixeda 2 (34.84 Kb) 57.2 2 3 1 0 0 3 5 17 31 

10BT Mixeda 2 (31.87 Kb) 54.6 2 0 2 1 0 1 12 25 43 

NT18-21 X-Glu 1 (29.89 Kb) 55.0 0 1 0 0 0 3 2 21 27 

T17-2 X-Gal 1 (23.57 Kb) 54.8 4 1 0 2 0 0 3 9 19 

a positive fosmids on the mixture of six chromogenic substrates, as in Table 1. GHs, glycosyl hydrolases, 
CBMs, carbohydrate binding modules, AAs, auxiliary activities, GTs, glycosyl transferases, CEs, 
carbohydrate esterases ABC, ABC transporters, H/U, hypothetical and unknown genes. 
 
 

 
 
Figure 2. Graphical representation of the genes detected and annotated in seven fosmid inserts 
selected by the multi-substrate screening approach 
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Table 3. Carbohydrate-active genes detected in each fosmid insert 

 

Fosmid ID 
ID gene 
Figure 

2 

CAZy 
Family a 

Size in 
amino acids 

(kDa b)  
Annotation based on RAST platform (EC number) Probably protein from (identity / coverage) 

NT2-2 

1 CBM26 236 GCN5-related N-acetyltransferase Klebsiella oxytoca (73% / 83% ) 

2 GT2 521 Uncharacterized protein ylaB Enterobacter mori (58% / 74% ) 

3* GH2 1028 (116) Beta-galactosidase (EC 3.2.1.23) Enterobacter hormaechei (74% / 81%) 

4 GH53 119 Transcriptional repressor of the lac operon Enterobacter hormaechei (59% / 75%) 

5 CBM48 301 Carboxyl-terminal protease (EC 3.4.21.102) Pseudomonas putida (99% /100%) 

6 AA3 565 Choline dehydrogenase (EC 1.1.99.1) Pseudomonas putida (99% / 99%) 

7 GT90 144 Thioredoxin Pseudomonas putida (95% / 99%) 

T5-5 

8 GH32 310 6-phosphofructokinase class II (EC 2.7.1.11) Klebsiella oxytoca (92% / 97%) 

9 GH13 241 Ferric siderophore transport system, periplasmic binding protein TonB Klebsiella pneumonia (75% / 84%) 

10 CBM20 792 Phosphoenolpyruvate synthase (EC 2.7.9.2) Klebsiella oxytoca (98% / 99%) 

11 CBM50 154 Probable lipoprotein nlpC precursor Klebsiella oxytoca (98% /99%) 

12* GH3 789 (86) Beta-xylosidase (EC 3.2.1.37) Enterobacter mori (84% /91%) 

13 GH17 465 Xyloside transporter XynT Enterobacter cloacae (82% / 90%) 

NT18-17 

14* GH27 218 (22) Aquaporin Z Hyphomonas neptunium (65% / 80%) 

15 AA6 195 NAD(P)H oxidoreductase Rhizobium etli (48% / 64%) 

16 GH20 642  Beta-hexosaminidase (EC 3.2.1.52) Rhizobium leguminosarum 3841 (50% / 64%) 

17* GH58 356 (38) hypothetical protein Hyphomicrobium denitrificans (56% / 71%) 

18 GH109 231 Dehydrogenase Rhizobium leguminosarum  (58% / 76%) 

19 GT2 442 Omega-amino acid-pyruvate aminotransferase (EC 2.6.1.18) Mesorhizobium opportunistum WSM207 (82% / 90%) 

20 CE9 483 Dihydropyrimidinase (EC 3.5.2.2) Rhizobium leguminosarum (80% / 90%) 

T4-1 

21 CBM50 154 Probable lipoprotein nlpC precursor Klebsiella oxytoca (92% / 99%) 

22 CBM20 792 Phosphoenolpyruvate synthase (EC 2.7.9.2) Klebsiella oxytoca (98% / 99%) 

23* GH17 465 (52) Xyloside transporter XynT Enterobacter cloacae (82% / 90%) 

24* GH3 789 (86) Beta-xylosidase (EC 3.2.1.37) Enterobacter mori (83% / 90%) 

25 AA4/AA7 1000 Glycolate dehydrogenase (EC 1.1.99.14), subunit GlcD Klebsiella oxytoca (95% / 98%) 

26 CBM50 332 L,D-transpeptidase YnhG Klebsiella oxytoca (85% / 93%) 

10BT 

27 GT4 239 Thioesterase involved in non-ribosomal peptide biosynthesis Pseudomonas putida (90% / 93%) 

28 AA3 413 Sarcosine oxidase beta subunit (EC 1.5.3.1) Pseudomonas putida (98% / 99%) 

29* GH39 192 (21) Transcriptional regulator, AraC family Klebsiella oxytoca (76% / 87%) 

30 AA5 127 Integral membrane protein YfiB Enterobacter cancerogenus (90% / 94%) 

31* GH53 406 (46) Inner membrane protein YfiN Enterobacter cloacae (79% / 88%) 

NT18-21 32 CBM50 396 Shikimate 5-dehydrogenase I gamma (EC 1.1.1.25) Klebsiella oxytoca (83% / 90%) 

T17-2 

33 GT8 207 Galactoside O-acetyltransferase (EC 2.3.1.18) Escherichia coli (81% / 93%) 

34* GH2 1027 (116) Beta-galactosidase (EC 3.2.1.23) Citrobacter freundii (87% / 92%) 

35 GH53 360 Transcriptional repressor of the lac operon Citrobacter koseri (89% / 94%) 

36 CBM51 581 Choline-sulfatase (EC 3.1.6.6) Klebsiella oxytoca (94% / 97%) 

37 GH32 471 PTS system, sucrose-specific IIB component Klebsiella oxytoca (94% / 97%) 

38 GH65/GT5 266 Cof, detected in genetic screen for thiamin metabolic genes Klebsiella oxytoca (97% / 98%) 

39 GT4 330 Lysophospholipase L2 (EC 3.1.1.5) Klebsiella oxytoca (94% / 97%) 

Asterisks correspond to genes predicted to be involved in the detected enzymatic activities 
a Annotation using the CAZymes Analysis Toolkit (CAT) platform. b  Predictive molecular size in kDa 
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Fosmid NT2-2 
Two contigs represented the total 31.2 kb insert, encompassing 26 predicted ORFs. 
The sizes of the identified ORFs ranged from 123 to 3,309 bp. Gene annotation 
revealed the presence of two predicted genes encoding proteins of GH families GH2 
and GH53. The GH2-encoding gene was annotated as a beta-galactosidase  
(~116 kDa) and could be correlated with the activity on X-gal. Flanking this gene, 
genes predicted to encode two CBMs (CBM48 and CBM26), two glycosyl 
transferases (GTs) (GT2 and GT90) and an operon containing three methionine 
ABC transporter genes were found (Additional file 1). 
 
Fosmid T5-5 
Thirty predicted ORFs, with sizes ranging from 138 to 2,379 bp, were present in the 
31.6 kb insert (composed of five contigs). A gene predicted to encode a 789-amino 
acid protein (~86 kDa) was annotated as a gene for beta-xylosidase. This protein 
could be involved in the detected enzymatic activity on X-Xyl. Flanking this gene, 
three ABC transporters, a xyloside transporter (XynT – annotated as GH17 by 
CAZy) and a CBM50 gene (annotated as a lipoprotein by RAST) were found. In 
addition, predicted genes for carbohydrate-active enzymes of families CBM20, 
GH13 and GH32 were detected (Additional file 2). 
 
Fosmid NT18-17 
Thirty-five ORFs were identified in the 33.7 kb insert (two contigs). The insert 
showed a high G + C content, i.e. 63.5 %. Four GH-encoding genes were detected, 
which fell in the GH27, GH20, GH58 and GH109 families. Of these, two predicted 
proteins might be linked to the activity on X-Glu (GH58-hypothetical protein or 
GH27-aquaporin). In addition, ten predicted ABC transporter genes were detected 
(Additional file 3). 
 
Fosmid T4-1 
This contiguous insert (31.4 kb) consisted of 31 ORFs, of sizes between 189 and 
3,003 bp. Two genes with predicted GH activity were found. These might be 
involved in the enzymatic activities detected on mixed substrates, i.e. a GH3 family 
gene (encoding a beta-xylosidase) and a GH17 family one (annotated as a xyloside 
transporter; XynT). In addition, three genes predicted to encode CBMs were found 
in this insert (two CBM50 and one CBM20). The remainder encompassed either 
hypothetical and/or uncharacterized genes (five ORFs) or genes encoding different 
functions (seventeen ORFs) (Additional file 4). 
 
Fosmid 10BT 
Fourty-three ORFs were identified in the 31.8 kb insert of fosmid 10BT (two 
contigs). Consistent with the annotation, genes predicted to encode two GHs (i.e. 
GH39 and GH53), two auxiliary activities (AAs; AA5 and AA3), one GT (GT4) and 
one ABC transporter were identified. Of these, the newly discovered GH39 (beta-
xylosidase) and GH53 (endo-beta-1,4-galactanase) genes could be related to the 
activities measured with the mixture of substrates. Interestingly, these genes were 
annotated -by RAST- as a transcriptional regulator (AraC family) and an inner 
membrane protein, YfiN, respectively (Additional file 5). 
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Fosmid NT18-21 
Fosmid NT18-21 contained a 29.8 kb insert within a single contig. Although this 
insert contained a total of 27 predicted ORFs, CAZy annotation predicted only one 
gene with carbohydrate activity, i.e. one encoding CBM50 (identified by RAST as 
"shikimate 5-dehydrogenase I gamma"). Furthermore, two operons were detected 
that might relate to the activity, one of them encompassing predicted genes for 
maltose/maltodextrin transporters and the second one presumed polysaccharide 
synthesis genes (YjbH-YjbG-YjbF-YjbE). The latter operon was flanked by a gene 
for glucose-6-phosphate isomerase and one for an aspartokinase, which are both 
involved in sugar metabolism (Additional file 6). 
 
Fosmid T17-2 
Nineteen ORFs were identified within the 23.5 kb insert of fosmid T17-2 (one 
contig), which had a G + C content of 54.8 %. The ORFs had a size range between 
117 and 3,084 bp. One ORF, encoding a 1,027-amino acid protein, was identified as 
a gene for beta-galactosidase (GH2 family), suggesting it was responsible for the 
activity of the fosmid on X-gal. In addition, we identified genes for the 
transcriptional repressor of the lac operon and "PTS system sucrose-specific IIB 
component", that were identified by CAZy as a GH53 and a GH32 family proteins, 
respectively. Two genes encoding GTs (GT4 and GT8), and one gene for CBM51 
were also identified (Additional file 7). 
 

Tracking the microbial sources of the fosmid inserts 
To identify the potential microbial source of each metagenomic insert, the 
predicted amino acid sequences per gene per contig were BLAST-compared to the 
NCBI database. In addition, such BLAST results were analyzed by the Lowest 
Common Ancestor (LCA) algorithm in MEGAN v5 (Additional files). Thus, 14 
predicted protein sequences from the NT2-2 insert were affiliated to proteins of 
members of the Enterobacteriaceae, notably Klebsiella oxytoca and Enterobacter 
sp. However, another 11 predicted proteins from this insert were affiliated, based 
on the 50 “best” BLAST hits, to those from Pseudomonas putida. In the fosmid T5-
5 insert, 27 predicted proteins were mainly related to Klebsiella oxytoca –derived 
proteins. The insert of fosmid NT18-17 showed a complexity of genes that were 
affiliated to different genera (e.g. Pelagibacterium, Rhizobium and 
Mesorhizobium). These genera all belong to the Rhizobiales, suggesting an 
organism from this group as the most likely source. In both fosmids T4-1 and 
NT18-21, virtually all predicted proteins (approximately 96 %) were affiliated with 
proteins from members of the Enterobacteriaceae. Closer (manual) screening of the 
data indicated that insert T4-1 might come from a Klebsiella oxytoca -like 
organism, whereas insert NT18-21 might originate from an organism affiliated with 
either Citrobacter, Klebsiella or Salmonella. A similar observation was made for 
the fosmid T17-2 insert. In the case of fosmid 10BT, eleven ORFs yielded predicted 
proteins that resembled those of Pseudomonas putida –like organisms (coverage 
and identity of > 90 %), whereas the remainder of the predicted proteins were more 
related to those from enteric species (e.g. mostly Klebsiella oxytoca –like). This was 
similar to what was shown for the NT2-2 insert. 
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Functional analyses: beta-galactosidase, beta-xylanase and alpha-
glucosidase activities 
Based on the initially-detected activities of the fosmid clones, we selected three 
commercially available substrates, i.e. para-nitrophenyl-beta-D-galactopyranoside 
(pNPGal), para-nitrophenyl-beta-D-xylanopyranoside (pNPXyl) and para-
nitrophenyl-alpha-D-glucopyranoside (pNPGlu), in order to quantify the activities 
(using total protein extracts) at different temperatures and pH values. Clones NT2-
2 and T17-2 were positive on pNPGal, confirming the initial screening data, while 
clones T5-5, T4-1 and 10BT were positive on pNPXyl. In addition, clone NT18-17 
showed activity on pNPGlu (Figure 3A). Clones NT2-2 and T5-5 showed elevated 
levels of enzymatic activity and were therefore chosen for further assays 
(Figure 3B,D). Total protein extracts produced from the fosmid-less host (E. coli 
EPI 300) did not show any activity on the selected pNP substrates, confirming that 
the activities came from the metagenomic inserts. 
 

 
 

Figure 3. Functional analyses (relative enzymatic activities, expressed in U/mg) based on total proteins 
extracted from selected positive fosmid clones. A) Characterization of the fosmid clones using three 
pNP-substrates (pNPGal, pNPXyl and pNPGlu). B) and C) Effect of temperature and pH on the activity 
of clones NT2-2 and T17-2 with pNPGal. D and E) Effect of temperature and pH on the activity of clones 
T5-5, T4-1 and 10BT with pNPXyl 
 

For clone NT2-2, activity on pNPGal was maximal at 55 °C and pH 9.0 (between 
3,516 ± 219.02 U/mg and 3,377 ± 47.19 U/mg ), with 34 % and 44 % of activity 
remaining at 80 °C and pH 10.0, respectively. Activity was not detected below 
pH 6.0 (Figure 4A,B). The activity of clone T5-5 on pNPXyl was maximal at 55 °C, 
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with values of around 93, 21 and 12 % of this maximum at 37, 70 and 22 °C, 
respectively. The highest xylanolytic activity for clone T5-5 was obtained at 55 °C 
and pH 8.0 (3.96 ± 0.04 U/mg ), with ~91 % of activity remaining at pH 10.0. The 
enzyme produced by T5-5 was likely alkaliphilic. Similar to clone NT2-2, T5-5 
activity was not detected at pH values below 6.0 (Figure 4C,D). Finally, clone 
NT18-17 showed maximum activity at pH 7.0 and 55 °C (1.87 ± 0.06 U/mg ), with 
about 0.94 U/mg at 40 °C and pH 10.0. This suggested this enzyme was quite 
tolerant to alkaline conditions (Figure 4E,F). 
 

 
 
Figure 4. Relative enzymatic activities of the total proteins produced from the fosmid clones NT2-2, 
T5-5 and NT18-17 using pNPGal, pNPXyl and pNPGlu, respectively, at different temperatures and pH 
values. A and B) Effect of temperatures and pH on the activity of fosmid clone NT2-2. C and D) Effect 
of temperatures and pH values on the activity of the fosmid clone T5-5. E and F) Effect of temperature 
and pH on the activity of fosmid clone NT18-17 

 
Zymograms 
Native polyacrylamide gels showed that crude protein extracts from the seven 
fosmid clones had band patterns different from those of the E. coli EPI300 host. 
Moreover, none of the bands produced from the E. coli EPI300 host were positive 
with MUFGal (MUF-beta-D-galactopyranoside) and MUFXyl (MUF-beta-D-
xylopyranoside) (used as substrates), confirming that any activities measured came 
from the metagenomic inserts. Clones NT2-2 and T17-2 both showed a band of 
>100 kDa with high activity on MUFGal (Figure 5). Given their estimated sizes, 
these bands likely represent proteins encoded by genes 3 and 34 (Figure 2; both 
beta-galactosidase encoding genes). Clone T4-1 showed a band of 75–100 kDa size, 
with xylosidase activity, which is consistent with the initial finding of activity on 
pNPXyl. This band likely corresponds to a protein encoded by gene 24 (Table 3), 
predicted to be a beta-xylosidase of ~86 kDa. Clones T5-5 and 10BT, positive with 
pNPXyl, did not show any bands with activity on the zymograms using MUFXyl. 



CHAPTER 5 

 

P
ag

e1
1

7
 

 
 
Figure 5. Native polyacrylamide gel electrophoresis (Native-PAGE) and zymogram analysis. Left: 
Native polyacrylamide gel of the total proteins from the positive fosmid clones. Right: Positive fosmid 
clones that showed bands (red square) with activity on the zymogram assay using MUFGal (MUF-beta-
D-galactopyranoside) and MUFXyl (MUF-beta-D-xylopyranoside) as substrates 

 
DISCUSSION 
 
In this study, two wheat straw-degrading microbial consortia, RWS and TWS, were 
successfully subjected to metagenomic library constructions using fosmids, yielding 
2.4 Gb of genomic information per library. Taking an estimated average bacterial 
genome size in our microbial consortia of 4 Mb and considering these were strongly 
dominated by bacteria, we thus cloned the equivalent of roughly 600 bacterial 
genomes. Previous data on the two consortia (Jiménez et al., 2014b) revealed the 
presence of ~100 (RWS) and ~50 (TWS) dominant bacterial types, in relative 
abundances within one log unit, giving a coverage of around six-fold for RWS and 
twelve-fold for TWS. Hence, a back-of-the-envelope calculation revealed that we 
basically covered the genes from most of the dominant bacterial members in the 
degrader consortia. 

To detect (hemi)cellulolytic enzymes by functional screenings, two 
alternative strategies can be followed: 1) high-throughput detection in agar plates 
(mostly secreted enzymes) using hydrolysis of a chromogenic substrate as the 
criterion and 2) detection of enzyme activity in crude extracts after cell lysis. In 
either methodology, additional factors should be taken into account. These are the 
vector copy number, the need for induction of gene expression, secretion of the 
enzyme and recovery of the vector plasmid after expression (Ekkers et al., 2012; 
Uchiyama and Miyazaki 2009). Here, we tested our fosmids by functional 
screenings for (hemi)cellulases initially using a mixture of (six) chromogenic 
compounds in agar plates. These substrates (indolyl-monosaccharides) can be 
internalized by E. coli and are thus readily available for hydrolysis by 
intracellularly-expressed exo-glycosidases. This is not the case for substrates such 
as oat spelt xylan or CMC, the hydrolysis of which relies on the release of fosmid-
expressed enzymes, which probably only occurs after cell death and lysis (Bastien 
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et al., 2013). The substrates were organic compounds, each consisting of a 
monosaccharide linked to a substituted indole moiety. The substrates yield 
insoluble blue compounds as a result of enzyme-catalyzed hydrolysis. For example, 
X-Xyl, when cleaved by beta-xylosidase, yields xylose and 5-bromo-4-chloro-3-
hydroxyindole. The latter compound can spontaneously dimerize and is oxidized 
into 5,5′-dibromo-4,4′-dichloro-indigo, an intensely blue product which is 
insoluble. Taking into account the structure of these substrates, we hypothesized 
that the approach allows the screening for debranching enzymes that act in the 
external chains of sugars (in this case fucose, xylose, galactose, mannose and 
glucose) and that are linked to the backbone of the (hemi)cellulose structures. 
Indeed, our multi-substrate approach is also applicable in screens of metagenomic 
libraries for other classes of enzymes, as long as chromogenic substrates are 
available for that purpose. For example, to detect lipolytic activity, 5-(4-hydroxy-
3,5-dimethoxyphenylmethylene)-2-thioxothia-zolidin-4-one-3-ethanoic acid 
(SRA)-propionate, SRA-butyrate, SRA-octanoate, SRA-decanoate, SRA-laurate and 
SRA-myristate can be employed (Gould et al., 2009). 

Given our high hit rates, i.e.1:440 in RWS and 1:1,047 in TWS, the multi-
substrate screening approach was superior to approaches reported in the recent 
literature (Table 4). On the other hand, in both libraries the hit rates for the 
individual enzymes were <1:2,500, except for X-Gal in RWS (1:11,000). Comparing 
15 different metagenomic libraries and 19 single substrates, we inferred an average 
hit rate of (hemi)cellulolytic activities of ~ 1:7,300. However, some approaches 
showed hit rates of < 1:2,000. Additionally, low hit rates were found (in recent 
studies) using chromogenic substrates (e.g. X-Xyl) or azurine cross-linked 
polysaccharides. Interestingly, Zhao et al. (2010), screening a BAC vector library 
produced from a cow rumen microbiome, reported a hit rate of 1:853 using xylan as 
the screening substrate. Nguyen et al. (2012), screening their buffalo rumen 
metagenomic library, found hit rates of 1:108 and 1:2,500 using AZCL-HE-cellulose 
and AZCL-xylan, respectively. The authors suggested that the relatively high hit 
rate on AZCL-HE-cellulose can be attributed to the use of ENZhance cell 
permeabilizing reagent. These results emphasize the advantages of combining 
large-insert libraries (maximizing the probability of identifying gene clusters whose 
components perform complementary functions), enriched-function systems (such 
as the cow rumen) and reagents that enhance the host cell permeabilities, allowing 
the release of enzymes. 

Here, “biased” communities were produced on wheat straw as the carbon 
source and energy, which is thought to raise the relative abundance of target genes 
in the consortium and thus in the fosmid clones. However, Mori et al. (2014), using 
a pUC19 library produced from pulp enrichments, obtained a hit rate of only 
1:63,000 with rimazol brilliant blue dyed-Xylan. Beloqui et al. (2010) reported a hit 
rate of 1:2,090 in a library prepared from filter paper -enrichments inoculated from 
earthworm gut extract, using as the screening substrate pNP-beta-D-
glucopyranoside. Another interesting approach that potentially leads to highly 
efficient discovery of GH activities is the construction of metagenomic libraries 
prepared from DNA selected following stable isotope probing (DNA-SIP) using 
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Table 4. Comparison of functional metagenomic approaches to screen for (hemi)cellulases 

 
Microbial source (enrichment bred from) Vector / Host 

Screened 
clones 

Substrates for (hemi)cellulases screening Hit rate * Reference 

Cow rumen pCCl-BAC a/ E. coli EPI300 15360 Xylan 1/853 Zhao et al. (2010)  

Termite gut pCC1FOS b /E. coli EPI100 

40000 5-Bromo-3-indolyl-beta-D-xylopyranoside 1/740 

Bastien et al. (2013)  40000 5-bromo-4-chloro-3-indolyl-alpha-L-arabinofuranoside 1/1.212 

40000 Oat AZCl-xylan 1/4.444 

Cow rumen pCCFOS b / E. coli EPI300-T1 17000 pNP-beta-D-glucopyranoside + pNP-beta-D-cellobioside 1/5.666 Del Pozo et al. (2012)  

Buffalo rumen pCCFOS1 b / EPI300-T1 
10,000 AZCL-HE-cellulose 1:108 

Nguyen et al. (2012)  
10,000 AZCL-xylan 1:2.500 

Avicel- enrichment culture (soil) 
pUC19 c / E. coli DH5α 

57000 Rimazol brilliant blue dyed-CMC 1/7.125 
Mori et al. (2014)  

Pulp- enrichment culture (soil) 63000 Rimazol brilliant blue dyed-xylan 1/63.000 

Ikaite tufa columns pGNS-BAC a / E.coli DH10B 2843 5-bromo-4-chloro-3-indolyl-beta-d-galactopyranoside 1/1.421 Vester et al. (2014)  

Grassland soil pCC1FOS b / E. coli EPI300 
4600 Dye-labeled hydroxyethyl xylan 1/4.600 

Nacke et al. (2012)  
4600 Dye-labeled hydroxyethyl cellulose 1/2.300 

Human gut pCC1FOS b / E. coli EPI300 

156000 AZCL-xylan 1/4.588 

Tasse et al. (2010)  156000 AZCL-beta-glucan 1/1.772 

136000 AZCL-galactan 1/1.271 

Filter paper -enrichment culture (Earthworm) pCCFOS b / E. coli EPI300 115000 pNP-beta-D-glucopyranoside 1/2.090 Beloqui et al. (2010)  

Compost from pig manure pCC2FOS b / E. coli EPI300 12380 Xylan 1/2.476 Jeong et al. (2012)  

Forest soil 
Lambda ZAP Express c / E. coli XL1 blue 

10000 CMC 1/10.000 Wang et al. (2009) 

Elephant dung 10000 CMC 1/5.000 Wang et al. (2009)  

Cow rumen pCCFOS b / E. coli EPI300 

12288 pNP-alpha-galactopyranoside 1/12.288 

Ferrer et al. (2012)  12288 pNP-alpha-L-arabinofuranoside 1/4.096 

12288 CMC 1/6.144 

Alkaline-polluted soil pGEM-3Zf c / E. coli DH5a 30000 Esculine 1/15.000 Jiang et al. (2011)  

Soil pHBM803 c / E. coli XL10-Gold 24000 Remazol brilliant blue dyed-xylan 1/24.000 Hu et al. (2008)  

13C-cellulose-enriched DNA (soil) e pJC8 d / E. coli HB101 2876 CMC 1/360 Verastegui et al. (2014)  

Wheat straw- enrichment culture (soil) 
pCC2FOS b / E. coli EPI300 

22000 Mixture of 6 indolyl-monosaccharides 1/440 
This study 

Torrefied wheat straw- enrichment culture (soil) 22000 Mixture of 6 indolyl-monosaccharides 1/1,047 

a Bacterial artificial chromosome (BAC); b Fosmid; c Plasmid; d Cosmid; e High-molecular weight DNA from the 13C-cellulose-enriched SIP incubations for the 
three soils. 
*Hit rate was determined based on the number positives clones in the initial screening / total of screened clones. 
AZCL (azurine cross-linked) 
CMC (carboxymethylcellulose) 
pNP (para-nitrophenyl) 
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multiple labeled plant-derived carbon substrates. For example, Verastegui et al. 
(2014) showed a hit rate of 1:360 using DNA from 13C-cellulose-enriched 
incubations on the basis of CMC as the substrate (Table 4). Clearly, the rates of 
obtaining positive clones are related to the cloning vector used, the metagenome 
source, the screening technique (substrates and desired activity) and the host cells. 
On top of that, in many cases stochastic (chance) factors play a role as well, which 
may relate to the relatively low sample sizes (Uchiyama and Miyazaki 2009). 

In functional screening of metagenomic libraries, proper selection of the 
substrate is highly recommended. Initial selection of substrate-active clones with 
“general” substrates or mixtures of substrates followed by more specific ones may 
represent a desirable “layered” approach. Recently, a new generation of multi-
colored chromogenic polysaccharide substrates has been developed (Kračun et al., 
2015). These substrates can be used to screen for GH activities (in this case, 
focusing on endo-enzymes). They show versatility and are convenient for high-
throughput analyses for first-level screenings. Additionally, substrates representing 
-at least partially- the complexity of plant cell walls were produced, enabling 
activity screens on “real-world” plant polysaccharides. 

In our study, four fosmid inserts carried genes that could be directly linked 
to the enzymatic activities based on homologies to known enzymes and predicted 
and detected protein sizes. Thus, proteins of predicted sizes (1,027 and 1,028 
amino acids, giving proteins of ~116 kDa) from fosmids NT2-2 and T17-2 (selected 
as positive on X-Gal) did transform pNPGal and MUFGal (zymogram). These were 
both annotated as beta-galactosidases of family GH2 (EC 3.2.1.23) (Table 3). 
Fosmids T5-5 and T4-1, positive on X-Xyl/pNPXyl and mixed chromogenic 
substrates, respectively, revealed the presence of genes predicted to produce 
proteins of 789 amino acids (~86 kDa), which were annotated as beta-xylosidases 
of family GH3 (EC 3.2.1.37). Interesting, fosmid T4-1 showed activity only on the 
substrate mixes, but not on single X-Xyl. This clone showed slight activity on 
pNPXyl (0.113 ± 0.002 U/mg  at 40 °C, pH 7.0) and revealed a protein of size 
between 75 to 100 kDa, which was likely encoded by gene 24 (Table 3). The protein 
was positive on the zymogram using MUFXyl as a substrate (Figure 5). The 
expression of this GH3 family gene may be regulated by the presence of the other 
substrates. Based on this rationale, on X-Xyl alone its activity might not be 
detected, whereas the presence of other substrates might spur activity, similar to 
what may happen in nature. Such a finding opens up a new paradigm in the 
screening of active enzymes from metagenomic libraries. Interestingly, in fosmid 
T4-1 a predicted xyloside transporter gene (XynT) was detected, which matched the 
CAZy GH17 family. Proteins from this family can have glucan endo-1,3-beta-
glucosidase activity, suggesting a possible involvement in activity on mixed 
substrates. 

Although fosmid NT18-17 was positive on X-Glu and pNPGlu, we did not 
detect any gene related with its predicted alpha-glucosidase activity. However, the 
detected genes for family GH58 (endo-N-acetylneuraminidase) and family GH27 
(alpha-galactosidase) proteins might encode the activity (see Additional file 8 for a 
summary of activities associated with CAZy enzyme families described in this 
study). Similarly, fosmid NT18-21 showed alpha-glucosidase activity, with no GH 
family genes being detected in the insert. In this fosmid, genes for 
maltose/maltodextrin transporters were found. Maltose (an alpha 1–4 linked 
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glucose dimer) resembles a cellulose dimer (albeit beta 1–4 linked). Maltose is 
released from starch by amylose/amylopectin-degrading activity (e.g. GH13- alpha-
amylase, pullulanase or alpha-glucosidase). We surmised that starch that was 
initially present in the wheat straw used for consortium breeding incited the 
selection of such systems. The chromogenic substrates, e.g. X-Glu, used in this 
study were surmised to report alpha-glucosidase activities, but genes for such 
enzymes were not detected. Possibly, gene 25 (annotated as an alpha-aspartyl 
dipeptidase; EC 3.4.13.21) or gene 24 (hypothetical protein) were responsible for 
the activity (Additional file 6). 

Fosmid clone 10BT showed consistent activity only on mixed substrates. In 
addition, 10BT showed activity on pNPXyl, much below that shown by clone T5-5 
(~14,8 % of relative activity at 40 °C, pH 7.0; Figure 3D). The finding of two genes 
producing proteins related to GH39 and GH53 families was revealing. 
Interestingly, family GH39 proteins have been linked to beta-xylosidase and alpha-
L-iduronidase activities. Moreover, GH53 family proteins can have beta-1,4-
galactanase activity (EC 3.2.1.89). The latter is possibly linked to the degradation of 
galactans and arabinogalactans, both integral parts of the pectin component of 
plant cell walls (Hinz et al., 2005). Interestingly, Jiménez et al. (2012a) recently 
found a novel cold-tolerant esterase, which had originally been annotated as a 
MarR family transcriptional regulator. Thus, we surmised that the gene that was 
originally predicted to encode an AraC transcriptional regulator may be responsible 
for the activity on pNPXyl. Similar to clone T4-1, this clone could require the 
presence of other types of substrates to enable detection of its full plethora of 
activities. However, given that we still do not know the mechanism involved, 
further studies are required, for example subcloning, transposon mutagenesis and 
detection of activities on different substrates. 

The high activity of fosmid NT2-2 compared to that of clones T5-5 and 
NT18-17 suggested a raised expression of the gene encoding beta-galactosidase 
(~116 kDa, as evident by the zymogram; Figure 5). Interestingly, the high activities 
of clones NT2-2 and T5-5 at 55 °C and pH 10.0 pointed to their potential usefulness 
in pulp bleaching processes. The novelty attributed to these genes (3 and 12) was 
based on the low amino acid identities (less than 84 %) and coverage values (less 
than 91 %) versus the best hits in the NCBI database (Table 3). The functional 
analysis done by us directly from the metagenomic clones indicated substrate 
specificities and temperature/pH optima, and constitutes an easy way to select 
clones useful for biotechnology applications. In addition, subcloning, 
overexpression, induction and subsequent protein purification are labor-intensive 
and not always successful (e.g. due to low solubility of the enzyme). 

The leading industrial source of cellulase cocktails used for plant biomass 
biodegradation purposes is Trichoderma reesei. Several strains exist and their 
secretomes have been widely used to develop new commercial cocktails. However, 
T. reesei secretomes are dominated by endoglucanases and it usually produces low 
quantities of xylanases, arabinofuranosidases, galactosidases and beta-
glucosidases. Hence, addition of exogenous enzymes to the secreted fraction could 
improve the hydrolytic efficiency (Mohanram et al., 2013). Based on this premise, 
the enzymes detected in clones NT2-2, T5-5 and NT18-17 might serve as 
components of new (hemi)cellulolytic cocktails. These may be combined with the 
commercial cellulases to improve plant biomass degradation for second-generation 
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biofuel production. Additionally, thermo-alkaliphilic xylosidases are valuable with 
respect to their usefulness in pulp bleaching processes (Clarke et al., 2000; Sudha 
et al., 2003). 

In a previous study (Jiménez et al., 2015a), Bacteroidetes-related genes for 
hemicellulases were found to be prominent amongst the dominant enzymes, 
whereas Klebsiella-related ones were less abundant. Both groups of organisms are 
key dominant types in our bacterial consortia bred on wheat straw. In the current 
study, evidence was found for the contention that Klebsiella-related organisms 
were at the basis of most cloned genes for biodegradative enzymes. The taxonomic 
closeness between this putative source organism (Klebsiella) and the heterologous 
host (E. coli) used, versus the remoteness in the case of Bacteroidetes, may have 
been a key factor explaining this finding. Unfortunately, the current study did not 
detect fosmids with activities on X-Fuc and X-Man. Such activities might be mostly 
associated with members of the Bacteroidetes (e.g. Sphingobacterium), as recently 
indicated by Jiménez et al. (Jiménez et al., 2015a). Finally, the differential 
association of fosmid NT2-2 and 10BT genes with Pseudomonas putida versus 
Klebsiella sp. was remarkable. IS-elements indicative of horizontal gene transfer 
were not detected, suggesting these fosmids might originate from fusions of two 
regions originating from different parental organisms. Alternatively, the insert may 
have come from a new Gammaproteobacteria species. 

Here, we propose a multi-substrate screening approach as a sound strategy 
that allows to detect multiple activities in a single initial assay. This methodology is 
less time-consuming than single-substrate approaches and can even be applied in 
high-throughput set-ups, as in agar plates. The strategy yielded high hit rates of 
genes for relevant enzymes compared with recent relevant literature data. Based on 
this methodology, we retrieved fosmids with beta-galactosidase, beta-xylosidase 
and alpha-glucosidase activities, whereas other fosmids showed activity only in the 
presence of mixed chromogenic substrates. Two fosmids, NT2-2 (GH2- beta-
galactosidase) and T5-5 (GH3- beta-xylosidase), showed enzymatic activities at 
high temperatures and pH values, making these clones interesting sources for 
future biotechnological applications. 
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ABSTRACT 
 
Synergistic action of different enzymes is required to complete the degradation of 
plant biomass in order to release sugars which are useful for biorefining. However, 
the use of single strains is often not efficient, as crucial parts of the required 
enzymatic machinery can be absent. The use of microbial consortia bred on plant 
biomass is a way to overcome this hurdle. In these, secreted proteins constitute 
sources of relevant enzyme cocktails. Extensive analyses of the proteins secreted by 
effective microbial consortia will contribute to a better understanding of the 
mechanism of lignocellulose degradation. 

Here, we report an analysis of the proteins secreted by a microbial 
consortium (metasecretome) that was grown on either wheat straw (RWS), xylose 
or xylan as the carbon sources. Liquid chromatography–tandem mass spectrometry 
was used to analyze the proteins in the supernatants. Totals of 768 (RWS), 477 
(xylose) and 103 (xylan) proteins were identified and taxonomically and 
functionally classified. In RWS, the proteins were mostly affiliated with 
Sphingobacterium-like consortium members (~50 %). Specific abundant protein 
clusters were predicted to be involved in polysaccharide transport and/or sensing 
(TonB-dependent receptors). In addition, proteins predicted to degrade plant 
biomass, i.e. endo-1,4-beta-xylanases, alpha-l-arabinofuranosidases and alpha-l-
fucosidases, were prominent. In the xylose-driven consortium, most secreted 
proteins were affiliated with those from Enterobacteriales (mostly Klebsiella 
species), whereas in the xylan-driven one, they were related to Flavobacterium-like 
ones. Notably, the metasecretomes of the consortia growing on xylose and xylan 
contained proteins involved in diverse metabolic functions (e.g. membrane 
proteins, isomerases, dehydrogenases and oxidoreductases). 

An analysis of the metasecretomes of microbial consortia originating from 
the same source consortium and subsequently bred on three different carbon 
sources indicated that the major active microorganisms in the three final consortia 
differed. Importantly, diverse glycosyl hydrolases, predicted to be involved in 
(hemi)cellulose degradation (e.g. of CAZy families GH3, GH10, GH43, GH51, GH67 
and GH95), were identified in the RWS metasecretome. Based on these results, we 
catalogued the RWS consortium as a true microbial enzyme factory that constitute 
an excellent source for the production of an efficient enzyme cocktail for the 
pretreatment of plant biomass. 
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INTRODUCTION 
 
Recently, important developments have paved the way for the use of plant biomass 
(e.g. wheat straw) as a source of sugars, which—in turn—are useful for the 
production of bioethanol, plastics and pharmaceutical–chemical intermediates 
(Liguori et al., 2013). However, the bioconversion of plant biomass to sugars is a 
prime bottleneck with respect to efficiency. Next to the need for a physicochemical 
treatment that affects the complex bonds in lignocellulosic matter, the action of 
effective degradative enzymes is required. In the latter process, synergism between 
various enzymes (e.g. oxidases, xylanases, arabinofuranosidases, 
cellobiohydrolases, endoglucanases and beta-glucosidases) seems to be a “conditio-
sine-qua-non” for an efficient process (Hasunuma et al., 2013; de Souza 2013). In 
the light of process parameters, lignocellulose-degradative enzymes are required to 
work under diverse conditions, including high temperatures, low or high pH and 
the presence of residual pretreatment chemicals and inhibitors (Meyer et al., 
2009). Given the difficulty of working with high diversities of required enzymes, 
plant biomass hydrolysis by microbial consortia instead of single strains has been 
proposed (Yang et al., 2011; Cheng and Zhu 2012; Hui et al., 2013; Jiménez et al., 
2014a). However, a clear disadvantage of this strategy is that the sugars released 
from the lignocellulose will be immediately consumed by concurring 
microorganisms. To overcome this hurdle, enzymes that are released by the 
microbial consortia into the medium may be applied directly on plant biomass or 
be used as a supplement to commercial cellulolytic enzyme cocktails. Gladden et al. 
(2011a) used a secreted protein fraction of a compost-derived microbial consortium 
to saccharify pretreated switchgrass, demonstrating that this strategy has excellent 
potential for the development of (hemi)cellulolytic enzyme cocktails. Additionally, 
Park et al. (2012) reported the development of a cellulase cocktail by combining 
thermophile-secreted endoglucanases produced by a microcrystalline cellulose-
degrading microbial consortium with a recombinant cellobiohydrolase and beta-
glucosidase. 

Metagenomics and metatranscriptomics studies provide extraordinary 
insight into the metabolic potential and expression of enzymes in lignocellulolytic 
microbial consortia (Jiménez et al., 2015a, Simmons et al., 2014). Moreover, total 
microbial community proteomics (metaproteomics) and—more specifically—
metasecretomics (analysis of the total surface-bound and secreted proteins that 
make up the “secretome” of a microbial community) have the potential to provide a 
high-resolution representation of proteins and their dynamics outside of the 
microbial cells. This allows the identification of proteins that are involved directly 
in the deconstruction of plant biomass (Adav et al., 2012a,b, D’haeseleer et al., 
2013). Recently, several studies have reported the analysis of secreted proteins in 
cultures of single microbial strains. For example, Ganoderma lucidum cultivated in 
sugarcane bagasse (Manavalan et al., 2012), Thermobifida fusca bred on different 
lignocellulosic biomass (e.g. corn stover and wood chips) (Adav et al., 2012b), 
Aspergillus fumigatus grown in the presence of glucose, avicel and rice straw (Liu 
et al., 2013) and Ceriporiopsis subvermispora during growth on aspen wood (Hori 
et al., 2014). However, little is known about the proteins secreted from a wheat 
straw-degrading microbial consortium across carbon sources with distinct 
complexities. The presence and abundance of proteins in complex secretomes 
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would guide us in our search for key enzymes that are useful for biorefining. In 
addition, assessment of the taxonomic affiliation of the secreted proteins enables us 
to identify the metabolically active microbes, helping to correlate specific functions 
with the taxa that are truly involved in plant biomass degradation. 

Here, we report an analysis of the secreted proteins (metasecretome) from 
a phylogenetically stable soil-derived microbial consortium (Jiménez et al., 2014b) 
that was grown in mineral medium with 1 % of either wheat straw (RWS), xylan or 
xylose as the unique carbon sources. The selection of untreated instead of 
pretreated wheat straw was based on the contention that this substrate better 
selects microbes with high capacity to degrade complex and recalcitrantly bound 
(hemi)cellulose structures. In addition, the selection of xylan and xylose, as 
comparators, was based on the composition of the wheat straw. Thus, xylan is a 
major component of the hemicellulose in wheat straw, xylose being the monomer 
and unique component of xylan. The metasecretomes were harvested after 11 days 
of incubation at pH 7.2 under mesophilic aerobic conditions. The analyses 
indicated that Sphingobacterium-like organisms are major players in the 
degradation of wheat straw, as they were found to secrete key enzymes such as 
endo-1,4-beta-xylanases (GH10), alpha-l-arabinofuranosidases (GH51) and alpha-
l-fucosidases (GH95). Moreover, pullulanases from Klebsiella-like organisms were 
detected in the RWS consortial metasecretome. In contrast, all secreted proteins in 
the xylose-driven consortial metasecretome were tracked to Enterobacteriales, 
suggesting that the presence of a pentose like xylose increases the prevalence of 
bacteria belonging to this class. This study, identified the key enzymes that are 
predicted to be particularly involved in the attack on wheat straw in comparison to 
xylan and xylose, giving clues as to the design of enzyme cocktails for future 
applications. 

 
METHODS 
 
Microbial enriched cultures design 
The original lignocellulose decomposing consortium was developed with a forest 
soil as the microbial source inoculum (Jiménez et al., 2014a). Briefly, the soil-
derived cell suspensions were introduced into triplicate flasks containing 25 ml of 
mineral salts medium (MSM) with 1 % of “raw” wheat straw (RWS), and incubated 
at 25 °C with shaking at 100 rpm. A dilution-to-stimulation approach was followed 
up to the 10th transfer (Jiménez et al., 2014b). Then, 25 µl (1 × 108 bacterial 
cells/ml) were transferred from the 10th transfer flask to three flasks (in triplicate) 
containing sterile and fresh MSM plus 1 % (w/v) of different carbon sources, i.e. 
xylose, xylan (from beechwood) and wheat straw. Subsequently, all flasks were 
incubated at 25 °C with shaking at 100 rpm. The numbers of bacterial cells per 
milliliter were quantified by microscope cell counting in a Burke-Turk chamber 
(Blaubrand®) according to the manufacturer’s protocol. After 11 days of incubation, 
the microbial cells as well as particulate matter were removed by centrifugation 
(7500g for 30 min at 4 °C). The supernatants (from 15 ml of pooled culture in each 
treatment) were subsequently filtered by 0.45 µm (Whatman FP30/0.45—cellulose 
acetate membrane) (in order to remove wheat straw particles) followed by 0.22 µm 
syringe filters (Whatman FP30/0.22—cellulose acetate membrane) (in order to 
remove microbial cells) (Figure 1). 
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Metasecretome recovery and liquid chromatography–tandem mass 
spectrometry 
A total of 2 ml of filtered supernatant (secreted proteins) for each treatment were 
precipitated with tri-chloroacetic acid (TCA) (final concentration of 15 %). The 
samples were incubated on ice for 15 min and then overnight at −20 °C. They were 
then kept at room temperature and proteins were precipitated by centrifugation at 
14,000 rpm for 15 min at 4 °C. Following this, supernatants were gently removed, 
and the tubes spun briefly to remove remaining liquid. The protein pellets were 
suspended in 1 ml of 100 % ice-cold acetone by five times vortexing for 30 s, over 
1 h at −20 °C. Then, samples were centrifuged at 14,000 rpm for 15 min at 4 °C and 
the acetone was removed, followed by air-drying the pellets for 10 min. Pellets were 
resuspended with 2× sample buffer (100 mM DTT, 2 % SDS, 80 mM Tris–HCl, pH 
6.8, 0.006 % bromophenol blue, 15 % glycerol), after which they were checked with 
10 % SDS-PAGE at 80 V for 1.5 h. This was followed by coomassie staining for 6 h 
in shaking platform at room temperature, and de-staining (40 % methanol and 
10 % glacial acetic acid) for 2 h at room temperature. 

The secreted proteins from the RWS system were divided into 9 fractions 
(ranging from 20 to 150 KDa) from the SDS-PAGE gel. These gel fragments were 
washed with 25 mM of ammonium bicarbonate and 50 % acetonitrile. The xylose 
and xylan derived samples were also prepared for in-solution digestion. Proteolytic 
treatment of all samples was performed using trypsin (Promega Benelux BV, 
Leiden), dissolved in 100 mM ammonium bicarbonate buffer. In the case of the 
RWS fractions, the gel pieces were mixed with 20 µl of 10 ng/µl trypsin in 100 mM 
ammonium bicarbonate buffer and incubated overnight at 37 °C. Peptides were 
extracted from the gel with 75 % of acetonitrile (in 5 % formic acid), dried and 
resuspended in 20 μl of 0.1 % of formic acid. 

After trypsin digestion, the peptide mix was injected into an Ultimate 3000 
nano-LC–MS/MS system (Dionex, Amsterdam, The Netherlands), in line 
connected to an Q-Exactive-Plus-mass spectrometer (Thermo Fisher Scientific, 
Bremen, Germany). The sample mixture was loaded on a trapping column (Acclaim 
PepMap; C18; 5-mm length by 300-µm inside diameter; 5-µm particle size; 100-Å 
porosity; Dionex) and washed. After 3 min, the mixture was separated using a 60-
min linear gradient from 5 % of 0.1 % of formic acid in water to 90 % of 0.1 % in 
acetonitrile at a flow rate of 250 nl/min. The mass spectrometer was operated in 
data-dependent mode, automatically switching between MS and MS/MS 
acquisition for the eight most abundant multiple charged ions (2, 3, 4, 5 and 6 
times). Full-scan MS spectra were acquired from m/z 400 to 1800 in the Q-
Exactive-Plus-mass spectrometer at a target value of 3E6 with a resolution of 
70,000. Peptides were analyzed in the orbitrap with a resolution of 35,000. The 
scan range for MS/MS was set to m/z 200–2000. 
 
Peptide identification and data processing 
The mass spectrometry datasets produced for each system were analyzed for 
peptide and protein identification using PEAKS software v7.0 (Zhang et al., 2012). 
Spectra for the RWS metasecretomes were pooled (9 spectra). Database searches 
were carried out against a total metagenome dataset (MG-RAST ID 4547280.3: 
388,324 proteins detected by FragGeneScan software) (Jiménez et al., 2015a). The 
following search parameters were applied: (i) trypsin was chosen as the protein-
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digesting enzyme, (ii) false discovery rate (FDR), 0.1 %, (iii) fragment mass error 
tolerance 0.02 Da, (iv) peptides with >10 ppm mass error were discarded, (v) 
proteins with at least two unique peptide matchings were retained, and two missed 
cleavages were tolerated, (vi) fixed modifications (carbamidomethylation, 57), 
variable modifications (oxidation—methionine—16). The total metagenome dataset 
and the detected proteins in each system were taxonomically and functionally 
classified by the GhostKOALA annotation tool (http://www.kegg.jp/ghostkoala/) 
using a cutoff GHOSTX score of 100. Based on this threshold, we predicted the 
medium–high confidence in the taxonomic affiliation (Suzuki et al., 2014). In order 
to obtain “semi-quantitative” data, we clustered (threshold of 70 % amino acid 
identity) the detected proteins using the CD-hit software (Huang et al., 2010). 
Clusters composed of more than three protein sequences (“abundant” proteins) 
were retrieved. A representative and randomly picked protein sequence for each 
cluster was manually annotated by PSI-BLAST (Altschul et al., 1997) and inspected 
for conserved domains using the NCBI conserved domain database. Additionally, 
the proteins detected in each metasecretome were affiliated with carbohydrate-
active enzymes using the CAZymes analysis toolkit (CAT) platform (Park et al., 
2010) (e value threshold 0.01), and obtained hits were manually inspected by PSI-
BLAST. 
 
RESULTS 
 
Microbially enriched cultures and metasecretome extraction 
Microbially enriched cultures were produced with cells from an RWS-derived 
source consortium (Jiménez et al., 2014b). Flasks containing 25 ml mineral 
medium and 1 % of wheat straw (RWS), xylan or xylose were inoculated with 25 µl 
of cell suspension (~5 log bacterial cells/ml in the first enrichment flasks). Bacterial 
growth was found to differ along the 11 days of incubation (Figure 1). In the RWS-
driven consortium, the densities increased from the inoculum level to around 8.5 
log bacterial cells/ml after 5 days and then to 9 log bacterial cells/ml after 11 days. 
However, for the xylan- and xylose-driven consortia, we observed a maximum peak 
of growth after 5 days (~7.4 and 7.8 log bacterial cells/ml for xylan and xylose, 
respectively) and relatively stable communities afterwards (~7.0 and 7.6 log 
bacterial cells/ml for xylan and xylose, respectively, after 11 days of incubation) 
(Additional file 1). 

The secreted proteins (metasecretome) of each treatment were recovered 
from 15 ml pooled final cultures. Selection of the sampling point (11 days) was 
based on the assumption that some of the highly recalcitrant compounds in the 
wheat straw might have been sufficiently degraded, allowing enzyme systems to 
work on the lignocellulose moieties of the substrate. Proteins in 2 ml of supernatant 
were precipitated by the trichloroacetic acid (TCA) method. Prior SDS-PAGE 
analysis of these fractions showed a high complexity of protein bands in the RWS 
compared with the xylose- and xylan-driven consortia. Given this result, we 
performed an in-gel tryptic digestion of nine fractions for the RWS treatment, 
selecting proteins of sizes between 20 and 150 kDa (Additional file 1). Moreover, 
the secreted proteins from the xylose and xylan treatments were digested with 
trypsin (in solution) and subsequently used for liquid chromatography–tandem 
mass spectrometry (LC–MS/MS) (Figure 1). 
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Figure 1. Schematic representation of the methodology used in this study 
 

Metasecretomes: overview of the data 
Totals of 3652, 2402 and 459 peptide sequences, from RWS, xylose and xylan, 
respectively, were detected and identified from the filtered LC–MS/MS data. Based 
on database searches (affiliation of the detected peptide sequences to the 388,324 
predicted metagenome proteins from the original wheat straw-degrading microbial 
consortium) (Jiménez et al., 2015a), 768 (RWS), 477 (xylose) and 103 (xylan) 
proteins were identified as traceable to the metagenome data. Of these total 
proteins, only 22 were common between RWS and xylan and five between RWS 
and xylose. We did not find any common proteins between the xylan and xylose 
consortial metasecretomes and also not between all three systems (Figure 2). 
 
Taxonomic and functional affiliation of secreted proteins 
The secreted proteins, in each system, and the total proteins from the database 
(metagenome) were analyzed using the KEGG database on the GhostKOALA 
platform (GHOSTX threshold: 100) (Suzuki et al., 2014) (Figure 2). Overall, 8, 6, 5, 
5 and 3 % of the predicted proteins from the metagenome were affiliated to 
proteins from Sphingobacterium, Acinetobacter, Flavobacterium, Klebsiella and 
Pedobacter-like organisms, respectively (Figure 2A). In the RWS consortial 
metasecretome, most of the proteins were affiliated with proteins detected in 
Bacteroidetes, specifically 48 % Sphingobacterium, 8 % Pedobacter, 3 % 
Flavobacterium and 18 % “others”. In addition, 8 and 4 % of the proteins were 
affiliated with those from Acinetobacter and Klebsiella-like organisms, 
respectively. In the metasecretome from the xylose-grown consortium, 
approximately 96 % of the proteins were assigned to predicted proteins encoded by 
the genomes of different Enterobacteriales (i.e. 54 % Klebsiella, 13 % 
Enterobacteriaceae bacterium strain FGI57, 5 % Kosakonia, 4 % Citrobacter and 
20 % “others”). Finally, the predominance (~95 %) of Bacteroidetes-related 
proteins was found in the metasecretome of the xylan-driven consortium, among 
which 56 % were similar to proteins produced by Flavobacterium-like organisms. 
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Thus, a shift in the secreted proteome was found, depending on the carbon source 
(Figure 2B). 

Regarding the functional annotation, around 86 % of all proteins detected 
in the RWS metasecretome were unannotated/unclassified based on the KEGG 
orthology system, thus representing as-yet-undescribed proteins with potential 
function (Figure 2C). However, the remaining proteins in this metasecretome were 
mostly classified within the KEGG functional classes (orthology groups) 
carbohydrate metabolism (6 %), environmental information (3 %) and genetic 
information (2 %) processing. In contrast, in the metasecretome of the xylose-
driven consortium, 86 % of the proteins were classifiable based on the KEGG 
orthology system, the most abundant functions being related with carbohydrate 
metabolism (30 %), environmental information (16 %) and genetic information 
processing (13 %). In the metasecretome of the xylan-grown consortium, 49 and 
15 % of the proteins were classified within the classes carbohydrate and amino acid 
metabolism, leaving 29 % of unannotated/unclassified proteins plus 7 % low-
abundance classes (Figure 2C). 
 

 
 
Figure 2. Taxonomic and functional assignment of proteins. A) Taxonomic assignment of detected 
proteins in the metagenome database and B) in each metasecretome, C) functional assignment of 
proteins detected in each metasecretome 

 
Analysis of proteins detected in the metasecretomes: abundant 
functions 
The unique proteins detected in the RWS (746), xylose (472) and xylan (81) 
metasecretomes were—separately—compared to each other, and clustered, at 70 % 
of amino acid identity. This allowed to infer the “abundant” clusters (clusters 
containing >2–3 detected proteins) of proteins for each metasecretome. Thus, we 
could discern 38 (RWS), 38 (xylose) and 11 (xylan) abundant protein clusters (more 
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than 3 protein sequences per cluster in RWS and xylose; and more than 2 proteins 
per clusters in xylan) (Table 1; Additional files 2, 3). In addition, 408, 243 and 53 
singletons (i.e. clusters containing only a single protein sequence) were found in 
the RWS-, xylose- and xylan-driven metasecretomes, respectively. 

On the basis of the PSI-BLAST annotation, the representative sequences of 
the abundant clusters, in the RWS-driven metasecretome, were mostly classified as 
hypothetical proteins (14 clusters), membrane proteins (5), proteins involved in 
motility (e.g. flagellin) (4), pyruvate dehydrogenases (3) and proteins involved in 
polysaccharide deconstruction (e.g. pullulanases and alpha-l-
arabinofuranosidases) (3). Moreover, RNA methyltransferases and chaperones like 
GroEL were found (Table 1). Domain detection using the NCBI conserved domain 
database revealed that the hypothetical and membrane proteins (19 of 38 abundant 
clusters: 50 %) might reflect plant polysaccharide sensors/transporters such as 
TonB-dependent receptors. Interestingly, the most abundant protein cluster was 
affiliated with a hemagglutinin from Sphingobacterium-like organisms. Such 
proteins contain a pfam01832 domain, which is related with a mannosyl-
glycoprotein endo-beta-N-acetylglucosaminidase (EC:3.2.1.96) (Table 1). 

In the xylose-driven metasecretome, we observed high abundances and 
diversities of proteins involved in several different pathways (Additional file 2). The 
high-abundance protein clusters (38) were related to functions mostly dealing with 
sugar metabolism (e.g. fructose-bisphosphate aldolases, xylose isomerases and 
xylulose kinases) (5 clusters), next to ribosomal proteins (3). In addition, some 
oxidoreductases, dehydrogenases and ABC transporters were detected. Regarding 
the xylan-driven metasecretome, the most abundant protein clusters encompassed 
proteins such as glycine dehydrogenases (cluster 1 with 5 sequences), 
hydroperoxidases (cluster 2 with 4 sequences) and xylose isomerases (cluster 3 
with 3 sequences) from Flavobacterium-like organisms (97 % amino acid identity) 
(Additional file 3). 

A total of 22 proteins was common between the RWS and xylan systems. 
These were mostly affiliated with Bacteroidetes-like membrane-localized proteins 
(mainly involved in transport, polysaccharide-binding and motility). In addition, 
four aldehyde dehydrogenases, two hypothetical proteins and one superoxide 
dismutase were detected. Moreover, one pullulanase from Klebsiella-like 
organisms (97 % identity) was common in the RWS- and xylan-driven consortium 
metasecretomes (Additional file 4). 
 
Overview of carbohydrate-active proteins detected in the three 
metasecretomes 
All proteins detected in the three metasecretomes were also annotated based on the 
CAZy database (Lombard et al., 2014). Fifty-nine, thirty-one and one unique 
proteins from the RWS-, xylose- and xylan-driven metasecretomes, respectively, 
were homologous (e value threshold: 0.01) to particular carbohydrate-active 
enzymes (Figure 3). Based on this annotation, in the RWS consortial 
metasecretome, proteins of the CAZy families CBM48/GH13/CBM41 (14 %) and 
CBM50/GH73 (12 %) were the most abundant (proteins with 2 or 3 CAZy 
modules), followed by AA5 (glyoxal/galactose oxidases) and glycosyl hydrolases 
(GHs) of CAZy families GH43, GH16, GH3, GH51, GH10, GH20, GH95, GH12 and 
GH67.  
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Table 1. Abundant clusters (clusters at 70 % identity with more than 3 sequences) of secreted proteins in RWS 

 
Cluster # PS LRS Best PSI-BLAST hit vs. NCBI (organism source) Accession No. COV E-value Identity Domain ID Domain description 

1 7 161 hemagglutinin (Sphingobacterium) WP_045753147.1 76% 8E-74 90% pfam01832 Mannosyl-glycoprotein endo-beta-N-acetylglucosaminidase 

2 6 159 RNA methyltransferase (Sphingobacterium) KKX48125.1 100% 3E-110 100% pfam00588 SpoU rRNA Methylase family 

3 6 136 flagellin (Enterobacter) WP_042717930.1 100% 4E-84 98% pfam00669 Bacterial flagellin 

4 6 155 membrane protein (Sphingobacterium) WP_045755907.1 100% 5E-94 90% pfam14322 Starch-binding associating with outer membrane (SusD) 

5 6 161 pyruvate dehydrogenase (Sphingobacterium) WP_021189278.1 100% 6E-111 100% pfam02780 Transketolase 

6 6 83 membrane protein (Sphingobacterium) WP_045753095.1 100% 1E-40 94% TIGR04056 TonB-linked outer membrane protein, SusC/RagA family 

7 6 153 outer membrane lipoprotein (Acinetobacter) WP_004695452.1 96% 5E-104 100% pfam03548 Outer membrane lipoprotein carrier protein LolA; 

8 6 154 molecular chaperone GroEL (Sphingobacterium) WP_045754355.1 100% 2E-94 99% PRK00013 chaperonin GroEL 

9 5 149 hypothetical protein (Sphingobacterium) WP_021190406.1 100% 6E-90 94% TIGR04056 TonB-linked outer membrane protein, SusC/RagA family 

10 4 153 aminopeptidase (Sphingobacterium) WP_045755761.1 100% 3E-107 99% cd02619 C1 Peptidase family, also referred to as the papain family 

11 4 155 hypothetical protein (Sphingobacterium) WP_038697635.1 98% 9E-95 86% pfam06283 Trehalose utilization 

12 4 131 hypothetical protein (Sphingobacterium) WP_021189714.1 100% 1E-74 85% cd02968 Synthesis of Cytochrome c Oxidase 

13 4 154 hypothetical protein (Sphingobacterium) WP_021188014.1 55% 6E-49 98% pfam11138 Protein of unknown function (DUF2911) 

14 4 153 hypothetical protein (Sphingobacterium) WP_021192491.1 88% 8E-88 98% pfam13472 GDSL-like Lipase/Acylhydrolase family 

15 3 85 hypothetical protein (Sphingobacterium) WP_037526146.1 97% 1E-48 99% ND ND 

16 3 135 alpha-L-arabinofuranosidase (Sphingobacterium) WP_045756399.1 100% 1E-88 99% pfam06964 Alpha-L-arabinofuranosidase 

17 3 144 hypothetical protein (Sphingobacterium) KKX50961.1 100% 5E-94 100% TIGR04056 TonB-linked outer membrane protein, SusC/RagA family 

18 3 153 hypothetical protein (Sphingobacterium) WP_045755931.1 62% 1E-52 86% ND ND 

19 3 162 pyruvate dehydrogenase (Sphingobacterium) WP_021192396.1 100% 6E-102 99% TIGR01349 pyruvate dehydrogenase 

20 3 82 TonB-linked outer membrane protein (Sphingobacterium) WP_003012895.1 84% 1E-21 70% TIGR04056 TonB-linked outer membrane protein, SusC/RagA family 

21 3 137 membrane protein (Klebsiella) WP_032728567.1 61% 1E-48 98% PRK10554 outer membrane porin protein C 

22 3 122 flagellin (Alicycliphilus) WP_013723065.1 100% 3E-68 95% pfam00669 Bacterial flagellin 

23 3 152 porin (Serratia) WP_024529021.1 100% 5E-99 96% pfam02264 LamB porin; Maltoporin 

24 3 157 hypothetical protein (Sphingobacterium) KKX47093.1 87% 2E-83 99% TIGR04056 TonB-linked outer membrane protein, SusC/RagA family 

25 3 162 superoxide dismutase (Flavobacterium) WP_041515972.1 93% 2E-95 92% pfam00080 Copper/zinc superoxide dismutase 

26 3 140 hypothetical protein (Sphingobacterium) WP_045754573.1 100% 2E-84 99% COG1729 Periplasmic TolA-binding protein (function unknown) 

27 3 90 flagellar motor protein MotB (Sphingobacterium) WP_038696344.1 82% 2E-36 86% ND ND 

28 3 97 pyruvate dehydrogenase (Sphingobacterium) WP_045753967.1 100% 6E-60 100% pfam00198 2-oxoacid dehydrogenases acyltransferase 

29 3 71 pullulanase (Klebsiella) EHS90708.1 100% 4E-41 96% TIGR02103 alpha-1,6-glucosidases, pullulanase-type 

30 3 162 hypothetical protein (Sphingobacterium) WP_021191620.1 100% 4E-110 99% pfam07980 SusD family 

31 3 82 hypothetical protein (Acinetobacter) WP_005399834.1 100% 1E-50 99% pfam03724 META domain;  unknown function, some are secreted 

32 3 83 hypothetical protein (Acinetobacter) WP_004981111.1 86% 2E-35 86% ND ND 

33 3 145 hypothetical protein (Sphingobacterium) KKX46588.1 100% 4E-85 93% TIGR04056 TonB-linked outer membrane protein, SusC/RagA family 

34 3 151 pullulanase (Klebsiella) EHS90708.1 100% 2E-100 95% TIGR02103 alpha-1,6-glucosidases, pullulanase-type 

35 3 156 PhoH-like ATP-binding protein (Salmonella) WP_001731743.1 100% 3E-106 100% COG1702 Phosphate starvation-inducible protein PhoH, predicted ATPase 

36 3 83 gliding motility protein RemB (Sphingobacterium) WP_038696674.1 97% 4E-37 81% ND ND 

37 3 151 aldose 1-epimerase (Sphingobacterium) KKX49924.1 100% 6E-97 95% cd09019 galactose mutarotase_like 

38 3 154 membrane protein (Sphingobacterium) WP_038697956.1 100% 1E-95 95% TIGR04056 TonB-linked outer membrane protein, SusC/RagA family 

#PS number of protein sequences, LSR length of representative sequence in amino acids, COV query coverage, ND not identified 
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In the xylose metasecretome, the proteins were mostly affiliated with those from 
the CAZy families GH1 (16 %), CBM50 (13 %), GH3 (13 %) and GH37 (10 %). In 
addition, we observed the presence of glycosyl transferases (GTs) of families GT66, 
GT2, GT30 and GT4. The one protein identified in the xylan-driven metasecretome 
was classified as a presumptive GH97 family protein. This protein was affiliated, 
based on PSI-BLAST, with an alpha-glucosidase from Flavobacterium sp. F52 
(WP_008466439—100 % coverage and 98 % identity). 
 

 
Figure 3. Carbohydrate-active annotation of proteins detected in each metasecretome 

 
Plant biomass-degrading proteins detected in the wheat straw 
metasecretome 
The proteins annotated as carbohydrate-active enzymes in the RWS metasecretome 
were manually analyzed and re-annotated based on the PSI-BLAST hits (Table 2). 
Using this analysis, we observed eight proteins (RWS1–8) containing 
CBM48/GH13/CBM41 modules. These were all affiliated with two pullulanases 
from Klebsiella-like organisms (identity from 95 to 100 %). In addition, the 
proteins detected within CAZy families GH43 (5), GH51 (4), GH16 (4), GH3 (4), 
GH10 (3), GH95 (3), GH12 (1) and GH67 (1) (Figure 3) were identified as 
GH43A/D19 precursor (probably a beta-xylosidases) (RWS21–25), alpha-l-
arabinofuranosidases (RWS26–29), glycerophosphodiester phosphodiesterases 
(RWS13–16), putative beta-glucosidases (RWS17–20), endo-1,4-beta-xylanases 
(RWS9–11), alpha-l-fucosidases (RWS31–33), peptidases (RWS12) and alpha-
glucuronidases (RWS30), respectively. All these last 25 proteins were affiliated 
with Sphingobacterium-like sequences, showing high identity and coverage (>70 
%). In addition, proteins affiliated with those of CAZy family AA5 were detected, of 
which two were tracked to the Gammaproteobacteria, specifically Pseudomonas 
and Acinetobacter species. The PSI-BLAST analyse had catalogued these as 
“membrane/flagellar proteins” (RWS34–38) (Table 2). 
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Table 2.  Plant biomass-degrading enzymes found in the RWS metasecretome 

 
Protein 
number 

CAZy Family 
Action on (activity)* 

Best PSI-BLAST hit vs. NCBI (organism source) Accession No. COV E-value Identity COV2 #P 

RWS1 CBM48|GH13|CBM41 

Alpha-glucan polysaccharides (alpha-
amylase/pullunase) 

pullulanase (Klebsiella) EHS90708.1 100% 3E-45 98% 43 5 

RWS2 CBM48|GH13|CBM41 pullulanase (Klebsiella) WP_017144955.1 100% 8E-48 100% 37 3 

RWS3 CBM48|GH13|CBM41 pullulanase (Klebsiella) EHS90708.1 100% 9E-34 97% 33 3 

RWS4 CBM48|GH13|CBM41 pullulanase (Klebsiella) EHS90708.1 100% 4E-41 96% 28 3 

RWS5 CBM48|GH13|CBM41 pullulanase (Klebsiella) EHS90708.1 100% 2E-64 99% 45 3 

RWS6 CBM48|GH13|CBM41 pullulanase (Klebsiella) EHS90707.1 100% 1E-91 98% 34 4 

RWS7 CBM48|GH13|CBM41 pullulanase (Klebsiella) WP_017144955.1 100% 2E-41 97% 48 5 

RWS8 CBM48|GH13|CBM41 pullulanase (Klebsiella) EHS90708.1 100% 2E-100 95% 30 3 

RWS9 GH10 

Hemicellulose (endoxylanase) 

XynB19 precursor (Sphingobacterium) ACX30647.1 100% 9E-47 95% 57 5 

RWS10 GH10 endo-1,4-beta-xylanase precursor (Sphingobacterium) ACX30652.1 100% 4E-67 95% 38 3 

RWS11 GH10 endo-1,4-beta-xylanase precursor (Sphingobacterium) ACX30652.1 98% 1E-101 92% 27 5 

RWS12 GH12 Cellulose (endoglucanase) peptidase M16 (Sphingobacterium) WP_045752104.1 100% 3E-96 97% 17 2 

RWS13 GH16 

(Hemi)cellulose (endoglucanase/ 
endogalactanase) 

glycerophosphodiester phosphodiesterase (Sphingobacterium) WP_031286917.1 100% 2E-70 99% 55 5 

RWS14 GH16 glycerophosphoryl diester phosphodiesterase (Sphingobacterium) KKX48537.1 100% 7E-50 100% 34 3 

RWS15 GH16 glycerophosphoryl diester phosphodiesterase (Sphingobacterium) KKX48537.1 100% 5E-77 100% 24 3 

RWS16 GH16 glycerophosphodiester phosphodiesterase (Sphingobacterium) WP_031286917.1 100% 2E-95 99% 41 5 

RWS17 GH3 

Cellulose (beta-glucosidase) 

beta-glucosidase (Sphingobacterium) CDS95530.1 100% 7E-106 95% 21 3 

RWS18 GH3 glycoside hydrolase family 3 (Sphingobacterium) KKX49060.1 81% 1E-52 92% 27 2 

RWS19 GH3 glycoside hydrolase family 3 (Sphingobacterium) KKX49060.1 100% 9E-94 92% 21 3 

RWS20 GH3 glycoside hydrolase family 3 (Sphingobacterium) KKX49060.1 75% 3E-34 96% 36 2 

RWS21 GH43 

Hemicellulose (beta-xylosidase/alpha-
arabinofuranosidase) 

aldose epimerase (Sphingobacterium) WP_045756400.1 100% 4E-81 81% 11 2 

RWS22 GH43 GH43D19 precursor (Sphingobacterium) ACX30655.1 100% 3E-83 98% 29 3 

RWS23 GH43 GH43D19 precursor (Sphingobacterium) ACX30655.1 100% 1E-51 100% 37 2 

RWS24 GH43 GH43D19 precursor (Sphingobacterium) ACX30655.1 97% 8E-40 94% 38 2 

RWS25 GH43 GH43A19 precursor (Sphingobacterium) ACX30649.1 100% 3E-88 98% 15 2 

RWS26 GH51 

Hemicellulose (alpha-
arabinofuranosidase) 

alpha-L-arabinofuranosidase (Sphingobacterium) WP_045756399.1 100% 1E-88 99% 27 2 

RWS27 GH51 alpha-L-arabinofuranosidase (Sphingobacterium) WP_045756399.1 92% 5E-45 99% 44 2 

RWS28 GH51 alpha-L-arabinofuranosidase (Sphingobacterium) WP_038697950.1 100% 3E-69 96% 33 2 

RWS29 GH51 alpha-L-arabinofuranosidase (Sphingobacterium) WP_045756399.1 100% 3E-52 100% 43 2 

RWS30 GH67 Hemicellulose (alpha-glucuronidase) alpha-glucuronidase (Sphingobacterium) WP_031288024.1 90% 5E-69 83% 15 2 

RWS31 GH95 

Hemicellulose (alpha-fucosidase) 

alpha-L-fucosidase (Sphingobacterium) WP_045753034.1 99% 8E-72 76% 37 4 

RWS32 GH95 alpha-L-fucosidase (Sphingobacterium) WP_045753034.1 100% 1E-44 82% 46 3 

RWS33 GH95 alpha-L-fucosidase (Sphingobacterium) WP_045753034.1 100% 5E-71 77% 37 4 

RWS34 AA5 

Lignin or polysaccharides 
(gyoxal/galactose oxidases) a 

cell envelope biogenesis protein OmpA (Flavobacterium) WP_042565523.1 100% 2E-44 99% 18 2 

RWS35 AA5 outer membrane protein omp38 (Acinetobacter) WP_004819145.1 66% 7E-53 98% 39 5 

RWS36 AA5 flagellar motor protein MotB (Sphingobacterium) WP_031288562.1 100% 4E-82 98% 24 4 

RWS37 AA5 flagellar motor protein MotB (Sphingobacterium) WP_038696344.1 98% 4E-53 97% 65 6 

RWS38 AA5 membrane protein (Pseudomonas) WP_016485176.1 100% 8E-81 100% 29 3 

COV query coverage, COV2 coverage based on the peptides sizes in each protein, #P number of peptides per protein 
aActivities predicted by CAZy database (Levasseur et al., 2013; Lombard et al., 2014) 
bCopper radical oxidases able to oxidize carbohydrates, aldehydes, alcohols with generation of H2O2 (Levasseur et al., 2013) 
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DISCUSSION 
 
Complete degradation of plant biomass depends on the synergistic action of 
different enzymes. Thus, analysis of the proteins that are secreted by lignocellulose-
grown microbial consortia can shed light on the complexity of the proteome 
involved in degradation. Here, we provide an analysis of the metasecretome of 
microbial consortia grown on raw wheat straw (RWS), xylan and xylose as the sole 
carbon sources (Figure 1). The source microbial consortium bred on wheat straw 
had already revealed beta-galactosidase, beta-xylosidase, beta-mannosidase, 
cellobiohydrolase and beta-glucosidase extracellular activities (Jiménez et al., 
2014b). We observed low consortial growth (~107 bacterial cells/ml), next to a low 
abundance of secreted/detected proteins (103) on xylan, as compared to RWS 
(~109 cells/ml and 768 proteins) (Additional file 1). Thus, somewhat unexpectedly, 
the xylan was less palatable than the wheat straw to the consortium used. Wheat 
straw likely contains diverse high-complexity as well as low-complexity carbon 
sources, which collectively provide “niches” that spur the growth of the different 
microbes that had been “primed” for its use given their preselection on this 
substrate. 

Detection of the proteins in the metasecretomes of each treatment was 
performed with the help of a metagenomic database obtained from the original 
microbial consortium (Jiménez et al., 2015a). This methodology was found to 
improve the detection of proteins compared with the use of public databases such 
as NCBI or UniProt (Heyer et al., 2015). However, a potential caveat in this process 
should be mentioned: the proteins detected were mostly fragmentary and so only 
yielded hits with gene fragments. Also, signal peptides were not detected with the 
proteins, as reported (Adav et al., 2012a). To quantify the relative abundance of the 
proteins, the high-throughput isobaric tag (iTRAQ) technique has been proposed 
(Adav et al., 2012b, Liu et al., 2013). Alternatively, label-free methods and the 
“exponentially modified protein abundance index” (emPAI) have been applied 
(Adav et al., 2012a). In our study, we applied a label-free method, refraining from 
using the emPAI. The rationale was that this index may suffer from biases, 
specifically in the spectrum counting, due to the fact that small proteins tend to 
have fewer peptides identified per protein compared with large proteins (Florens et 
al., 2006). To fill this gap, we performed a “semi-quantitative” analysis of the 
secreted proteins using an innovative clustering method, in which the detected 
proteins (in each treatment) were grouped at 70 % of amino acid identity. Then, we 
considered clusters having more than three sequences to constitute “abundant” 
types of proteins. Moreover, in our study, the functional annotation of the proteins 
was supported by the search for conservative domains in the most abundant 
protein clusters. This methodology can assist in the assignment of hypothetical 
proteins to a known function, used by us, for example, in the case of the TonB-
dependent receptors (Table 1). 

Although the RWS-bred microbial consortium contained bacteria as well as 
fungi, the abundance of bacteria (estimated as ~109 16S rRNA gene copies/ml) was 
higher than the fungi (~107 ITS1 copies/ml) (Jiménez et al., 2014a). The majority 
(around 70 %) of the predicted protein-encoding genes, in the RWS metagenome 
data, had homologs on published bacterial genomes, which supported the 
contention of primary selection of bacterially dominated substrate-degrading 

http://biotechnologyforbiofuels.biomedcentral.com/articles/10.1186/s13068-015-0387-8#Tab1
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microbial consortia. In contrast, metagenomic sequences affiliated with the 
Eukarya amounted to less than 0.001 % of the totals (Jiménez et al., 2015a). Based 
on these premises and due to the fact that the proteins in the metasecretomes of 
each treatment were identified with the help of a metagenomic database from the 
original microbial consortium (RWS), it is logical to assume that fungal proteins 
were present in low abundance and could not be easily detected. 

Based on the taxonomic assignment of abundant proteins (Figure 2), we 
inferred that different organisms in our consortia have different roles. Specifically, 
Sphingobacterium, Pedobacter and Flavobacterium types were hypothesized to act 
mainly on the complex substrates (wheat straw and xylan), whereas Klebsiella-like 
organisms were more tuned to utilizing sugars such as xylose. In contrast, in our 
original consortium, the latter organisms were surmised to degrade (hemi)cellulose 
through the expression of endoglucanases, xylanases and glucosidases (Jiménez et 
al., 2014a; Jiménez et al., 2014b; Jiménez et al., 2015a). Moreover, the detection of 
TonB-dependent receptors in the RWS metasecretome indicated that sensing of 
plant polysaccharides and transport of sugars might have been dominant in 
particular Bacteroidetes-like organisms (Blanvillain  et al., 2007; Dodd et al., 2011; 
Fernández-Gómez et al., 2013). Genes for such proteins have previously been found 
to be enriched in the metagenome from the source consortium when compared 
with that from the microbial source (forest soil) (Jiménez et al., 2015a). The most 
abundant protein cluster, in RWS, showed a domain that belongs to mannosyl-
glycoprotein endo-beta-N-acetylglucosaminidase from Sphingobacterium-like 
consortium members (Table 1). Such proteins, called autolysins, may be involved in 
the degradation of peptidoglycan. They are involved in daughter cell separation 
during vegetative cell growth, hydrolyzing the septum after cell division 
(Hashimoto et al., 2009, Lipski et al., 2015). Thus, these proteins might not have a 
primary role in lignocellulose degradation. 

Regarding the carbohydrate-active enzymes detected in the RWS 
metasecretome (Figure 3; Table 2), Sphingobacterium-like organisms might be 
assumed as being the sources of most of the secreted enzymes involved in cellulose 
(GH3, GH12) and hemicellulose deconstruction (e.g. GH10, GH43, GH51 and 
GH95). Recently, Jiménez et al. (2015a) reported an overrepresentation of genes 
for family GH3, GH43 and GH95 proteins in the metagenome of the source 
consortium when compared with that of the forest soil inoculum. Together, these 
data suggest a correlation between the enrichment of genes for these families, their 
expression and the concomitant protein secretion. We postulate that this type of 
selection strongly impacts the wheat straw deconstruction rate. The absence of 
cellobiohydrolases (CBHs) and endoglucanases (specifically of families GH5 and 
GH9) in the RWS metasecretome could be related to the consortium response to 
the composition of the substrate or to their low abundance. Other studies have 
shown similar results. For instance, D’haeseleer et al. (2013) reported the absence 
of CBHs in the metasecretome of a thermophilic bacterial consortium adapted to 
switchgrass (JP-1 % SG). They reported the presence of only one abundant and 
overrepresented protein involved in cellulose hydrolysis (a GH5). In contrast, the 
majority of secreted GHs were related with the deconstruction of hemicellulose or 
alpha-glucan polysaccharides (GH13 and GH31). Interestingly, comparison of this 
metasecretome (D’haeseleer et al., 2013) with that of the same consortium that had 
been perturbed by cultivation with microcrystalline cellulose (McCel) (Park et al., 
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2012) demonstrated that the GHs complement was different for the McCel-
degrading microbial consortium. In particular, one CBH and three endoglucanases 
were detected in McCel that were not detected in the JP-1 % SG. These data, plus 
our results, indicate that the lignocellulolytic microbial consortia, and their 
metasecretomes, respond differently as related to the composition of the substrates 
used. Additionally, we hypothesized that the microbes in RWS could get energy and 
act efficiently at the expense of mainly the hemicellulose fractions instead of the 
microcrystalline cellulose. 

Moreover, finding proteins affiliated with CAZy family AA5 (oxidative 
enzyme—glyoxal/galactose oxidase) may pinpoint potential roles for 
Sphingobacterium, Acinetobacter or Pseudomonas in this activity. Glyoxal 
oxidases are copper-radical oxidases with a broad specificity that are able to oxidize 
aldehydes to the corresponding carboxylic acids. Such proteins are considered to be 
one of the central H2O2-generating enzymes. Also, galactose oxidases (GAO) are 
copper-containing enzymes that catalyze a reaction comprising two separable half-
reactions, i.e. oxidation of a primary alcohol, and reduction of O2 to H2O2. GAO 
catalyze the oxidation of a wide range of carbohydrates (including galactose) but 
also primary alcohols to the corresponding aldehydes, with the reduction of O2 into 
H2O2 (Levasseur et al., 2013). Based on that, we hypothesize that such proteins are 
involved in the oxidation of polysaccharides or in lignin transformations in the 
RWS metasecretome, possibly improving the deconstruction of the plant biomass. 

The finding of eight proteins with CBM48/GH13/CBM41 (pullulanases—
EC 3.2.1.41) modules affiliated with those from Klebsiella-like organisms (Table 2) 
pinpointed Klebsiella as the source organism for this specific activity. Enzymes of 
family GH13 (called debranching enzymes) constitute the major glycoside 
hydrolase family acting on substrates containing alpha-glucoside linkages (alpha-
glucan polysaccharides). Pullulanases are a specific class of GH13 glucanases, with 
type I pullulanases specifically attacking alpha-1,6 linkages and type II pullulanases 
also alpha-1,4 linkages. Alpha-glucan polysaccharides (e.g. starch, 
rhamnogalacturonan and (1–6)-alpha-glucomannan) are present in plant cell walls 
and hence the aforementioned protein may be denoted as plant polysaccharide-
degrading enzymes. Pullulanases break down pullulan, an exopolysaccharide 
produced from starch and other biopolymers (Singh et al., 2008). These enzymes 
are useful in hydrolyzing side chain residues of hemicellulose and other alpha 
cross-links that could be present in the wheat straw used for breeding (Domań-
Pytka and Bardowski 2004). Recently, Adav et al. (2012b) reported the 
upregulation of GH13 proteins (alpha-glucosidases or pullulanases) in the 
secretome of Thermobifida fusca when grown on corn stover, hay and wood chips, 
suggesting that such proteins might enhance the hydrolysis of plant biomass. 

Interestingly, D’haeseleer et al. (2013) reported the presence of proteins 
affiliated with CAZy families GH1, GH2, GH3, GH10 and GH51 in the 
metasecretome of a thermophilic bacterial consortium growing on switchgrass (JP-
1 % SG). In addition, endoglucanases (GH5 and GH9), cellobiohydrolases (GH48), 
xylanases (GH10) and arabinofuranosidases were found in the metasecretome of 
microcrystalline cellulose-degrading consortia (McCel) (Park et al., 2012). These 
last studies reflect the importance of proteins from these families to deconstruct 
plant biomass. Especially hemicellulolytic enzymes such as endo-1,4-beta-xylanases 
(GH10), beta-xylosidases (GH43), alpha-l-arabinofuranosidases (GH43 or GH51) 
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and alpha-l-fucosidases (GH95) could be indispensable in the formulation of 
efficient enzyme cocktails. These could be added to cellulose- and alpha-glucan 
polysaccharides-degrading enzymes, i.e. endoglucanases (GH5), 
cellobiohydrolases, beta-glucosidases (GH1or GH3) and pullulanases (GH13). The 
commercial development of hemicellulases for the enzymatic hydrolysis of plant 
biomass is not as advanced as that of cellulases because current commercial 
preparations have been primarily used on pretreated biomass from which the 
hemicellulose part was partially removed before saccharification (Meyer et al., 
2009). Moreover, current fungus-derived cellulases tend to have only weak 
hemicellulolytic activity and are not adequate for the complete conversion of 
hemicellulose from plant biomass. Development of low-cost commercial 
hemicellulases that work synergistically with cellulases is one of the goals of many 
current research activities (Mohanram et al., 2013). Based on this premise, the 
hemicellulases secreted by the here-described RWS consortium could constitute an 
excellent source for the preparation of enzyme cocktails that can be applied directly 
or as a supplement in plant biomass pretreatment. Complete genes (with start and 
final codons) for these secreted hemicellulases can be identified in the assembled 
metagenome files (Jiménez et al., 2015a) and then might be synthesized, codon-
optimized, cloned and expressed, in order to produce the individual enzymes and 
combine them in cocktails. Recently, four genes from the GH43 family 
(Sphingobacterium origin) were already expressed successfully in E. coli from our 
metagenome data (unpublished observations). 

Regarding the xylose consortium metasecretome, the profile of 
carbohydrate-active enzymes was quite different from that of the RWS one. Clearly, 
the presence of the xylan monomer xylose repressed the production and release of 
hemicellulases (e.g. GH43, GH51 and GH95) and pullulanases (GH13). However, 
oligosaccharide-degrading enzymes (GH1 and GH3) and GTs were detected. 
Unfortunately, we could not find enzymes directly involved in polysaccharide 
degradation in the xylan-driven metasecretome, possibly because these were not 
abundant. However, we did find an alpha-glucosidase (GH97) apparently from a 
Flavobacterium-like organism as well as enzymes related with the conversion 
(isomerization) of sugars that are release after degradation of xylan (e.g. xylose 
isomerases). Such sugar isomerases were present in the metasecretomes of both 
the xylan- and xylose-driven consortia. In previous work, extracellular xylose 
isomerases have been found in the supernatant of a thermophilic bacterial 
consortium adapted to switchgrass (D’haeseleer et al., 2013). These enzymes may 
have an extracellular role, transforming monosaccharides produced from 
hemicellulose, potentially as a means of relieving product inhibition on the primary 
hemicellulases or as a way to circumvent competition for these monosaccharides 
from other members of the microbial community. 

Analyses of the metasecretomes of lignocellulolytic microbial consortia 
grown on 1 % of either xylose, xylan or wheat straw revealed several key proteins to 
become abundant in relation to the substrate used. First, the microbial consortium 
performed poorly on xylan as compared to xylose and wheat straw. In terms of 
protein “richness”, the metasecretome of the RWS-driven consortium stood out as 
the “richest”. In the RWS (as well as xylan) consortium, proteins released by 
Bacteroidetes (e.g. Sphingobacterium, Flavobacterium and Pedobacter) were 
dominant. In contrast, proteins secreted by Enterobacteriales abounded in the 
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xylose-driven metasecretome. In this respect, we also found Klebsiella-like 
organisms to secrete pullulanases in the RWS-driven consortium. 

The highly diverse RWS metasecretome revealed an abundance of CAZy-
defined GH3, GH10, GH13, GH43, GH51, GH67 and GH95 family enzymes, which 
are all predicted to be involved in plant biomass breakdown. The fact that these 
proteins were mainly affiliated with Sphingobacterium-like enzymes suggested 
sphingobacteria are highly relevant players in the degradation of lignocellulose. 
Thus, an intricate relationship between the active consortial members was shown, 
providing evidence of synergistic activities of the different proteins in the 
deconstruction of plant biomass. We advocate the use of the RWS consortium 
released proteins as potential enhancers of efficiencies in plant biomass treatments. 
Future experiments that combine metasecretomes, other hemicellulases (e.g. 
synthesized from the metagenome) with available commercial cellulases can help to 
improve the plant biomass degradation rates for biorefining. Finally, an analysis of 
the secreted proteins during consortium development (time course) posits as very 
valuable, allowing to observe the differential expression and secretion of the 
enzymes involved in plant biomass deconstruction. 
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ABSTRACT 
 
The selection of microbes by enrichment on plant biomass has been proposed as an 
efficient way to develop new strategies for lignocellulose saccharification. Here, we 
report an in-depth analysis of soil-derived microbial consortia that were trained to 
degrade recalcitrant wheat straw (WS1-M), switchgrass (SG-M) and corn stover 
(CS-M) under aerobic and mesophilic conditions. Molecular fingerprintings and 
metagenomic analyses showed that the three microbial consortia were distinct 
taxonomically. Members of the Bacteroidetes (e.g. Chryseobacterium, Weeksella, 
Flavobacterium and Sphingobacterium) were preferentially selected on WS1-M, 
whereas SG-M and CS-M favoured members of the Proteobacteria (e.g. 
Caulobacter, Brevundimonas, Stenotrophomonas and Xanthomonas). The highest 
degradation rates of lignin (~59%) were observed with SG-M, whereas CS-M 
showed a high consumption of cellulose and hemicellulose. Analyses of the 
carbohydrate-active enzymes in the three microbial consortia showed the 
dominance of glycosyl hydrolases (e.g. GH3, GH43, GH13, GH10, GH29, GH28, 
GH16, GH4 and GH92). In addition, auxiliary activities families AA6, AA10 and 
AA2 were detected. Analysis of secreted protein fractions (metasecretome) for each 
selected microbial consortium showed the main presence of enzymes able to 
degrade arabinan, arabinoxylan, xylan, β-glucan, galactomannan and 
rhamnogalacturonan. Notably, these metasecretomes contain enzymes that enable 
us to produce oligosaccharides directly from wheat straw, sugarcane bagasse and 
willow. Thus, these microbial consortia constitute valuable resources for the 
production of enzyme cocktails for efficient saccharification of plant biomass. 
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INTRODUCTION 
 
Plant biomass is an important source of energy that is stored in the form of 
complex polysaccharides, primarily hemicelluloses and cellulose. The 
transformation of these polymers into the sugars enables downstream applications 
such as the production of biofuels. The saccharification process is currently carried 
out by (thermochemical) pretreatment followed by the use of a mixture of microbial 
enzymes (e.g. lytic polysaccharide monooxygenases, xylanases, 
arabinofuranosidases, cellobiohydrolases, endoglucanases and β-glucosidases) that 
can work synergistically (Meyer et al. 2009; Hasunuma et al. 2013). Plant waste 
sources that are used for the production of second-generation of biofuels include 
agricultural by-products (e.g. sugarcane bagasse), wood residues and non-food 
energy crops, such as switchgrass. Such are attractive as they do not seem to 
compete with food production (Sims et al. 2010; Limayem and Ricke 2012). 

The leading industrial source of cellulase cocktails is Trichoderma reesei. 
Several strains exist and their secretomes have been widely used to develop 
commercial cocktails for plant biomass hydrolysis (e.g. Celluclast 1.5L and Cellic 
CTec2 from Novozymes). However, T. reesei secretomes are dominated by 
cellobiohydrolases (CBHs) and endoglucanases, with only low quantities of 
xylanases, lytic polysaccharide monooxygenases (LPMOs) and β-glucosidases being 
produced. Hence, addition of such enzymes is thought to improve the hydrolytic 
efficiency (Mohanram et al. 2013). For instance, Gao et al. (2011) showed that the 
addition of defined hemicellulases (e.g. β-xylosidases, α-arabinofuranosidases and 
α-glucuronidases) from Clostridium thermocellum, Geobacillus 
thermodenitrificans, G. stearothermophilus and Dictyoglomus turgidum, to a core 
cellulase cocktail from T. reesei and Aspergillus niger, enhances the 
saccharification of pretreated corn stover.  

Given the complexity of the required enzymes, efficient plant biomass 
hydrolysis by microbial consortia, instead of single strains, has been proposed 
(Cheng and Zhu 2012). One disadvantage of this strategy is that the 
monosaccharides released from plant biomass are often rapidly assimilated by co-
occurring microorganisms. To overcome this hurdle, extracellular enzymes may be 
harvested from the microbial consortia and applied directly onto the plant biomass 
(Gladden et al. 2011a; Park et al. 2012). Enrichments of lignocellulolytic microbes 
from soils have been performed with switchgrass, wheat straw and corn stover as 
the sole source of carbon (DeAngelis et al. 2013a; Jiménez et al. 2014a, Brossi et al. 
2015). Such plant biomass is known to not only contain recalcitrant polysacharides, 
but also (easily degradable) small soluble substrates (e.g. oligosaccharides). These 
increase the proliferation of opportunistic microorganisms that cannot deconstruct 
the lignocellulosic structures. To remove such soluble substrates, washes of the 
plant biomass with water and ethanol have been proposed (Gladden et al. 2011a). 
However, biological pretreatments offer alternatives, that have so far been poorly 
explored. 

Metagenomics- and metatranscriptomics-based approaches have been 
increasingly used to study lignocellulolytic microbial consortia (Wongwilaiwalin et 
al. 2013; Simmons et al. 2014). Comparison of metagenomic sequences with data 
stored in the “Carbohydrate-Active Enzyme database” (CAZy) (Lombard et al. 
2014) allows for evaluation of the metabolic potential in the deconstruction of plant 
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polysaccharides. Recently, Jiménez et al. (2015a) unveiled such potential in two 
microbial consortia selected on wheat straw. Significant enrichments of genes 
encoding GH2, GH43, GH92 and GH95 family proteins were found. In taxonomic 
terms, the genes were mostly affiliated with those present on the genomes of 
Sphingobacterium, Bacteroides, Flavobacterium and Pedobacter species. 

Here, we used an enrichment process in two stages, i.e. (1) enriching 
biodegrader soil-derived microbial consortia on wheat straw, switchgrass and corn 
stover (Brossi et al. 2015), and then (2) re-using the partially degraded substrate as 
the carbon source for a second growth step with the same microbial consortia. We 
hypothesized that the recalcitrant plant biomass specifically selected for microbes 
with high capacities to degrade the more complex plant polysaccharides as well as 
lignin. We thus presumed the biological pretreatment removed the easily 
degradable substrates from the three plant biomass materials and studied how the 
microbial consortia changed along the two steps in the enrichment process. The 
aim of this study was to characterize these selected “second-phase” microbial 
consortia by lignocellulose consumption profiles, metagenomics (taxonomic and 
CAZy profiling) and extracellular enzymatic activities using a new generation of 
versatile chromogenic substrates (Kračun et al. 2015).  
 
METHODS 
 
Microbial consortia cultivated on recalcitrant (once-used) plant 
biomass  
Three enrichment cultures were established with soil as a microbial source and 
three plant biomass samples (wheat straw, switchgrass and corn stover) as unique 
carbon and energy sources (Figure 1a). The plant waste materials were air-dried 
before cutting into pieces of about 1 mm length and added to the enrichment 
medium described below. Ten randomly taken soil samples of 10 g each were 
collected from a forest (0 to 10 cm depth) in Groningen, The Netherlands (53.41 N; 
6.90 E) in September 2013. Selection of the stable soil-derived microbial consortia 
has been reported before (Brossi et al. 2015). Briefly, cell suspensions were 
prepared by adding 10 g of mixed soil to 250 ml flasks containing 10 g of sterile 
gravel in 90 ml of 0.9% saline solution (NaCl). The flasks were shaken for 20 min at 
250 rpm. Aliquots (150 μl) of soil suspension were added to triplicate flasks 
containing 15 ml of mineral salt medium (MSM, pH 7.2), with 1% of plant biomass, 
trace mineral and vitamin (TMV) solutions (Jiménez et al. 2014a). Flasks were 
incubated at 28°C in oxic conditions (with shaking at 150 rpm). Once systems 
reached high bacterial cell density (7-8 log cells/ml, between 5 and 6 days), aliquots 
(15 μl) of microbial suspension were transferred to fresh medium (diluted 1,000 
times). These procedures were repeated 9 times.  

Once soil-derived microbial consortia were bred (transfer 9: WS, SG and 
CS), production of recalcitrant lignocellulose was performed as described below. 
Cells from each consortium (25 μl of microbial suspension) were introduced into 25 
ml of fresh plant biomass (1%) containing medium (10 flasks per consortium), and 
subsequently the flasks were incubated at 28°C, 150 rpm (pH 7.2). After microbial 
growth was achieved (6 days), the enriched cultures were filtered through 
Whatman paper (grade 1) and the plant biomass remains were washed three times 
with sterile water and dried at 65°C for 3 days. The dry plant biomass was then 
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used as a carbon source in the following enrichment stages. Finally, cells from the 
previous soil-derived microbial consortia (transfer 9) were reintroduced into 
triplicate flasks of 25 ml of MSM+TMV containing 1% of the recalcitrant and once-
used plant biomass. Selection of stable microbial communities, on the once-used 
substrates, was performed by three sequential transfers (denoted as transfers 11, 12 
and 13) using the dilution-to-stimulation approach as indicated above (Fig. 1a). A 
negative control without microbial source was also set up. Samples were taken from 
each microbial consortium at transfer 13 and stored with 20% of glycerol at −80°C. 
 
Substrate weight loss and composition of each plant biomass  
At the end of transfers 11, 12 and 13 in the newly-selected microbial consortia 
(wheat straw: WS1-M; switchgrass: SG-M; and corn stover: CS-M), the weight of 
the residual plant biomass was measured and compared to a control treatment 
without the inoculum. The percentage of weight loss was defined as the ratio of the 
weight loss compared to the initial weight (%) as calculated by the following 
formula: Substrate weight loss (%) = [(a - b)/c] x 100; where: a = residual control 
substrate weight; b = residual substrate weight; c = total substrate weight. To 
determine the composition of each substrate (plant biomass) before and after 
growth of each microbial consortium, we used Fourier Transformed Infrared 
(FTIR) spectroscopy (Adapa et al. 2001). Quantification of the proportions of 
cellulose, hemicellulose (i.e. xylan from birchwood as the proxy) and lignin was 
performed according to Brossi et al. (2015). Degradation rates were expressed as 
the ratio of the proportions of each component in the substrate after incubation 
compared to the proportions of each component before incubation, as follows: 
Degradation rate (%) = [(a – b) / a] x 100; where a = proportion of component in 
the substrate before incubation; b = proportion of component in the substrate after 
incubation. Statistical comparisons between degradation rates were performed 
using one-way ANOVA (Tukey’s test). 
 
Total microbial DNA extraction and PCR-DGGE  
DNA was extracted from each microbial consortium (in triplicate) using the 
UltraClean Microbial DNA Isolation Kit (MoBio Laboratories Inc., Carlsbad, CA, 
USA) according to the manufacturer’s instructions. Bacterial community 
structures, in the soil-derived microbial consortia (original- transfer 9) and in the 
final microbial consortia cultivated on the once-used plant biomass (selected- 
transfer 13: WS1-M, SG-M and CS-M), were evaluated by PCR-denaturing gradient 
gel electrophoresis (PCR-DGGE). Primer sequences, PCR and DGGE conditions 
were previously reported (Jiménez et al. 2014a; Brossi et al. 2015). Fingerprinting 
results were analyzed using GelCompar software (Applied Maths, Sint-Martens-
Latem, Belgium). Thus, presence/absence band patterns were converted in Jaccard 
dissimilarity matrices for non-metric multi-dimensional scaling (nMDS) using 
Primer6 (PrimerE, Ivybridge, United Kingdom).  
 
Metagenome sequencing and processing of unassembled sequences 
The DNA samples from the microbial consortia (in triplicate) cultivated on the 
once-used plant biomass (WS1-M, SG-M and CS-M; n=9) were subjected to 
Illumina MiSeq v2 sequencing (250 bp paired-end reads) at LGC Genomics (Berlin, 
Germany). Overlapping sequence pairs were matched, and non-overlapping reads 
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retained as individual reads, after which dereplication was performed. Duplicate 
read based inferred sequencing error estimation and quality trimming (phred score 
< 20) was done using default settings in MG-RAST v3.1.2 server (Meyer et al. 
2008). Gene predictions were done using the FragGeneScan software and 
subsequently the predicted proteins were annotated based on BLASTX searches 
against the RefSeq database using an e-value cutoff of 1e-15, a minimum alignment 
length of 50 amino acids and a minimum identity of 50% (Jiménez et al. 2015a). All 
metagenome sequences are publically accessible on the MG-RAST server 
(Metagenome IDs 4579476.3 to 4579481.3 and 4579485.3 to 4579487.3). 
 
Taxonomic affiliation of unassembled sequences and profiles of 
bacterial genes involved in polysaccharide deconstruction 
For the interpretation of the overall microbial structure, the RefSeq database was 
accessed 
to identify protein-encoding sequences. The taxonomic read assignment was 
performed by the Lowest Common Ancestor (LCA) algorithm and the 
representative hit classification in MG-RAST. To evaluate the relative abundance 
(RA) of reads per bacterial genus, the read counts were normalized using the total 
numbers of quality reads matched in the RefSeq database per metagenome. Genera 
with ≥ 2% of RA, in the datasets, were used to perform principal components 
analysis (PCA) in the R platform v2.15 (R Core Team, 2012). Carbohydrate-active 
enzymes were detected using, as a starting point, the unassembled reads (quality-
filtered and trimmed) obtained by MG-RAST. Annotation was performed via 
Hidden Markov Models based on CAZy family domains (v3) (downloaded from 
dbCAN site) (http://csbl.bmb.uga.edu/dbCAN/) (Yin et al. 2012) using an e-value 
cutoff of 1e-15. Bacterial glycosyl hydrolase (GH) families involved in 
polysaccharide deconstruction were selected according Berlemont and Martiny 
(2015). To evaluate the RA of reads per selected GH family, the counts were 
normalized to hits, or unique matches, per million reads, thereby accounting for 
differences in metagenome sizes (Cardenas et al. 2015). Heat maps were 
constructed in the R platform v2.15 using the row Z-score for each GH family. In 
addition, correlation (r2) values of the taxonomic (genus level) and CAZy family 
profiles across all metagenomes were obtained using the STAMP package (Parks 
and Beiko 2010). 
 
Analysis of polysaccharide-degrading enzymes in the consortial 
metasecretomes  
Extractions of the extracellular protein fractions (metasecretome) from each 
microbial consortium (WS1-M, SG-M and CS-M) were performed after 6 days of 
growth (transfer 13). The enrichment cultures were centrifuged (12,000 g, 10 min) 
(Eppendorf minicentrifuge) and the supernatants passed through 0.22 µm syringe 
filters (Whatman FP30/0.22 - cellulose acetate membrane). Quantification of the 
proteins was performed by the Bradford assay. In order to evaluate plant biomass-
degrading endo-activities in the secreted fraction of each microbial consortium, we 
used a new generation of versatile chromogenic substrates (Kračun et al. 2015) 
(supplied by GlycoSpot IVS, Farum, Denmark). Briefly, nine chromogenic 
polysaccharide hydrogels (CPH) and three insoluble chromogenic biomass (ICB) 
substrates were evaluated (Table 1). The CPH substrates were used in a 96 well 
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filter plate, where the solid CPH were activated by adding 200 µl of sterile water 
and incubating for 15 min. Then, the water was removed by centrifugation (2,700 g, 
10 min), and washed again with water to remove free dye. For the ICB substrates, 3 
mg (50 µl of 3 g/50 ml in isopropanol) was transferred into each well and washed 
with water to remove the isopropanol and free dye. The reaction mixture consisted 
of 150 µl of 100 mM Na-phosphate buffer (pH 7.0) and 5 µl of each supernatant 
(adjusted to approximately 0.3 mg of total proteins/ml). Three biologically 
independent replicates (flasks) of each microbial consortium were used. The plastic 
lid was put on top of the reaction plate and incubated for 24 h at 30°C and 150 rpm. 
Then, the supernatant was transferred by centrifugation into the collection plate. 
The absorbance at 517 nm (red) and 630 nm (green) were detected using a plate 
reader. Positive controls for each substrate were also set up using commercial 
enzymes (supplied by Megazyme, Wicklow, Ireland) (final concentration of the 
positive control on each well: 0.1 U/ml) (Table 1). In addition, we used sterilized 
water as a negative control. Semi-quantitative data were obtained based on the 
absorbance values. Statistical comparisons between the absorbance values were 
performed using one-way ANOVA (Tukey’s test). 
 
Table 1. Chromogenic substrates and positive controls used for detection of plant polysaccharides 
degrading activities in the consortial metasecretomes. 
 

Polysaccharide (Kračun et al. 2015) Colour Enzyme -positive control (ID b) 

CPH-2-hydroxyethylcellulose a Green Endo-β-1,4-D-glucanase d (E-CELBA) 
CPH-arabinan Green Endo-arabinase (E-EARAB) 

CPH-arabinoxylan Green Endo-β-1,4-xylanase e (E-XYNBCM) 
CPH-galactomannan Green Endo-β-1,4-mannanase e (E-BMACJ) 

CPH-pullulan Green Pullulanase M1 (E-PULKP) 
CPH-rhamnogalacturonan Green Pectate lyase f (E-PECLY) 

CPH-xylan Green Endo-β-1,4-xylanase e (E-XYNBCM) 

CPH-xyloglucan Green Xyloglucanase c (E-XEGP) 
CPH-β-glucan from barley Green Endo-β-1,3-glucanase (E-LAMSE) 

ICB-baggase Red Endo-β-1,4-xylanase e (E-XYNBCM) 
ICB-wheat straw Red Endo-β-1,4-xylanase e (E-XYNBCM) 

ICB-willow Red Endo-β-1,4-xylanase e (E-XYNBCM) 
a CPH-HE cellulose, b Supplier: Megazyme, c From Paenibacillus sp., d From Bacillus sp., e From 
Cellvibrio sp., f From Aspergillus sp. 
 

RESULTS 
 
Community structures compared between the original and newly-
selected microbial consortia 
Here, we used an innovative enrichment strategy, with two stages, based on 
partially degraded plant biomass as the carbon source. First, the original (soil-
derived) microbial consortia were grown on untreated wheat straw, switchgrass 
and corn stover. Subsequently, the resulting consortia (WS1, SG and CS -transfer 9) 
were used as the source inocula for a second growth step. For this, we used washed 
and autoclaved plant biomass originating from the last transfer of the first 
enrichment. The “second-phase” consortia (newly-selected: WS1-M, SG-M and CS-
M -transfer 13) were thus obtained using three sequential transfers into fresh 
medium with sterile, once-used, plant biomass as the sole carbon source (Figure 
1a). PCR-DGGE based on the of bacterial 16S rRNA gene diversity showed that the 
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three “second-phase” enrichments were each distinct, revealing less than 50% of 
band similarity with any of other two systems. Based on nMDS, we observed 
approximately 64% dissimilarity between WS1 and WS1-M, 57% dissimilarity 
between SG and SG-M and 77% dissimilarity between CS and CS-M. In terms of 
“richness” (using the number of DGGE bands as the proxy), we did not observe 
large changes in the selected microbial consortia (transfer 13) compared with the 
original ones (transfer 9), as the richness values ranged from 8 to 10 abundant 
types across all consortia (Supplementary Fig. S1).  
 
Lignocellulose degradation rates 
Substrate weight loss was evident in the three sequential transfers (11, 12 and 13) of 
the selected microbial consortia. Consortium CS-M showed a substrate 
consumption between 47 to 49%, while WS1-M and SG-M revealed approximately 
42-45% plant biomass consumption (Supplementary Fig. S2). FTIR spectroscopy 
was used to evaluate the proportions of lignin, cellulose and hemicellulose in the 
untreated and once-used substrates. In addition, we analyzed the remains of the 
plant biomass (twice-used) after growth of the newly-selected microbial consortia 
(Figure 1b). Thus, degradation rates of lignin, cellulose and hemicellulose were 
obtained (Table 2).  

Lignocellulose was consumed by both the original and the newly-selected 
consortia. Regarding those cultivated on wheat straw, the degradation rates of 
cellulose (51.9 ± 0.3%) and hemicellulose (48.5 ± 0.9%) were higher in the original 
consortium (WS1) compared to the selected one (WS1-M). In addition, the SG 
consortium also showed higher degradation rates of cellulose and hemicellulose 
(48.0 ± 1.6% and 54.6 ± 3.6%, respectively) than SG-M. In the CS consortium, the 
degradation rate of cellulose was 37.4 ± 0.1%, whereas the CS-M one showed a rate 
of 57.7 ± 1.7%, suggesting an increased availability of cellulose on the once-used 
corn stover as compared to the untreated substrate. However, hemicellulose 
degradation rates were higher in CS (62.8 ± 3.8%) compared with CS-M (42.0 ± 
2.4%) (Table 2). 

In the WS1-M consortium, the degradation rates of lignin, cellulose and 
hemicellulose were similar, approximately ranging from 25 to 30%. Of the three 
consortia, the SG-M one was the most effective in the degradation of lignin (58.6 ± 
1.0%) (p<0.01). Notably, the degradation rates of cellulose and hemicellulose in 
CS-M were higher than those obtained with WS1-M and SG-M (p<0.01) (Table 2). 
 
Taxonomic profile and structure of the microbial consortia cultivated 
on once-used plant biomass 
Approximately 4.9 Gb of metagenomic information was thus obtained from the 
three selected microbial consortia (1.5, 1.6 and 1.8 Gb for WS1-M, SG-M and CS-M, 
respectively). Based on the LCA algorithm, 48.6 ± 1.69 (SG-M) to 50.3 ± 0.94% 
(WS1-M and CS-M) of the total sequences were affiliated with sequences from the 
domains Eukarya, Bacteria or Archaea. Of these, >99% was affiliated with genes 
from bacterial genomes. To evaluate the taxonomic structure (at genus level) of the 
three microbial consortia, we used all identifiable protein-encoding sequences. The 
most abundant genus in WS1-M was Pseudomonas (26.41 ± 1.13%), whereas 
Flavobacterium (5.27 ± 0.23%), Brevundimonas, Achromobacter and Weeksella 
(around 4%) were also abundant. Regarding the CS-M and SG-M consortia, 
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Pseudomonas (19.93 ± 3.01% and 11.88 ± 0.76%), Brevundimonas (16.33 ± 2.13% 
and 19.86 ± 0.87%) and Caulobacter (9.94 ± 1.04% and 11.90 ± 0.55%) stood out 
as abundant genera (Figure 2a). PCA showed three major groups in the ordination. 
The first group encompassed all WS1-M samples, the second the CS-M samples and 
the third the SG-M ones (Figure 2b). The two last groups were placed closely 
together in the biplot, suggesting rather similar structures between them. 
Bacteroidetes (Chryseobacterium, Weeksella, Flavobacterium, Sphingobacterium 
and Pedobacter), Klebsiella, Acinetobacter, Pseudomonas, Bordetella, 
Achromobacter, Delftia and Acidovorax were preferentially selected in WS1-M. In 
contrast, in SG-M and CS-M, Proteobacteria, i.e. Citrobacter, Aeromonas, 
Comamonas, Austiccacaulis, Caulobacter, Brevundimonas and Cellvibrio were 
dominant (in SG-M); this, next to Stenotrophomonas, Xanthomonas and 
Pseudoxanthomonas (in CS-M). A Firmicutes genus (Paenibacillus) was 
preferentially selected on CS-M (Figure 2b). 
 
 

 
 
Figure 1. (a) Schematic representation of the enrichment strategy; (b) Proportions of lignin, cellulose 
and hemicellulose of the original, once-used and remains plant biomass. Numbers in the figure 1a: 1) 
Inoculation of microbial cells from forest soil samples; 2) Inoculation of soil-derived microbial consortia 
in ten flasks per treatment in order to produce the recalcitrant and once-used plant biomass; 3) 
Harvesting of plant biomass for the subsequently enrichment process; 4) Inoculation of microbial cells 
from the original microbial consortia in the flasks that contained once-used plant biomass; 5) 
Harvesting of plant biomass remains, microbial cells for metagenome analysis, and metasecretomes to 
evaluate enzymatic activities. Number in the figure 1b: 1) original; 2) once-used; and 3) remains plant 
biomass (twice-used). 
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Table 2. Degradation rates of lignin, hemicellulose and cellulose across the microbial consortia. 
  Degradation rates (%)  

Consortia Lignin Cellulose Hemicellulose Substrate Reference 
WS1 18.8 ± 1.5 51.9 ± 0.3 48.5 ± 0.9 Original 

Brossi et al. 2015 SG 39.3 ± 3.3 48.0 ± 1.6 54.6 ± 3.6 Original 
CS 31.0 ± 1.9 37.4 ± 0.1 62.8 ± 3.8 Original 

WS1-M 25.3 ± 1.8 31.7 ± 1.2 28.7 ± 2.9 Once-used 
This study SG-M 58.6 ± 1.0* 20.5 ± 2.3 21.8 ± 0.8 Once-used 

CS-M 24.7 ± 1.2 57.7 ± 1.7* 42.0 ± 2.4* Once-used 
* ANOVA Tukey's pairwise test p <0.01 

 

 

Figure 2. (a and b) Relative abundances (%) and principal components analysis of the most abundant 

genera (>2%) across the WS1-M, SG-M and CS-M microbial consortia; (c) Correlation (r2) between the 

taxonomic profile and carbohydrate-active enzyme profile across the WS1-M, SG-M and CS-M microbial 

consortia. 

Functional redundancy and metabolic potential to deconstruct plant 
polysaccharides 
Correlation analysis, using taxonomic (RefSeq database) and functional annotation 
(CAZy database) of the protein-encoding sequences, showed that the WS1-M 
consortium was taxonomically dissimilar (r2 < 0.8) from the SG-M and CS-M ones 
(r2 = 0.879; similarity between them). However, the three selected microbial 
consortia showed a highly similar functional profile in terms of the plethora of 
carbohydrate-active enzyme families that were present (r2 > 0.93) (Figure 2c). 
However, the high percentage (~50%) of sequences with no or negligible homology 
to any database sequence could mask the differences between the functional 
profiles across the microbial consortia. 
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Across the metagenomes, genes encoding proteins of CAZy families GH3, GH43, 
GH13, GH10, GH29, GH28, GH16, GH4 and GH92 were most prevalent (approx. > 
10 hits per million of reads). In contrast, genes for enzymes involved in cellulose 
degradation (e.g. endoglucanases -GH5) were found in low abundance (approx. < 1 
hit per million reads). The GH3 family, which contains proteins that can act on 
(hemi)cellulose structures, was found to be highly abundant (Figure 3). Based on 
the recently discovered relevance of redox enzymes for the degradation of plant 
biomass (specifically cellulose and lignin), we analyzed the profile of auxiliary 
activities (AA) using the CAZy database. The results showed that the most 
abundant AA families in the WS1-M, SG-M and CS-M consortia were AA6 (1,4-
benzoquinone reductases) and AA10 (LPMOs), followed by the low-abundance 
families AA2 (lignin peroxidases), AA7 (gluco oligosaccharide oxidases) and AA4 
(vanillyl-alcohol oxidases) (Supplementary Fig. S3).  
 
 

 

Figure 3. Relative abundance (hits per million of reads) of the GH families involved in plant-
polysaccharide deconstruction across the WS1-M, SG-M and CS-M microbial consortia. Data are 
represented by triplicate flasks. Asterisk represent mode of action of each family according Berlemont 
and Martiny (2015). Heat maps were constructed using the row Z-score and comparing the three 
microbial consortia. 

 
Degradation of plant polysaccharides by secreted enzymes and 
oligosaccharide production   
The potential to deconstruct plant polysaccharides was evaluated in the three 
selected microbial consortia using recently developed chromogenic substrates that 
mimic complex polysaccharides and plant biomass. The activity of the secreted 
endo-enzymes after growth on each plant biomass (transfer 13) was evaluated 
using nine CPH and three ICB substrates. CPH substrates are made from defined 
polysaccharides, whereas ICB substrates are coloured versions of native biomass 
containing complex mixtures of polysaccharide. Enzymatic activity of the 
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metasecretomes was detected on all tested substrates, except CPH-cellulose, CPH-
pullulan and CPH-xyloglucan (Supplementary Fig. S4). The highest activities were 
observed on CPH-xylan and CPH-arabinoxylan. Interestingly, high enzymatic 
activity was also found on ICB-wheat straw, ICB-bagasse and ICB-willow (Figure 
4). The CS-M consortial metasecretome showed highest activity on CPH-arabinan, 
CPH-galactomannan and CPH-rhamnogalacturonan, in contrast to significantly 
lower activities of WS1-M and SG-M (p<0.01). The SG-M consortium showed high 
activity on CPH-β-glucan, but low activity on CPH-xylan compared with CS-M and 
WS1-M (p<0.01). The enzymatic activities on the ICB substrates were similar in the 
three consortia, suggesting that they could have the same potential to degrade plant 
biomass (Figure 4). 
 

 
 
Figure 4. Absorbance values obtained from the product plates used to evaluate the secreted enzymatic 
activity of WS1-M, SG-M and CS-M on nine chromogenic polysaccharides hydrogels (CPH) and three 
insoluble chromogenic biomass (ICB) substrates. Different lowercase letters refer to differences among 
absorbance values across the microbial consortia in each chromogenic substrate (ANOVA, p <0.01). 

 
DISCUSSION 
 
Recent work has successfully enriched microbial consortia using plant waste as sole 
carbon source (Gladden et al. 2011a). Such microbial consortia were shown to have 
ample capacities to degrade plant biomass (D’haeseleer et al. 2013), being 
promising for lignocellulose saccharification (Park et al. 2012). Here, we used an 
innovative enrichment strategy, with two stages, based on partially degraded plant 
biomass (once used) as sole carbon source. A similar approach was recently used in 
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an anaerobic enrichment from lake sediment using switchgrass (Korenblum et al. 
2016). Such a methodology is thought to enhance the prevalence of microbes acting 
on the most recalcitrant part of the lignocellulose (e.g. complex hemicellulose 
structures, crystalline cellulose and lignin). Additionally, this procedure may 
maintain plant biomass complexity, which decreases upon chemical and/or 
enzymatic pretreatments due to generation of more defined substrates (Lazuka et 
al. 2015). 

Based on the results, we postulated that the substrate type was the main 
driver of the microbial consortium structure. However, stochastic factors (“first 
come, first bite”) might also have affected the selection process and so driven the 
microbial diversity in the consortia. Then, the growth on the partially degraded 
plant biomass clearly changed the structure of the original consortia 
(Supplementary Fig. S1), suggesting that substrate structure and composition 
indeed drove the communities. In this respect, different proportions of lignin, 
cellulose and hemicellulose were observed after the first growth step as compared 
to the untreated plant biomass (Figure 1b). Regarding lignocellulose utilization, the 
degradation rates of hemicellulose were higher in the original microbial consortia 
compared with the selected ones, suggesting a higher availability of hemicellulose 
in the original substrates. Thus, this polymer could support in a large degree the 
growth of the consortia. 

Although bacterial 16S rRNA and fungal ITS1 surveys constitute powerful 
techniques to evaluate the diversity of microbial consortia (Jiménez et al. 2014b), 
the here used “gene-centric” metagenomic approach enabled the simultaneous 
characterization of the microbial community structure and its metabolic potential. 
The metagenomics-based analyses were performed using unassembled sequences, 
as this is presumed to cause minimal disturbance with respect to the representation 
of sequences of the abundant genera in the dataset (Teeling and Glöckner 2012). 
Moreover, on the basis of previously-reported ITS1 versus bacterial 16S rRNA gene 
copy numbers (Brossi et al. 2015), next to the annotation of our metagenomic 
sequences, we postulate that the microbial consortia were dominated by bacteria. 

A comparison of the relative abundance values of the most abundant 
genera (>2%) in our selected microbial consortia with the ones reported from forest 
soil metagenomic data (similar inoculum as used in this study) (Jiménez et al. 
2015a) showed a fold increase of approximately 200 and 165 for Brevundimonas 
spp. in SG-M and CS-M, respectively. In contrast, Weeksella was the most enriched 
genus in WS1-M (~350 fold increase) (Supplementary Fig. S5). These organisms 
were undetectable by culture-based approaches in the original consortia (Brossi et 
al. 2015), suggesting their preferential growth on the once-used plant biomass. 

Based on the assumption that mainly microbes active in plant biomass 
degradation were enriched, it is reasonable to propose that such abundant 
consortium members contain enzymatic machineries that allow the deconstruction 
of lignocellulosic structures. The SG-M consortium, that contained high 
abundances of Brevundimonas, Caulobacter, Pseudomonas, Citrobacter and 
Aeromonas, showed a high lignin degradation rate (~59%). Caulobacter–like 
organisms were undetectable, by culture-based approaches, in the SG consortium 
(Brossi et al. 2015), which is consistent with a presumed selection of these microbes 
by the second growth step. DeAngelis et al. (2011a) reported enrichments of 
Caulobacter and Brevundimonas types (catalase producers) in lignin-amended 
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soils compared with unamended ones. Moreover, it has been shown that 
Pseudomonas and Aeromonas have high capacities to transform lignin 
(Prabhakaran et al. 2015; Wu et al. 2010). For instance, Wang et al. (2013) reported 
a bacterial consortium that could break down 60.9% of lignin in reeds at 30°C 
under conditions of static culture within 15 days. This consortium was dominated 
by Pseudomonas species. In addition, Abhishek et al. (2015) showed that 
Citrobacter freundii can co-metabolize model and kraft lignin. These studies reflect 
the relevance of such taxa in lignin bioconversion by the SG-M consortium. 
Notably, Pseudomonas was the most abundant taxon in the WS1-M and CS-M 
consortia. However, the lignin degradation rates were significantly lower than 
those in SG-M (p<0.01), suggesting that Brevundimonas and Caulobacter species 
in SG-M may be the more relevant lignin degraders. Considering the latter, it is still 
unclear whether the lignin was completely metabolized or is present as modified 
acid-precipitable polymeric lignin (a water-soluble catabolite) in the culture 
supernatant, as has been observed for a compost-derived microbial consortium 
cultivated on pretreated switchgrass (Eichorst et al. 2014). One possible reason for 
the high degradation of lignin in SG-M might relate to a lower lignin recalcitrance 
in switchgrass, as compared to wheat straw and corn stover. Alternatively, the SG-
M consortium might have developed a higher synergism between the degraders. 

In terms of cellulose and hemicellulose degradation, the CS-M consortium 
showed significantly higher degradation rates than the SG-M and WS1-M consortia 
(p<0.01). This CS-M consortium was mostly composed of Pseudomonas, 
Brevundimonas and Caulobacter types, but members of Stenotrophomonas, 
Xanthomonas, Pseudoxhantomonas, Achromobacter and Paenibacillus were also 
preferably selected (Figure 2b). Previous genome sequence analyses revealed that 
Caulobacter crescentus has the potential to degrade plant polysaccharides through 
the production of exo-enzymes, including cellulases, xylosidases and 
polysaccharide deacetylases (Nierman et al. 2001). Song et al. (2013) have shown 
degradation of cellulose by the mesophilic Caulobacter sp. FMC1 under aerobic and 
anaerobic conditions. Moreover, Eichorst and Kuske (2012) found that members of 
the Caulobacteriales and Xanthomonadales became prevalent in soil microcosms 
amended with [13C]cellulose. Besides, Talia et al. (2012) reported the presence of 
Brevundimonas, Caulobacter, Pseudomonas, Xanthomonas, Stenotrophomonas, 
Achromobacter and Paenibacillus species in carboxymethylcellulose (CMC) and 
filter paper enrichment cultures from soil. Additionally, several strains of 
Pseudomonas, Stenotrophomonas and Paenibacillus retrieved from the CS 
consortium showed CMC-ase activity (Brossi et al. 2015). These studies reinforce 
our results, suggesting that the CS-M microbial consortium contains key members 
that were highly relevant in the degradation of (hemi)cellulose. 

In this study, the WS1-M consortium was dominated by Pseudomonas 
species, that could be related with lignin bioconversion. As we also observed a 
strong selection of Bacteroidetes, similar to previous results (Jiménez et al. 2014b). 
These data suggest that polysaccharides present in wheat straw selected for 
Bacteroidetes instead of Proteobacteria. Bacteroidetes like Sphingobacterium 
species can secrete enzymes such as endo-β-1,4-xylanases, α-L-
arabinofuranosidases, β-glucosidases, α-glucuronidases and α-L-fucosidases when 
grown in the presence of wheat straw (Jiménez et al. 2015b). Interestingly, 
Enterobacteriales (e.g. Klebsiella, Kluyvera and Enterobacter species) were not 
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abundant in the WS1-M consortium as compared with a previously reported 
untreated wheat straw-degrading consortium (RWS) (Jiménez et al. 2014b). The 
low abundance of Enterobacteriales in WS1-M contrasted with the high frequency 
of strains belonging to this class retrieved from WS1 (Brossi et al. 2015).This, 
suggested that, in this scenario, Enterobacteriales are not strongly involved in the 
deconstruction of lignin or complex and recalcitrant plant polysaccharides. 
However, degradation of lignin by Enterobacter and Klebsiella species has been 
reported (DeAngelis et al. 2011b; Woo et al. 2014).  

Regarding the carbohydrate-active enzyme profiles, CAZy families GH10 
(endo-xylanases), GH3 and GH43 contain enzymes mainly involved in xylan, 
arabinan or arabinoxylan degradation, whereas families GH13 and GH28 are often 
active on pectin and rhamnogalacturonan, respectively. In addition, families GH3 
and GH4 have broad substrate specificities and proteins of these families have β-D-
glucosidase (GH3 and GH4), N-acetyl-β-D-glucosaminidase (GH3), α-glucosidase, 
α-galactosidase and α-glucuronidase (GH4) activities. The GH3 family was found 
to be highly abundant (Figure 3). Similar results were reported in a rice straw-
degrading microbial consortium (Wongwilaiwalin et al. 2013). Moreover, family 
GH16 enzymes cleave β-1,4 or β-1,3 glycosidic bonds in various glucans and 
galactans. Finally, families GH29 (α-L-fucosidases) and GH92 (α-mannosidases) 
contain exo-acting enzymes that can release fucose and mannose, respectively, 
from hemicellulose structures. Based on these considerations, we suggest that the 
three selected microbial consortia contain a wide genomic capacity to deconstruct 
different classes of plant polysaccharides, including hemicellulosic polymers. 

Although relative gene abundances do not report on actual enzymatic 
activities, we found relations between the abundance of particular metabolic 
potential (in terms of GH relative abundances) and the defined extracellular 
enzymatic activities. For example, high frequencies of genes encoding proteins of 
CAZy families GH10, GH3, GH43, GH28 and GH16 were found in the WS1-M, SG-
M and CS-M metagenomes. Proteins of these families could be related to the 
enzymatic activities detected on CPH-xylan, CPH-arabinan, CPH-arabinoxylan, 
CPH-rhamnogalacturonan, CPH-galactomannan and CPH-β-glucan. Moreover, the 
low abundance of enzymes involved in cellulose (e.g. CBHs and endoglucanases) 
and lignin degradation (e.g. AA2) is not a signal that the underlying genes cannot 
be expressed. However, we did not find endo-activity on CPH-HE-cellulose, 
suggesting that the xylo-oligosaccharides released from the hemicellulose 
structures could strongly inhibit the activity of endoglucanases (Kont et al. 2013). 
Alternatively, endo-cellulases might be more active at lower pH, where we have 
tested only at pH 7.0. Notably, Jiménez et al. (2014b) also reported a low activity of 
CBHs, compared with β-xylosidases and β-galactosidases, in the metasecretome of 
microbial consortia cultivated on wheat straw. Thus, the high activity of 
endo/exoglucanases, in plant biomass-degrading microbial consortia, may not be 
common. For instance, Gladden et al. (2011b) found low activities of CBHs and β-
glucosidases in microbial consortium bred on acid-pretreated switchgrass. Also, 
D'haeseleer et al. (2013) reported the absence of CBHs in the metasecretome of a 
thermophilic bacterial consortium adapted to deconstruct switchgrass. Indeed, the 
majority of secreted GHs were associated with the deconstruction of hemicellulose 
(e.g. GH3, GH10 and GH51) or alpha-glucan polysaccharides (GH13 and GH31). 
Moreover, genes for enzymes of families GH5 and GH9 (endoglucanases) were 
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highly abundant in a mesophilic cellulose-converting consortium (Wang et al. 
2015). Based on these studies, we posit that the low abundance of CBHs and 
endoglucanases in our metagenomes, next to the low activities in the 
metasecretomes, are in some way related with the differentially response to the 
composition of the substrate (Gladden et al. 2011b). 

There is increasing interest in auxiliary enzymes acting on cellulose by a 
non-hydrolytic mechanism of depolymerization. Among these enzymes, LPMOs 
(CAZy family AA10) represent the most promising class due to their capability of 
enhancing the efficiency of lignocellulose degradation by acting on polysaccharides 
that are recalcitrant to cellulases within highly crystalline cellulose (Dimarogona et 
al. 2013; Beeson et al. 2015). With the recent discovery of AA10 enzymes, a new 
model for enzymatic cellulose depolymerization has been proposed. Thus these 
enzymes, which oxidatively cleave endoglycosidic bonds in crystalline cellulose, 
may create new chain ends that can be attacked by CBHs and this synergistic effect 
probably improves the overall hydrolysis yield (Horn et al. 2012). The presence of 
this gene types in all three consortia provides evidence of the capacity to degrade 
cellulose or increase the deconstruction of other plant polysaccharides by this new 
oxidative mechanism. Regarding the AA6 family, these are intracellular enzymes 
involved in the biodegradation of aromatic compounds. Benzoquinone reductases 
are involved in a quinone redox cycle that generates extracellular Fenton reagents. 
In addition, these enzymes are involved in lignin degradation by fungi (Levasseur 
et al. 2013; Dashtban et al. 2010). However, we still do not know the actual role of 
these proteins in a lignocellulolytic bacterium dominated consortium. 

Finally, the production of oligosaccharides from plant biomass was 
detected using the ICB substrates. These findings suggest that the microbial 
consortia WS1-M, SG-M and CS-M have a high capacity to deconstruct plant 
biomass and convert complex polysaccharides into oligo and/or monosaccharides 
useful for downstream applications. The enzymatic activities detected on CPH and 
ICB substrates allowed to catalogue the three consortia as microbial enzyme 
“factories” that constitute excellent sources of efficient enzyme cocktails for the 
saccharification of plant biomass. Future experiments that combine the 
metasecretomes with available commercial cellulases can assist in raising the 
efficiency of plant biomass degradation for second-generation biofuel production. 
In addition, metatranscriptomics, metaproteomics -based and two-dimensional 
nuclear magnetic resonance spectroscopy (2D-NMR) analyses would help to better 
understand the lignocellulose degradation process (in particular the lignin 
bioconversion). 
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Supplementary Fig S1. 16S rRNA gene bacterial PCR-DGGE cluster analyses comparing soil-derived 
microbial consortia (original: WS1, SG, CS) with microbial consortia bred on once-used plant biomass 
(selected: WS1-M, SG-M and CS-M). M means DGGE markers. 
 

 
 
Supplementary Fig S2. Weight loss (%) of different substrates along the transfers 11, 12 and 13  
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Supplementary Fig S3. Relative abundance (hits per million of reads) of the AA families across the 
WS1-M, SG-M and CS-M microbial consortia. Data is showed by triplicate flasks. Heat maps were 
constructed using the row Z-score and comparing the three microbial consortia. 
 

 
 
 
Supplementary Fig S4. Representation of the product plates used to evaluate the secreted enzymatic 
activity of WS1-M, SG-M and CS-M on nine chromogenic polysaccharides hydrogels (CPH) and three 
insoluble chromogenic biomass (ICB) substrates. +: positive controls, -: negative control. Asterisks 
represent substrates in which enzymatic activities were not observed. 
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Supplementary Fig S5. Fold increase values (relative abundance microbial consortia / relative 
abundance of forest soil). Asterisk: The relative abundance of each genus was obtained from a forest soil 
metagenome (Jiménez et al. 2015a) using the same parameters of this study. 
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One of the aims of this study was to foster our understanding of the ecological 
behavior of the soil-derived microbial consortia selected by growth on wheat straw. 
In this section, we will examine the main findings in the light of previous studies on 
plant biomass-cultivated microbial consortia. Additionally, the interactions and the 
main processes in the lignocellulose- and sugar-enriched environment, in which 
the conditions likely favored the growth of aerobic mesophilic microorganisms 
(mostly bacteria) at neutral pH, are of interest. The complexity of the plant 
biomass, next to spatial and temporal aspects of the degradation process, with 
respect to the principal contributors  and their enzymatic weapons, are the key foci 
of this chapter. To address these, nine themes are formulated: 
 
1. The occurrence of synergism, involving “collaborative groups” in 
plant biomass-degrading microbial consortia 
 
The members of plant biomass-degrading microbial consortia may interact in 
multiple ways. In the liquid cultures used, synergism, antagonism, competition and 
commensalism are likely to have occurred. We surmised that synergism, i.e. 
cooperation in the quest to efficiently degrade the lignocellulose, and competition 
for the liberated free sugar moieties, are the two most common phenomena. In 
chapter 1, we examined the putative ecological scenarios and “social implications” 
of these mechanisms. In the light of our collective data, coupled to those of others 
(Gladden et al., 2011a; Eichorst et al., 2014; Brossi et al., 2015), synergism is 
indeed a likely mechanism that worked between several consortium members. 
Bluntly speaking, “the substrate (plant biomass) is hypothesized to most efficiently 
feed the consortium members only if the latter show some degree of collaboration”. 
The rationale for this reasoning lies in the fact that the stability, balance, biomass 
generation and secretion of enzymes within microbial consortia are all assisted by 
synergism. Conversely, such synergism will only work if it indeed enhances the 
functional performance of relevant organisms in the consortium. In the 
theoretically simplest case, synergism occurs between pairs of organisms, which are 
here coined “collaborative pairs”. Obviously, the interaction is not confined to 
pairs, as it may involve more partner organisms (collaborative groups). For the 
sake of simplicity, we will first explore the potentially occurring collaborative pairs. 
Organisms composing such  pairs are thought to jointly perform better than each 
one alone, and so the final outcome of such synergisms may be 1) the two 
individual members together, at the same time, enhance a particular function as 
compared to any of them acting in isolation, or 2) one organism performing a 
particular function may be able to catalyze and “kick start” an additional relevant 
function in the second organism, as a result of a modification of the habitat (e.g. 
availability of another type of oligosaccharide). In both cases, the outcome is 
similar, in that selection acts on the synergistic action of the collaborating 
organisms and so these will prevail as a selected “group”. In addition, spatial and 
temporal aspects are important for selection. For instance, different polymers of 
the lignocellulose substrate, e.g. xylan, xyloglucan and cellulose, may be attacked, 
at the same time, at different microsites (spatial aspect) by different collaborating 
organisms, generating different classes of oligo- or monosaccharides (e.g. 
xylotriose, xylose and/or glucose). In the temporally-explicit attack, the conversion 
of the complex substrate, e.g. cellulose to cellobiose, might be divided over two to 
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several collaborative organisms, which are active in the process in a sequential 
manner (cellulose via cellobiose to glucose), making the simple sugars available 
that support the growth of the whole consortium. In the foregoing spatially- and 
temporally-explicit collaborations, the interactive organisms may be singlets, thus 
forming collaborative pairs with spatially/temporally separated functionality, or 
they themselves may already be composed of “pairs” or higher-order groups, and so 
the spatial or temporal aspect will add another level of complexity on top. 

The synergies, as proposed in the foregoing, may be assessed by measuring 
the relative abundances of the organisms that make up the collaborative groups in a 
developed consortium relative to their abundances before the onset of the selection. 
To put this to practice, in the lignocellulose-degrading consortia developed here, 
co-selected organisms of the Sphingobacteriales, Flavobacteriales, 
Enterobacteriales, Pseudomonadales and Xanthomonadales were prominent 
(chapter 3). Among these, we posited that members of the Sphingobacteriales and 
Flavobacteriales might collaborate in the degradation of hemicellulose (chapter 
6), whereas e.g. Pseudomonas and Acinetobacter might act jointly on the lignin 
fraction. Although the degradation of cellulose was unclear in our microbial 
consortia, the collaboration between members of the Sphingobacteriales and 
Enterobacteriales could be relevant for this process (see topic 6 in this chapter).  

 
2. Is complexity/heterogeneity of the substrate (plant biomass) a factor 
that increases synergism in microbial degrader consortia?  
 
As we lack data on the complexity level of the substrate and did not directly 
modulate it, it is unclear if any synergism can indeed be related to the wheat straw 
complexity. Also, it is well possible that an organism that makes part of a 
collaborative group switches from synergism to competition in the case labile 
substrates (e.g. glucose or xylose) become available. Recently, Deng and Wang 
(2016) compared the growth, enzyme production and metabolic activity of three-
species cultures of salt marsh derived bacterial strains to those of pure cultures, 
using glucose and a “lignocellulose” substitute (0.3% carboxymethylcellulose, 0.2% 
xylan, 0.1% lignin and 0.05% yeast extract) as substrates. Remarkably, 15 of 27 
mixed cultures exhibited significantly increased growth in the “lignocellulose” 
treatment when compared to the corresponding pure cultures. However, none of 
the 27 mixed cultures exhibited synergistic growth in glucose medium. These 
findings suggest 1) that the complexity of the carbon source is directly related with 
the degree of synergism, and 2) that the specific combination of interacting 
organisms is important in the synergism. In this respect, some combinations 
yielded enhanced growth, indicating the occurrence of synergism, whereas others 
exhibited competition, perhaps due to niche overlap. In our study (chapter 6), the 
RWS microbial consortium grew poorly on xylose and xylan, as compared with its 
growth on wheat straw. This is consistent with the notion that the consortium was 
fine tuned to (synergistically) grow on wheat straw, which is known to be complex 
and recalcitrant, making it relatively unfit for growth on the former substrates. 
Such labile/simple substrates might enhance competitive events in the consortium 
rather than inciting collaboration (Figure 1). Unfortunately, clear evidence about 
any diversity – synergism relationship in our degrader consortia was not obtained, 
as it was beyond the scope of this work. Also, the lignocellulose degradation rate 
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might relate to species richness, to functional diversity, or to both in our microbial 
consortia. Very likely, degradation rate is positively related with both factors, i.e. 
tends to be higher at higher richness and higher functional diversity, up to a certain 
“optimal” richness and functional diversity. The latter two factors are, strictly 
speaking, not independent as a result of the often huge functional redundancy in 
microbial communities. The possible “cap” on richness/diversity as related to 
optimal degradation and selection is a peculiar feature of the liquid-driven shake 
batch cultures used here. In degradative processes in soil microbiomes, activities 
are most often high or optimal at very high diversities, and they are not strongly 
affected by declines in microbial diversity due to the  functional redundancy (Wertz 
et al., 2006). With respect to the degrader consortia, it is well possible that a core 
microbiome (e.g. tens of species – a minimal consortium) already reaches and 
maintains a high, close to optimal efficiency to degrade lignocellulose, which relates 
to the functional diversity that is established. 
 
3. Selection of plant biomass-degrading microbial consortia: factors 
affecting diversity and richness 
 
In this study, effective degrader consortia were cultivated on wheat straw, in which 
we expected fine-tuned interactions to spur the degradation process. The 
sequential batch enrichment procedure reduced the diversity and richness, 
increasing the prevalence of the organisms that indeed contribute to the 
degradation process. Following ecological theory, the richness in the evolved 
consortia is predicted to strongly correlate with the numbers of 
(spatially/temporally defined) niches provided by the substrate. In spite of the fact 
that a clear picture of the number of niches was not available, we hypothesized that, 
given the chemical complexity and presumed spatial/temporal aspects, a relatively 
high microbial richness would be present in the enriched systems (Figure 1). 
Chapters 2 and 3 examined this hypothesis. Clearly, the sequential-batch 
enrichment process incited a progressive reduction of diversity in the microbial 
consortia, selecting the desired degrader organisms. Moreover, the estimated 
richness (ChaoI) in the RWS and TWS microbial consortia was “fixed to” around 
150 and 100 co-selected bacterial types, respectively (chapter 3). Notably, 
Gladden et al. (2011b) reported a richness (ChaoI richness estimator) of 176 - 180 
in a switchgrass-adapted thermophilic bacterial consortium derived from compost. 
However, the richness decreased when the consortium was further cultivated on 
pretreated plant biomass (to 120 - 141), as well as a defined substrate like 
microcrystalline cellulose (88 - 111). Possibly, in the latter case, we see synergism 
and temporally-explicit attack on the simpler substrate. Simple substrates or 
pretreated plant biomass apparently support microbial consortia with lowered 
richness due to the reduced niche numbers, similar to what was observed in 
chapter 3. In contrast, Eichorst et al. (2014) found that pretreatment of 
switchgrass by ammonia fiber expansion and ionic liquids did not affect the 
microbial richness compared with that obtained with untreated plant biomass. 
Moreover, Lazuka et al. (2015) reported a ChaoI value of 187 in a stable rumen-
derived microbial consortium cultivated anaerobically on wheat straw. These 
findings are consistent with the contention that the diversity and richness of 
lignocellulolytic microbial consortia are a reflection of the relatively high number of 
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niches provided by the substrate, whereas they are to a much lower extent affected 
by pretreatment, the presence of toxic compounds (e.g. furans) or by the inoculum 
source (chapters 2 and 3). However, in chapter 4, we found that pretreatment 
of wheat straw reduced the richness values of genes predicted to encode CAZy 
defined enzymes for hemicellulose degradation (e.g. GH2, GH3, GH43, GH92, and 
GH95) in the degrader consortia. We hypothesized that the complexity of the 
available carbon sources was reduced in the treated as compared to the untreated 
wheat straw and therefore the richness values for key degrader traits were also 
lowered. Thus, the functional diversity in a lignocellulolytic microbial consortium is 
directly related to substrate complexity, which is affected (lowered) by 
pretreatment. Although genes for proteins of similar CAZy families were enriched 
in both the RWS and TWS systems (chapter 4), these could work differentially per 
substrate. 
 
4. Composition of plant biomass-degrading microbial consortia: 
drivers and key members  
 
Chapters 3 and 7 yielded evidence for the conclusion that the composition of 
lignocellulolytic microbial consortia is mainly driven by substrate type, in this case 
untreated or pretreated wheat straw (chapter 3) or different agro-residues 
(chapter 7). Such a contention is supported by data that were recently obtained by 
Brossi et al. (2015) and Eichorst et al. (2014). Moreover, the soil-derived microbial 
consortia cultivated on wheat straw contained both bacterial and fungal members 
(chapter 2 and 3), with the bacteria outnumbering the fungi by roughly a 
thousand-fold (chapter 2). In spite of the fact that niches were apparently 
available for the fungi, their low abundance, also with respect to metagenome 
coverage and annotation, did not allow us to examine, in depth, their functional 
roles. In some recent studies, fungal strains have been implicated in plant biomass-
degrading consortia (Yang et al., 2011; Wang et al., 2011; Sharma and Malik 2015, 
Brossi et al., 2015), however in-depth information about their functional behavior 
and social interactions in the consortia has been largely lacking. Based on this, 
most of the discussed theories (e.g. related with diversity, synergism and the 
functional profiles) in this chapter refers mainly to the bacterial members in our 
microbial consortia.  

Regarding the bacterial communities, the selection of particular taxa in the 
degrader consortia is likely related with both their presence and their prevalence in 
the inoculum (microbial source). On the basis of previous studies (Table 1) and our 
own findings, we suggest that the composition of plant biomass-degrading 
microbial consortia, in the sequential-batch shaken liquid media, is mainly affected 
also by two key factors, i.e. temperature and the availability of oxygen and/or other 
electron acceptors in the medium. The natural microbiomes from which the 
consortia were constructed contain an enormous microbial diversity. These highly 
complex source communities were exposed to fairly routine culture. Taking the 
assumption that “everything is everywhere, but the environment selects”, it is 
important to know how members of the initial soil microbiomes respond to the 
physicochemical conditions of the initial cultures. One old adagium states that the 
niche that is occupied by one organismal type is very unlikely to be taken over by 
another organismal type. Hence, the presence and level of organismal types in the 
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start inoculum are presumably key to the success of niche occupancy, on a “first 
come, first bite” basis. Thus, source microbiomes with high capacities to degrade 
lignocellulose (e.g. compost, soil, cow rumen or decay wood) may reach faster 
stabilization than those where this process is not too common (e.g. ocean or lake 
water). Although stochastic factors could drive the composition of lignocellulolytic 
microbial consortia, in our metataxonomic survey, similar consortia were 
developed in similarly-treated parallel cultures (replicate consistence) (chapter 2 
and 3). 

In our study, the selection of the forest soil (top layer) was based on the 
assumption that this source microbiome is highly diverse and adapted to plant 
biomass deconstruction, given the leaf litter and wood decomposition processes 
that take place under mainly aerobic and mesophilic conditions (chapter 2). 
Thereby, the combined conditions of sufficient non-C resources, a mesophilic-
friendly temperature and the provision of molecular oxygen, next to the absence of 
easy-to-colonize surfaces, constituted the key selective forces. Generally, aerobic 
conditions drive the growth of mainly Proteobacteria and Bacteroidetes, whereas, 
in contrast, anaerobic conditions favor members of Clostridium next to 
methanogenic Archaea (e.g. Methanobacterium and Methanosarcina). Such 
methanogens may be avoided if nitrate is added to the media (DeAngelis et al., 
2012; Porsch et al., 2015; Korenblum et al., 2016). As was mentioned above, the 
source inoculum also played a decisive role. In previous work, Aeromonas species 
have been found frequently in sediment-derived consortia (Korenblum et al., 2016, 
Cortes-Tolalpa et al., unpublished), whereas Ruminoccocus spp. are common in 
cow rumen and bagasse pile-derived consortia (Lazuka et al., 2015; 
Wongwilaiwalin et al., 2013). Moreover, compost-derived microbial consortia 
selected on switchgrass at high temperature were dominated by thermophiles (e.g. 
Paenibacillus, Rhodothermus, Thermus, Thermobaculum, Microbispora, 
Cohnella, Chelatococcus, Crenotalea, Thermobacillus, Truepera and 
Chlorobaculum), as shown by Gladden et al. (2011ab), Reddy et al. (2011) and 
Eichorst et al. (2014). Here, several aerobic mesophilic bacteria, i.e. 
Sphingobacterium, Klebsiella, Pseudomonas, Stenotrophomonas, 
Flavobacterium, Pedobacter, Acinetobacter, Brevundimonas, Caulobacter, 
Achromobacter, Weeksella and Rhizobium spp. were, consistent with expectations, 
enriched on the wheat straw as the sole carbon source (chapter 3; chapter 7; 
Wang et al., 2011; Cortes-Tolalpa et al., unpublished) (Figure 1). Remarkably, some 
members of the Sphingobacteriales and Rhizobiales have also been found in 
anaerobic enrichments (Porsch et al., 2015; Korenblum et al., 2016). Also, 
Paenibacillus species appear to have high plasticity, being present in oxic, anoxic, 
mesophilic as well as thermophilic culture conditions (Table 1). 
 
5. Perturbation analysis: how is a microbial consortium affected by the 
substrate it grows on? 
 
Perturbation analysis, as used here, is the growth of a (plant biomass-degrading) 
microbial consortium on different substrates as the sole carbon sources (Gladden et 
al., 2011b). For instance, complex (pretreated plant biomass), simple (xylan or 
microcrystalline cellulose) or labile (xylose or glucose) substrates can be used 
(Figure 1). The analysis allows to: 1) examine how different substrates affect the 
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diversity and structure of the consortium; 2) examine whether a labile substrate 
increases competition between consortial members; 3) unveil if the activity (e.g. 
expression, secretion and activity of glycoside hydrolases) is influenced by the 
substrate; 4) explore the substrate preference of each taxon in the consortium and 
5) identify potential sugar scavengers (see discussion below).  
 
Table 1. Some reported plant biomass-degrading microbial consortia and their most abundant 
members 
 

Consortia 
ID* 

Microbial 
sources 

Culture 
conditions 

The most abundant taxa References 

RWS 
S A-M 

Klebsiella, Sphingobacterium, Pedobacter, 
Acinetobacter and Enterobacter 

Chapter 2-3 
TWS 

Sphingobacterium, Klebsiella, Pseudomonas, 
Stenotrophomonas and Flavobacterium 

WS1-M 
S A-M 

Pseudomonas, Flavobacterium, Brevundimonas, 
Achromobacter and Weeksella 

Chapter 7 
SG-M 

Brevundimonas, Caulobacter, Pseudomonas, 
Stenotrophomonas and Citrobacter 

WSD-5 S A-M 
Ochrobactrum, Alphaproteobacteria bacterium, 

Dechlorospirillum, Rhizobiales class, Paenibacillus 
Wang et al., 2011 

CF-SG 
S AN-M 

Clostridia class, Alphaproteobacteria bacterium, 
Bacteroidales class, Methanobacterium a and 

Methanosarcina a DeAngelis et al., 2012 

CF-SG-NO3 Clostridia class 

Sed-de-C SED A-M 
Enterobacter, Aeromonas, Sphingobacterium, 

Acinetobacter and Pseudomonas 
Cortes-Tolalpa et al., 

2016 

USG-3 

SED AN-M 

Aeromonas, Rhizobium, Paenibacillus and Clostridium 

Korenblum et al., 2016 ASG-3 Serratia, Rhizobium and Clostridium 

HSG-3 Rhizobium, Dysgonomonas and Aeromonas 

S37C 
SED 

AN-M 
Sphingobacteriales class, Spirochaeta, Paulibacter, 

Clostridium, Methanosarcina a and Methanoculleus  a Porsch et al., 2015 
S55C AN-T Clostridium, Lutispora and Methanothermobacter a 

RWS CR AN-M 
Bacteroides, Prevotella, Clostridium, Ruminococcus and 

Butyrivibrio 
Lazuka et al., 2015 

BGC-1 BP A-T 
Clostridium, Acetanaerobacterium, Ruminococcus, 

Caloramator and Ureibacillus 
Wongwilaiwalin et al., 

2013 

JP-9-1-SG CMP A-T 
Paenibacillus,  Rhodothermus,  Thermus, 

Gemmontimonadetes subdivision 5 bacterium and 
Thermobaculum 

Gladden et al., 2011a; 
D’haeseleer et al., 2013 

ST4 CMP A-T 
Microbispora, Cohnella, Chelatococcus, Thermobacillus, 

Dactylosporangium 
Reddy et al., 2011 

U-SG4 
CMP A-T 

Crenotalea, Thermobacillus, Truepera, Thermus and 
Paenibacillus 

Eichorst et al., 2014 
AFEX-SG4 

Rhodothermus, Thermobacillus, Truepera, 
Chlorobaculum and Paenibacillus 

S: Soil; SED: Sediments; CR: Cow rumen; CMP: Compost; A-M: Aerobic-Mesophilic; AN-M: Anaerobic-
Mesophilic; A-T: Aerobic-Thermophilic; AN-T: Anaerobic-Thermophilic; a Methanogenic Archaea. *ID 
was provided by us.  

 
In chapters 4, 6 and 7, we found that the plant biomass-degrading microbial 
consortia did not develop a strong capacity to degrade cellulose (this is related with 
the metabolic potential and the secretion of enzymes). With respect to this, 
perturbation with microcrystalline cellulose may increase the expression, secretion 
and prevalence of endo- and exo-cellulases, with a subsequent reduction of 
community complexity and increase of competition due to niche narrowing 
(Gladden et al., 2011b) (Figure 1). Such perturbation analysis has been poorly 
explored, whereas it can be used to evaluate culture conditions, e.g. media 
composition (adding ions), temperature and pH. Here, we applied two types of 
perturbation analyses (chapter 6 and 7). In chapter 6, the RWS consortium was 
perturbed with xylose and xylan, revealing that these two substrates augment 



CHAPTER 8 
P

ag
e1

7
2

 

competition and reduce diversity, as evaluated in terms of metabolically-active 
bacterial members. Additionally, the secreted proteins differed depending the 
substrates used. For instance, cultivation on wheat straw incited a high diversity of 
Sphingobacterium-derived hemicellulases. In contrast, proteins from 
Enterobacteriales (mostly Klebsiella members) were prevalently secreted into the 
xylose-perturbed system, indicating a preference of the underlying organisms for 
the simpler sugar. Moreover, the perturbation analysis performed in chapter 7 
analyzed different soil-derived microbial consortia (Brossi et al., 2015) upon 
culturing, in a two-step approach, on biologically-pretreated plant biomass. 
Although the structure of the original consortia was altered, minor changes were 
observed in microbial richness, suggesting that the perturbation affected just the 
microbial composition. Similar results have been reported by Gladden et al. 
(2011b) with untreated and chemically pretreated switchgrass. In chapter 7, the 
plant biomass was biologically pretreated assuming that this process would not 
affect, to a large degree, the complexity of the substrate, but -instead- enhance its 
recalcitrance. This stands in contrast to thermochemical or enzymatic 
pretreatments, in which the process induces the generation of a more defined 
substrate. Additionally, in chapter 7, an enrichment of lignin degraders (e.g. 
Pseudomonas, Caulobacter and Brevundimonas) was found. The potential lignin 
degradation capacity was evidenced by the presence of 1,4-benzoquinone 
reductases, lignin peroxidases and vanillyl-alcohol oxidases in the metagenomes of 
these microbial consortia. Finally, the metasecretome of these consortia was 
dominated by enzymes working on arabinan, arabinoxylan, xylan, beta-glucan, 
galactomannan and rhamnogalacturonan. These data suggest that the selected 
consortia have a high capacity to grow on the hemicellulose and lignin fractions 
from the plant biomass. 
 

 

Figure 1. Major findings in the selection and perturbation of a plant biomass-degrading microbial 
consortium (RWS and WS1-M). a Perturbation with xylose and biologically pretreated wheat straw was 
performed in chapter 6 and 7, respectively. b These conclusions were obtained based on the Gladden et 
al. (2011b) results. Hemicellulolytic capacity is related with the enrichment, prevalence and/or secretion 
of CAZy families GH2, GH3, GH10, GH13, GH31, GH43, GH51, GH67, GH92 and GH95 (chapter 3, 4, 
6 and 7). +++ (high), ++ (medium), + (low), - (absence).  
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6. Soil-derived microbial consortia bred on wheat straw: contribution 
of selected bacterial organisms to the degradation process  
 
In chapter 4, enrichment on wheat straw was found to yield a high prevalence of 
predicted sugar transporters, polysaccharide-sensing proteins and glycosyl 
hydrolases (GHs) in the final RWS and TWS consortia. This indicated that the 
multi-niche habitat selected the expected metabolic functions, with the main 
selecting processes acting on the carbohydrate and sugar uptake traits. Particular 
microorganisms endowed with these traits were highly enriched compared with the 
microbial source (forest soil) (chapter 3 and 4). Specifically, in the RWS and 
TWS consortia, high abundances of Sphingobacteriales (e.g. Sphingobacterium), 
Enterobacteriales (e.g. Klebsiella) and Pseudomonadales (e.g. Pseudomonas and 
Acinetobacter) occurred concomitantly with high prevalences of genes for proteins 
of CAZy families GH1, GH2, GH3, GH43, GH92, GH95, which are mainly involved 
in hemicellulose degradation (Figure 1). In chapters 4 and 6, it appeared that 
Sphingobacterium -like organisms were the carriers of such hemicellulose-
degrading capacities. In fact, these organisms are known to secrete different types 
of enzymes (e.g. β-xylosidase, endo-glucanase, β-glucosidase, α-L-
arabinofuranosidase, endo-xylanase, α-L-fucosidase, α-glucuronidase) when 
growing on wheat straw. They presumably also contribute to cellulose degradation 
through the secretion of endoglucanases of CAZy families GH12 and GH16.  

In contrast, Klebsiella -like organisms were implicated in the capacity to 
produce thermo-alkaliphilic hemicellulases, i.e.  β-xylosidases, β-galactosidases 
and α-glucosidases (chapter 5). Additionally, they probably contributed, in a 
significant way, to the degradation of α-glucan polysaccharides (starch or 
rhamnogalacturonan) and cellulose, by the secretion of enzymes of CAZy families 
GH3, GH1 (β-glucosidases), GH31 and GH13 (pullulanases and α –glucosidase, 
respectively) (chapter 4 and 6). Such Klebsiella types can take profit of the 
released sugars and - although not proven - possibly antagonized 
Sphingobacterium spp. in the presence of xylose (chapter 6). However, 
Sphingobacterium and Klebsiella may also have acted in a synergistic fashion, 
degrading (hemi)cellulose using different niches. Thus, Sphingobacterium-like 
organisms might grow at the expense of liberated glucose or arabinose, whereas 
Klebsiella might prefer the xylose that was released. Such “intrinsic” niche 
partitioning might be the rule rather than an exception in the plant biomass-
degrading consortia that we obtained, allowing synergism. This process could work 
in three ways: 1) avoiding or bypassing competition for the same sugar, as 
explained above, 2) occupying different physical locations and/or 3) consuming the 
same sugar, but on a temporally different scale. Moreover, the prevalence of key 
abundant organisms is potentially related with their versatility in the use of 
different sugars, allowing them to occupy different niches in a dynamic way. For 
instance, their capacity to grow in the presence of xylose, glucose, mannose or 
arabinose confers a high physiological advantage that is useful in a lignocellulolytic 
microbial consortium. Such versatility, indeed, may be the main factor contributing 
to the dominance of bacterial over fungal communities in these systems (chapter 
2 and 3). 

Regarding the lignin bioconversion, the data obtained in chapter 7, 
together with published data (Wang et al., 2013), allow us to hypothesize that 
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Pseudomonas and/or Acinetobacter types might be the major actors in this 
process. This novel finding is worth exploring, as the degradation of lignin is a 
“missing link” in our understanding of the degradation of lignocellulosic plant 
compounds. Besides this key statement and on the basis of the collective data, the 
RWS and TWS bred consortia clearly grew  mainly at the expense of the 
hemicellulose fraction. Based on the total proteins that were secreted by the RWS 
consortium when perturbed on wheat straw (chapter 6), we posit here that 
around 60% of the consortial development was due to the action of Bacteroidetes 
(Sphingobacterium, Bacteroides, Flavobacterium and Pedobacter), followed by 
30% for Enterobacteriales (e.g. Klebsiella, Kluyvera and Enterobacter) and 10% 
for Pseudomonadales (Pseudomonas and Acinetobacter). Finally, we do not know 
the roles of the low-abundance bacterial types, like Serratia, Sphingobium and 
Xanthomonas, in the RWS and TWS consortia. However, it is possible that some of 
these members furnish stimulatory compounds (signaling or quorum sensing, or 
other [nutritional, e.g. vitamins] molecules) that help coordinate interactions 
among the key co-existing bacteria (Zuroff and Curtis 2012). Notably, Serratia and 
Xanthomonas species have the capacity to produce quorum sensing signals, like N-
acylhomoserine lactones and diffusible signal factors (Wei et al., 2006; He and 
Zhang 2008). Alternatively, these low-abundance organisms might be acting purely 
as sugar scavengers (see below).  
 
7. Sugar scavengers, cheaters or hijackers: conceptualization and 
hypotheses 
 
Given the fact that the enrichment systems used here support the growth of 
organisms with capacities to degrade lignocellulose, next to opportunistic 
organisms thriving on released nutrients, a conceptualization of the processes 
involved is needed. Our enrichment systems were most likely not fully 
lignocellulose-degradation-selective and so sugar scavengers, cheaters or hijackers 
most likely took advantage of the action of the true degraders, consuming the 
released sugars. Such organisms are the “parasites” of the communities in case they 
only take profit of the resources and do not provide a pay-back in return. However, 
let us critically examine this issue for some of the organisms (for a definition of 
scavengers of the “public goods”, see chapter 1). First, the most abundant 
organisms in the RWS and TWS consortia indeed had a high capacity to degrade 
(hemi)cellulose moieties (chapter 4 to 6), indicating that these contribute to the 
degradation process. Hence, putative sugar scavengers might have been mostly 
present among the low-abundance organisms. Overall, the different members of 
the consortia might contribute in different ways and proportions in the attack on 
the substrate and the release of sugars, as reigned by the laws of input (investment) 
and reward (resources). In a hypothetical case that indicates microbial “justice”, 
organisms that contributed to only 10% of the lignocellulose deconstruction may 
have taken advantage of their fair share, i.e. the lowly-abundant sugars (e.g. 
fucose), whereas members that contribute for 80% to the substrate transformation 
may take profit of the most abundant sugars (e.g. glucose). Based on this 
conceptualization, the most important contributors to the degradation process 
might indeed be the most abundant ones that invested a lot and subsequently 
consumed the abundant “public goods”. However, the low-abundance microbes 
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could also be involved in feedback regulation and metabolite repression, turning 
their presence an essential factor for efficient lignocellulose degradation. This 
reasoning leads us to a theory about the microbial consortia selected on the RWS. 
Thus, several bacterial types were co-selected, which theoretically can be classed in 
nine groups, delineated in terms of their relative investment and pay-back (return 
of investment; investment-return): high-high; high-intermediate; high-low; low-
high; low-intermediate; low-low; intermediate -high; intermediate-intermediate 
and intermediate-low. Of these, empirically, only five of the nine classes appear to 
have sense in our RWS microbial consortia: 1) high investment - intermediate 
return (Sphingobacterium), 2) intermediate investment - high return (e.g. 
Klebsiella), 3) intermediate investment - intermediate return (Bacteroides, 
Flavobacterium and Pedobacter), 4) low investment - intermediate return 
(Pseudomonas, Acinetobacter, Xanthomonas, Stenotrophomonas, Enterobacter, 
Citrobacter) and 5) low investment - low return (Sphingobium, Serratia and 
Achromobacter).  
 
8. Building an empirical model describing the behavior of wheat straw-
degrading microbial consortia 
 
Based on the main findings in this thesis, we propose a simple empirical model that 
describes the behavior of the main contributors to the degradation process and 
their sugar consumption, in a batch culture. To construct the model, we use the 
findings with the consortia selected on RWS. The model comprises three phases 
(Figure 2). In phase I (first 6-12 hours), the source microbiome enters an 
acclimation process, after which growth starts at the expense of easily-degradable 
compounds coming from the substrate. In phase II (between 12 h and 8 days), the 
consortium starts to degrade the hemicellulose part of the substrate in a 
progressively increasing manner, with concomitant growth of the biggest 
contributors. This leads to exponential growth of the Sphingobacterium and 
Klebsiella -like organisms. In this stage, the production and consumption of sugars 
occurs at the same time in an erratic manner, and so the sugar levels fluctuate. In 
addition, proteins of the most important GH families involved in (hemi)cellulose 
degradation (e.g. GH2, GH3, GH10, GH13, GH31, GH43, GH51, GH67, GH92 and 
GH95) are produced and secreted. Given the joint “interest” of the consortium 
members to efficiently degrade the substrate, there is ecological selection for 
synergistically-operating organisms. And, so, synergism is the common social 
behavior at this stage. Finally, in phase III (between day 9 and 12), the most 
recalcitrant part of the plant biomass (e.g. lignin) is increasingly being converted, 
with the concomitant growth of  Pseudomonas-like degrader organisms. In this 
stage, the previous major contributors enter the stationary phase, with the 
concomitant decrease of their GH gene expression. Here, decreasing hemicellulose 
degradation, coupled to production and consumption of the released sugars, occurs 
and competition between the Sphingobacterium and Klebsiella -like members for 
the limiting carbon substrates may increase. After this third stage, the substrate 
does not support growth anymore. Moreover, at this point other nutrients, such as 
the sources of nitrogen, could also become limiting (Figure 2). 
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Figure 2. Empirical model for the RWS microbial consortium growth and degradation process in one 
batch. 

 
9. From ecological considerations to biotechnological applications: 
design of efficient lignocellulolytic enzyme cocktails 
 
The wheat straw-degrading consortia indeed had high capacities to deconstruct 
lignocellulose sources (chapter 3, 4, 5 and 7), as evidenced from the analysis of 
the secreted protein fractions (chapter 3, 6 and 7). Importantly, the activities 
found in the RWS consortia were first found to be mostly exo-enzymatic (chapter 
3), but later LC–MS/MS analyses indicated the presence of both endo- and exo-
GHs in the metasecretome (chapter 6). For instance, β-xylosidases, endo-
glucanases, β-glucosidases, α-L-arabinofuranosidases, endo-xylanases, α-L-
fucosidases and α-glucuronidases were present. As described in chapter 7, the 
metasecretomes of the WS1-M, SG-M and CS-M consortia were found to contain 
proteins able to degrade key plant polysaccharides like xylan, arabinan, 
arabinoxylan, galactomannan and rhamnogalacturonan. These metasecretomes 
may thus constitute valuable sources for the assembly of improved enzymatic 
cocktails. However, the low activity of cellulases (endo and exoglucanases) would 
be a limiting factor. To overcome this hurdle, we propose to perturb the degrader 
consortia, prior to harvesting of the secretome, with microcrystalline cellulose, as 
this will induce the production and secretion of cellulases (Gladden et al., 2011b). 
In this way, the plant biomass- and cellulose-derived metasecretomes could be 
combined and applied onto plant biomass to obtain optimized saccharification 
efficiencies. Additionally, the combination of these metasecretomes with individual 
enzymes, for example the thermo-alkaliphilic hemicellulases described in chapter 
5, will potentially enhance the versatility and stability of the enzyme cocktails and 
hence the degradation efficiency. The combination of metasecretomes with single 
enzymes for plant biomass degradation purposes has already been applied 
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successfully by Park et al. (2012). Thus, although a specific enzyme cocktail was not 
produced in the current study, strategies were developed that are important for the 
implementation of either or both of the enzymes or secretomes as agents that assist 
us in the quest for a more efficient lignocellulose treatment for sugar production. 
 
GENERAL CONCLUSIONS 
 
Several major conclusions were achieved in this study. Below, we briefly discuss the 
most important ones in the light of their biological and biotechnological relevance. 
 
1. Sequential-batch selection in liquid with plant biomass as the sole carbon source 
reduces the diversity of microbiomes, and the resulting diversity is related to the 
number of niches provided by the substrate. Thus, the high spatial complexity as 
well as the temporally-explicit degradation needs of the carbon that is locked up in 
the plant biomass drives the considerable “optimal” microbial richness as observed 
in this study. 
2. The structure of a cultivated lignocellulolytic microbial consortium is influenced 
by the nature of the substrate (plant biomass), the microbial source and the culture 
conditions applied (temperature and the presence/absence of oxygen and other 
nutrients). 
3. The diversity of lignocellulose-cultivated microbial consortia has a “hidden” 
relationship with the level of synergism versus competition between key organisms 
in the degradation process. The progressive emergence of simple carbon sources 
may increase the level of competition between consortial members. 
4. Upon exposure to substrates on which it was not selected, an evolved plant 
biomass-degrading microbial consortium undergoes shifts that make it initially 
unfit on the new substrate used for growth. 
5. The microbial consortia selected on wheat straw were to a large extent driven by 
the hemicellulose moiety. The low activities of cellulases indicated a general lack of 
investment in cellulose degradation. 
6. The relative abundance of each organism in the consortia has an as-yet-cryptic 
relationship to the sum of investment in enzymes and payback (return). In generic 
terms, the abundant consortium members were the biggest contributors to the 
degradation process, whereas the low-abundance ones may have acted as 
regulators, “sugar scavengers” or small contributors. 
7. The high hemicellulolytic capacities of wheat straw degrader microbial consortia 
is related with the enrichment, prevalence and/or secretion of proteins of CAZy 
families GH2, GH3, GH10, GH13, GH31, GH43, GH51, GH67, GH92 and GH95. 
8. Key proteins that assisted in the hemicellulose degradation were β-xylosidases, 
α-L-arabinofuranosidases, endo-xylanase, α-L-fucosidase, α-glucuronidase, α-
mannosidases and β-galactosidases. 
9. The metagenomes and metasecretomes of the plant biomass-degrading 
microbial consortia are valuable sources for the design of enzyme cocktails that are 
useful in the saccharification of lignocellulose materials and production of biofuels. 
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FUTURE PERSPECTIVES 
 
The question to what extent microbial diversity (functional or taxonomic) in a 
wheat straw-degrading microbial consortium is related to the lignocellulose 
degradation efficiency remains still unsolved. To understand this connection, 
defined microcosms with different numbers of strains should be set up with wheat 
straw as the sole carbon and energy source. Evaluation of the growth of each 
member of the consortium and of the lignocellulose consumption and the enzymes 
involved in this will then elucidate to what extent each consortium member 
contributes to the process, in combination with the other organisms. Thus, the 
behavior of the microbial consortia growing in the sequential batch needs to be 
addressed. We here proposed an empirical model that best fits our data, but an in-
depth evaluation of behavior (population dynamics) is required, using for instance 
RT-qPCR, 2D-NMR, HPLC and metatrascriptomics to deeply analyze the dynamics 
and functioning of the consortium members.  

Another issue is the involvement of fungal degraders. Here, we did not 
closely examine the fungal consortium members, their functional roles and 
population dynamics. Some fungal strains were recovered from the RWS and TWS 
consortia, and the complete genome sequence of two isolates, i.e. Coniochaeta 
ligniaria strains 2w1F and 2t2.2F, was obtained (Jiménez et al, in prep). An 
analysis of these genomes will foster our understanding of the fungal potential role 
in the lignocellulose degradation process. The deconstruction of lignin and the role 
of lytic polysaccharide monooxygenases (LPMOs) in this process also need to be 
addressed. 

Moreover, the proposed perturbation analysis with different sugars and 
complex polysacharides will indicate the substrate preferences of each consortial 
member. Perturbation analysis can also provide the basis for the production of new 
metasecretomes with high cellulase activities. Moreover, outside of the scope of this 
thesis, we synthesized and expressed ten genes that encode different 
hemicellulases, i.e. β-xylosidases, α-L-fucosidases and α-mannosidases. These 
Sphingobacterium-derived genes were retrieved from the metagenome assembly 
files (chapter 4). Notably, one of these genes showed activity on xylan and 
arabinoxylan, enhancing the wheat straw saccharification activity of a commercial 
cellulase cocktail (Jiménez et al, in prep). Based on this result, we suggest an 
educated guess approach in which key selected metasecretomes produced here are 
combined with commercial enzyme cocktails and with such selected synthetic 
proteins.  

Finally, evaluation of the saccharification rate of pretreated plant biomass, 
loading of the enzyme, kinetics of the transformations and characterization of the 
effective enzyme cocktails are needed. From the biotechnological point of view, 
further development, design and characterization of enzyme cocktails prepared 
from metasecretomes as well as individual enzymes (e.g. fosmid-derived and 
synthetic genes from the metagenomes) is the way forward. Evaluation of the 
activity of these enzyme cocktails on pretreated plant biomass (steam-exploded or 
otherwise), quantification of the release of sugars (by HPLC) and comparison with 
current commercial procedures is imperative to develop optimized strategies that 
improve our capabilities to saccharify lignocellulosic plant biomass. 
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Recent developments have paved the way for the use of plant biomass as a source 
of sugars, which are useful for the production of renewable bio-based compounds 
(e.g. bioethanol, plastics and pharmaceutical-chemical intermediates). However, 
current methodologies for plant biomass saccharification are imperfect and so 
there is great interest in the development of processes that are based on novel 
enzymes. Lignocellulolytic microbial consortia constitute excellent sources for such 
novel enzymes. In this thesis, we performed an in-depth characterization of five 
soil-derived microbial consortia bred on wheat straw (RWS, TWS and WS1-M), 
switchgrass (SG-M) and corn stover (CS-M) under mesophilic and aerobic 
conditions. The data obtained indicated that different types of interactions (e.g. 
synergism and competition) and enzymatic machineries occur in the consortia. The 
plant biomass source, its complexity as well as the culture conditions all influenced 
the structures and diversities of the microbial communities that were obtained. 

In chapters 2, 3 and 4, metataxonomic and metagenomic analyses of two 
wheat straw cultures (RWS and TWS) are reported. The two consortia were 
constructed by the dilution-to-stimulation approach. Forest soil served as the 
primary source of microorganisms and the consortial structures of three selected 
sequential batches were evaluated by amplicon pyrosequencing (bacterial 16S 
rRNA gene and fungal ITS1 region) as well as whole metagenome sequencing. In 
both systems a reshaping of the bacterial communities was found, with reductions 
in overall OTU richness and increases in the prevalence of particular members of 
the Enterobacteriales, Pseudomonadales, Flavobacteriales and Sphingobacteriales. 
With respect to fungal OTUs with biotechnological relevance, we detected members 
of the genera Coniochaeta, Acremonium and Trichosporon. The structure of the 
lignocellulolytic microbial consortia was strongly influenced by the nature of the 
substrate, i.e. treated versus untreated wheat straw. The metagenomic analyses 
revealed an overrepresentation of diverse carbohydrate transporters (ABC, TonB 
and phosphotransferases), two-component sensing and response systems and 
several genes encoding enzymes of the glycosyl hydrolase families GH2, GH43, 
GH92 and GH95 in the two consortia, as compared to the soil inoculum. The 
overrepresentation of genes for carbohydrate transporters and for proteins 
involved in lignocellulose degradation (e.g. β-xylosidases) is consistent with the 
hypothesis that enhanced lignocellulolytic degradation capacities are required in 
these consortia to allow growth on the complex plant materials (e.g. hemicellulose), 
next to capacities for transport of the products (e.g. xylose) into the cells. The total 
metagenomic assemblies encompassed around 32,000 contigs of ≥ 10 Kb. Thirteen 
contigs, containing 39 glycosyl hydrolase genes, were found to constitute novel 
(hemi)cellulose utilization loci with affiliation to sequences primarily found in the 
Bacteroidetes. 

Two metagenomic libraries, generated from the RWS and TWS consortial 
DNAs, were constructed and screened for enzymes involved in hemicellulose 
deconstruction, using a novel mixture of different chromogenic substrates (chapter 
5). Approximately 44,000 clones were screened yielding a total of 71 positives. 
Seven positive clones were selected for further sequence-based analyses. These 
analyses revealed eight genes that were predicted to encode enzymes of the glycosyl 
hydrolase families GH2, GH3, GH17 and GH53. In addition, functional analyses 
unveiled two clones that were predicted to encode novel thermo-alkaline 
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hemicellulases (an β-D-galactosidase and an β-D-xylosidase). The predicted 
proteins were traceable to Klebsiella-like species.  

In chapters 6 and 7, we describe the characterization of the collective 
proteins (metasecretome) secreted by four consortia cultivated on wheat straw 
(RWS and WS1-M), switchgrass (SG-M) and corn stover (CS-M). Liquid 
chromatography-tandem mass spectrometry was used to analyze the RWS 
metasecretome following growth of the latter on wheat straw, xylose or xylan as a 
sole carbon sources. Moreover, we analyzed the metasecretomes of WS1-M, SG-M 
and CS-M using nine chromogenic polysaccharide hydrogels and three insoluble 
chromogenic biomass substrates. For RWS, 768 proteins were taxonomically and 
functionally classified. These proteins were mostly affiliated with 
Sphingobacterium-like consortium members (~50%). The most abundant clusters 
of proteins were predicted to be involved in polysaccharide transport and/or 
sensing (TonB depend receptors). In addition, proteins predicted to be involved in 
the degradation of plant biomass, i.e. endo-1,4-beta-xylanases (GH10), beta-
xylosidases/alpha-L-arabinofuranosidases (GH43 and GH51), pullulanases (GH13) 
and alpha-L-fucosidases (GH95), were prominent. Based on the latter results, I 
suggest that the hemicellulose fraction of the used plant biomass supports, to a 
large degree, the growth of the lignocellulolytic consortia. The biggest contributors 
to the degradation process, for the RWS consortia, were members of 
Sphingobacterium and Klebsiella. Otherwise, the metasecretomics-based analyses 
of the WS1-M, SG-M and CS-M consortia showed the presence of enzymes able to 
deconstruct arabinan, arabinoxylan, xylan, beta-glucan, galactomannan and 
rhamnogalacturonan. Interestingly, these last consortial metasecretomes contained 
enzyme cocktails that enable us to produce oligosaccharides directly from wheat 
straw, sugarcane bagasse and willow (Salix spp.).  

Based on all findings, I catalogue the microbial consortia that were 
produced as true microbial enzyme “factories”, which constitute excellent sources 
for the production of efficient enzyme cocktails for the pretreatment and 
saccharification of the lignocellulose moieties present in diverse raw materials. 
Overall, the findings yield a robust starting point for biotechnological exploration. 
For example, novel efficient enzyme cocktails can be concocted that can enhance 
the activity of currently-used cellulolytic enzymes in biorefining. Moreover, I also 
provide deep insight in the complexity of plant polysaccharide degrading 
capabilities of microbial consortia bred from forest soil.  
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Recente wetenschappelijke ontwikkelingen hebben de weg geëffend voor het 
gebruik van plantaardige biomassa als bron van suikers, die gebruikt kunnen 
worden als grondstof voor de productie van hernieuwbare bio-gebaseerde 
verbindingen (bijvoorbeeld bio-ethanol, kunststoffen en farmaceutische chemische 
tussenproducten). De huidige methoden voor de sacharificatie van plantbiomassa 
zijn evenwel nog inefficiënt en derhalve is er grote belangstelling voor de 
ontwikkeling van nieuwe enzymen. Lignocellulolytische microbiële consortia 
vormen uitstekende bronnen voor dergelijke nieuwe enzymen. In dit proefschrift 
beschrijf ik de microbiële consortia die verkregen werden na groei op tarwestro 
(RWS, TWS en WS1-M), gras (SG-M) en maisstoppels (CS-M) onder mesofiele en 
aërobe condities. Aanwijzingen werden verkregen voor het voorkomen van 
microbiële interacties (t.w. synergie en concurrentie) en enzymatische reacties in 
de consortia. De plantbiomassa en haar complexiteit, alsmede de 
kweekomstandigheden beïnvloedden allen de structuur en diversiteit van de 
microbiële consortia. 

In hoofdstukken 2, 3 en 4 geef ik een uitgebreide metataxonomische en 
metagenomische analyse van twee tarwestrocultures (RWS en TWS). De twee 
consortia werden verkregen via de verdunning-tot-stimulatie methode. Bosgrond 
diende als de primaire microbiële bron en de samenstelling van de consortia van 
drie geselecteerde cultures werd geëvalueerd door amplicon sequentie analyses 
(bacterieel 16S rRNA gen en schimmel ITS1 regio), naast metagenomische. In beide 
systemen werd een verandering van de bacteriële samenstelling gevonden, met 
reducties in OTU rijkheid en toenames in de prevalentie van bepaalde leden van de 
Enterobacteriales, Pseudomonadales, Flavobacteriales en Sphingobacteriales. Met 
betrekking tot mogelijke biotechnologische toepassing, werden schimmels als 
Coniochaeta, Acremonium en Trichosporon gevonden. De structuur van de 
lignocellulolytische microbiële consortia werd sterk beïnvloed door de aard van het 
substraat, d.w.z. behandelde versus onbehandelde tarwestro. De metagenomische 
analyse liet (ten opzichte van het bodeminoculum) een oververtegenwoordiging 
van diverse suikertransporters (ABC, TonB en fosfotransferases) zien, naast two-
component sensing- en reactiesystemen en genen die coderen voor enzymen van de 
glycosyl hydrolase families GH2, GH43, GH92 en GH95. De 
oververtegenwoordiging van genen voor suikertransporters en eiwitten betrokken 
bij lignocelluloseafbraak (bv β-xylosidases) strookt met de hypothese dat 
verhoogde lignocellulolytische capaciteiten nodig zijn in deze consortia voor groei 
op de complexe plantaardige materialen (bijvoorbeeld hemicellulose). Dit naast 
capaciteiten voor het transport van de producten (bijvoorbeeld xylose) de cellen in. 
De metagenomische assemblages omvatten circa 32.000 contigs van ≥ 10 Kb. 
Dertien contigs, met daarin 39 glycosyl hydrolase genen, bleken nieuwe (hemi) 
cellulose opname-/afbraakloci te bevatten die gerelateerd waren aan sequenties 
van Bacteroidetes. 

Twee metagenomische bibliotheken werden gegenereerd uit de RWS en 
TWS consortiale DNA's en vervolgens gescreend op de productie van enzymen die 
betrokken zijn bij hemicellulose-deconstructie met behulp van een mengsel van 
verschillende chromogene substraten (hoofdstuk 5). Ongeveer 44.000 klonen 
werden gescreend, hetgeen 71 positieven gaf. Zeven positieve klonen werden 
geselecteerd voor verdere sequentie-gebaseerde analyses. Deze analyses 
voorspelden acht genen voor enzymen van de glycosyl hydrolase families GH2, 
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GH3, GH 17 en GH53. Een functionele analyse liet twee klonen zien die mogelijk 
nieuwe thermo-alkaline hemicellulasen coderen (β-D-galactosidase en β-D-
xylosidase). De voorspelde eiwitten waren gerelateerd aan eiwitten van Klebsiella-
achtige soorten. 

In hoofdstukken 6 en 7 beschrijf ik de karakterisering van het 
metasecretoom van vier microbiële consortia gekweekt op tarwestro (RWS en WS1-
M), gras (SG-M) en maïsstro (CS-M). Vloeistofchromatografie-tandem 
massaspectrometrie werden gebruikt om het RWS metasecretoom te analyseren na 
groei (van RWS) op tarwestro, xylose of xylaan als koolstofbronnen. Bovendien 
analyseerden we de metasecretomen van WS1-M, SG-M en CS-M met behulp van 
negen chromogene polysaccharide hydrogels en drie chromogene biomassa 
substraten. Voor RWS op tarwestro werden 768 eiwitten taxonomisch en 
functioneel gekarakteriseerd. Deze eiwitten waren in meerderheid gerelateerd aan 
eiwitten van Sphingobacterium-achtige organismen in het consortium (~ 50%). De 
meest voorkomende clusters van eiwitten waren waarschijnlijk betrokken bij 
polysaccharide transport en/of -sensing (TonB-afhankelijke receptoren). 
Bovendien waren de voorspelde eiwitten betrokken bij de afbraak van 
plantbiomassa. Bijvoorbeeld waren endo-1,4-beta-xylanasen (GH10), beta-
xylosidases / alpha-L-arabinofuranosidasen (GH43 en GH51), pullulanasen (GH13) 
en alfa L-fucosidases (GH95) prominent aanwezig. Op basis van de resultaten stel 
ik voor dat de hemicellulosefractie van de gebruikte plantbiomassa, voor een groot 
deel, de groei van de lignocellulolytische consortia ondersteunt. De grootste 
bijdragen aan het afbraakproces, voor de RWS consortia, werden geleverd door 
organismen verwant aan Sphingobacterium en Klebsiella. Daarnaast toonde de 
metasecretomica-gebaseerde analyse van de WS1-M, SG-M en M-CS consortia de 
aanwezigheid van enzymen voor afbraak van arabinoxylaan, xylaan, bèta-glucan, 
galactomannaan en rhamnogalacturonan aan. Interessant is dat deze laatste 
consortiale-metasecretoom-bevattende enzymcocktails ons in staat stellen om 
oligosachariden te produceren uit tarwestro, suikerrietbagasse en wilg (Salix spp.).  

Op basis van alle bevindingen catalogiseer ik de verkregen microbiële 
consortia als ware microbiële enzymfabrieken, die uitstekende bronnen vormen 
voor de productie van efficiënte enzymcocktails voor de voorbehandeling en 
versuikering van lignocellulose in diverse plantgrondstoffen. Over het algemeen 
zijn de bevindingen leveren een robuust uitgangspunt voor biotechnologisch 
onderzoek. Zo kunnen nieuwe efficiënte enzymcocktails worden ontwikkeld die de 
activiteit van de momenteel gebruikte cellulolytische enzymen in de bioraffinage 
kunnen verbeteren. Daarnaast geef ik ook diep inzicht in de complexiteit van 
microbiële consortia gekweekt uit bosgrond om plantbiomassa af te breken. 
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Recientemente, grandes desarrollos se han llevado a cabo con el fin de utilizar 
residuos de plantas como fuente de azucares, los cuales pueden son útiles para la 
producción de bio-compuestos renovables (por ejemplo, bioetanol, precursores 
para plásticos o intermediarios farmacéuticos). Sin embargo, las metodologías 
fisicoquímico-enzimáticas actuales para la sacarificación de la biomasa vegetal son 
imperfectas. Debido a esto, actualmente existe un gran interés en el desarrollo de 
alternativas y procesos más eficientes basados en la utilización de cocteles 
enzimáticos provenientes de consorcios microbianos lignocelulíticos. En esta tesis, 
hemos llevado a cabo una caracterización en profundidad de cinco consorcios 
microbianos derivados de suelo y cultivados en paja de trigo (RWS, TWS y WS1-M), 
Panicum virgatum (SG-M) y rastrojo de maíz (CS-M) bajo condiciones aerobias y 
mesofílicas. Los datos obtenidos indicaron que diferentes tipos de interacciones 
(por ejemplo, sinergismo y competición) y maquinarias enzimáticas  pueden estar 
presentes en estos consorcios. El origen de la biomasa vegetal, su complejidad y las 
condiciones de enriquecimiento pueden influenciar la estructura y la diversidad de 
estas comunidades microbianas seleccionadas.  

En los capítulos 2, 3 y 4 hemos reportado análisis metataxonómicos y 
metagenómicos de dos cultivos enriquecidos (RWS and TWS), los cuales fueron 
construidos utilizando la aproximación de la dilución hacia la estimulación. El 
suelo de bosque (fuente microbiana) y tres transferencias secuenciales fueron 
evaluadas mediante pirosecuenciación (amplificación del gen bacteriano 16S rRNA 
y región fúngica ITS1) y secuenciación del metagenoma total. Ambos sistemas 
mostraron una restructuración en las comunidades bacterianas, con la consecuente 
reducción de la riqueza y el incremento en la prevalencia de miembros de las clases 
Enterobacteriales, Pseudomonadales, Flavobacteriales y Sphingobacteriales. Con 
respecto a componentes fúngicos con alta relevancia biotecnológica, hemos 
detectado especies de los géneros Coniochaeta, Acremonium y Trichosporon. La 
estructura de los consorcios microbianos lignocelulíticos obtenidos fue fuertemente 
influenciada por la naturaleza del sustrato (paja de trigo tratada o no tratada con 
calor). Por otro lado, los análisis metagenómicos de ambos consorcios mostraron 
una sobrerrepresentación (con respecto al inoculo del suelo) de diversos 
trasportadores de carbohidratos (ABC, TonB y fosfotransferasas), sistemas de 
detección-respuesta y muchos genes que codifican para enzimas de las familias 
glicosil hidrolasas GH2, GH43, GH92 y GH95. Esta alta prevalencia de genes 
involucrados el transporte de carbohidratos y de proteínas que llevan a cabo la 
degradación de lignocelulosa (por ejemplo β-xilosidasas) es consistente con la 
hipótesis de que: en estos consocios microbianos existe un mejoramiento de las 
capacidades para facilitar la utilización de fuentes de carbono complejas (por 
ejemplo hemicelulosa) y para mejorar el transporte de los productos de 
degradación (por ejemplo xilosa) hacia el interior de las células. Por otro lado, el 
ensamblaje de los metagenomas genero alrededor de 32,000 contigs mayores a 10 
Kb. Trece de estos, contenían 39 glicosil hidrolasas y constituyen nuevos clúster de 
genes encargados de la degradación de hemicelulosa, además, estos fueron 
afiliados a fragmentos genómicos de Bacteroidetes. 
 Dos bibliotecas metagenómicas, derivadas del DNA microbiano de los 
consorcios RWS y TWS, fueron construidas y tamizadas para la búsqueda de 
enzimas involucradas en la deconstrucción de hemicelulosa. Para esto, se utilizó 
una nueva aproximación metodológica basada en el uso de seis sustratos 



RESUMEN 

P
ag

e2
1

5
 

cromogénicos (capitulo 5). Aproximadamente 44,000 clones fueron tamizados y 71 
fueron positivos. Posteriormente, siete de estos fueron seleccionados para 
secuenciación. Los análisis de los fragmentos clonados mostraron la presencia de 
ocho genes que codifican para enzimas de las familias glicosil hidrolasas GH2, 
GH3, GH17 y  GH53. Adicionalmente, análisis funcionales revelaron que dos clones 
contenían nuevas hemicelulasas resistentes a condiciones termo-alcalinas. Estas 
enzimas fueron afiliadas a especies de Klebsiella.  

En los capítulos 6 y 7 hemos realizado una caracterización de las proteínas 
secretadas (metasecretoma) por cuatro consorcios microbianos cultivados en paja 
de trigo (RWS, WS1-M), Panicum virgatum (SG-M) y rastrojo de maíz (CS-M). 
Cromatografía liquida acoplada a espectrometría de masas fue utilizada para 
analizar el metasecretoma del consorcio RWS, el cual fue perturbado con paja de 
trigo, xilosa y xilano. Por otro lado, hemos analizado el metasecretoma de WS1-M, 
SG-M and CS-M utilizando nueve polisacáridos cromogénicos y tres sustratos 
cromogénicos-insolubles derivados de la biomasa vegetal. En el consorcio RWS 
(perturbado con paja de trigo) un total de 768 proteínas secretadas fueron 
identificadas y taxonómicamente clasificadas. Estas fueron mayormente afiliadas 
(~50%) a especies del genero Sphingobacterium. Algunos clúster abundantes de 
proteínas se asociaron con el transporte de polisacáridos (receptores TonB). 
Adicionalmente, proteínas involucradas en la degradación de biomasa vegetal, por 
ejemplo endo-1,4-beta-xilanasas (GH10), beta-xilosidasas/alfa-L-
arabinofuranosidasas (GH43 y GH51), pullulanases (GH13) and alfa-L-fucosidasas 
(GH95), fueron identificadas. Con base en estos resultados, sugerimos que la 
fracción de la hemicelulosa en la biomasa vegetal soporta en gran medida el 
crecimiento de los consorcios lignocelulíticos y que los mayores contribuyentes 
para el proceso de degradación pertenecen a miembros de las géneros 
Sphingobacterium and Klebsiella. Por otro lado, los análisis metasecretómicos 
realizados con los consorcios WS1-M, SG-M y CS-M mostraron que estos secretan 
enzimas capaces de deconstruir arabinano, arabinoxilano, xilano, beta-glucano, 
galactomanano y rhamnogalacturonano. Más interesante aun, estos consorcios 
microbianos posees cocteles enzimáticos capaces de producir oligosacáridos a 
partir de paja de trigo, bagazo de caña de azúcar y willow (Salix spp.). 

Con base en todos los resultados, hemos catalogado nuestros consorcios 
microbianos como verdaderas “industrias de enzimas” que constituyen una 
excelente fuente para la producción de cocteles enzimáticos eficientes, útiles en el 
pretratamiento-sacarificación de diversos residuos vegetales. En resumen, estas 
aproximaciones podrían ser el punto de inicio para posteriores aplicaciones 
biotecnológicas, por ejemplo el diseño de nuevos cocteles enzimáticos que ayuden a 
incrementar la actividad de los cocteles celulíticos comerciales, los cuales son 
producidos en la actualidad y utilizados en las biorefinerías. Por otro lado, este 
estudio da una idea en profundidad acerca de la degradación de la biomasa vegetal 
por medio de consorcios microbianos  derivados de suelo. 
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