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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 
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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 



CHAPTER 8 

 

P
ag

e1
7

5
 

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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