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Abstract
The contribution of cooperation to substrate degradation among bacteria 
is an important but underexplored phenomenon. Here, we investigate 
synergistic interactions, where an individual performing a function in a 
cooperative consortium improves or incites the performance of others 
(and itself ), and emergent interactions, a yet undescribed form of coop-
eration where two individuals that cannot perform a function alone 
can do so in association. Initially, we performed 1,240 individual assays 
consisting of combinations between Escherichia coli and 40 soil-isolated 
bacterial strains grown across 31 carbon sources to test for synergistic 
and emergent substrate degradation. 38.5 % of these assays indicated 
synergistic degradation and 14.6 % indicated emergent degradation. 
Functional dissimilarity between E. coli and soil isolates could predict, 
albeit weakly, the degree of total cooperative degradation, that is, when 
synergistic and emergent degradation were considered in the same analysis 
but not when each were separate. In an effort to better study the emergent 
interactions, two cases were selected for further analysis. Co-cultures of 
(i) E. coli and Microbacterium foliorum and (ii) E. coli and Collimonas 
arenae were chosen on the basis of their emergent degradation of L-serine 
and D-cellobiose. Co-culturing each of these strain pairs on minimal 
medium with these carbon sources revealed not only emergent but also 
synergistic interactions that were likely dependent on the ratio of E. coli 
to M. foliorum or C. arenae cells. Evidence that synergistic and emergent 
interactions may be triggered by diffuse cellular metabolites was also 
supported by combining individual strains with the spent supernatant 
from their respective co-cultures. Overall, this study provides evidence 
for the newly described phenomenon of emergence and recognizes the 
importance of cooperative interactions and their contribution to bacterial 
growth and substrate degradation.
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Introduction
Cooperation is widespread in nature, and bacteria are no exception to this 
behavior. The antithesis of competition, cooperative behavior is termed such 
if an actor provides a benefit to a recipient, and this benefit contributes 
to the evolution of the interaction (West et al. 2007). Amongst bacteria, 
cooperation can exist in many forms, such as interspecies communication 
(Miller and Bassler 2001), multispecies biofilm formation (Burmølle et al. 
2014), the sharing and production of public goods (Morris et al. 2012), and 
syntrophic interactions between species (Sieber et al. 2012). The benefits of 
cooperation also appear in a variety of forms: from virulence induction in 
the case of interspecies cooperation (Ryan and Dow 2008), to protection 
from antibiotics and predation in the case of multispecies biofilms (Pukatzki 
and Provenzano 2013, Koh et al. 2012), to cellular energy conservation 
in the case of the production and sharing of public goods (Morris et al. 
2012), and to the necessity of survival in extreme environments in the case 
of syntrophy (Sieber et al. 2012). In short, cooperation among bacteria is 
frequent and, in some cases, essential.

Synergism is one form of cooperation that, as we define in this work, 
is the interaction between different organisms that increases the functional 
performance of one or more different species in a cooperative consortia. 
That is to say, synergism can result in (i) two different individuals improv-
ing a certain function when they are in association or (ii) one organism 
performing a particular function may be able to catalyze and “kick start” 
the same or different function in another individual. In both of these 
cases, synergistic interactions may be quantified by measuring the increase 
in each strain’s abundance in co- or polyculture relative to their abun-
dance in monoculture. To illustrate the first type of synergism, consider 
Stenotrophomonas rhizophila. It is weak biofilm former in monoculture, but, 
in co-culture with Xanthomonas retroflexus and Microbacterium oxydans, it 
enhances the biofilm formation of itself as well as the latter two species 
(Ren et al. 2014). In a similar case, the casein degradation capabilities of 
both Streptococcus bovis and Selenomonas ruminatium are raised when these 
organisms are grown in association rather than alone (Wallace 1985). To 
illustrate the second type of synergism, consider Paenibacillus amylolyticus. 
Alone it cannot readily form a monospecies biofilm, but in the presence 
of S. rhizohila, X. retroflexus, and M. oxydans, either in dual or polyspecies 
biofilms, its abundance displays a thousand-fold increase (Ren et al. 2014). 
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Similarly, Butyrivibrio alactacidigens cannot grow on casein alone but when 
in the presence of Butyrivibrio fibrisolvens or S. ruminatium, all strains dis-
play strong growth at a similar rate (Wallace 1985). Furthermore, nearly all 
observations of synergism have been found to require cell-to-cell contact 
for their initiation. An exception is the ability of S. bovis to digest casein in 
the presence of S. ruminatium’s spent supernatant (Wallace 1985). In this 
case, the abilities of both strains to hydrolyze 14C-labeled casein was greatly 
enhanced when in association, and it appeared diffuse molecules or enzymes 
from S. ruminatium drove the cooperative relationship.

In light of old and new evidence that suggests synergism can exist on 
two different levels, as we describe above, we hypothesized that this con-
tinuum may stretch further, where two different organisms that cannot 
perform a function alone may do so in association. This is in contrast to 
known synergistic interactions because our hypothesis stipulates that no 
strain can perform the specific function when alone. We thus coined this an 
“emergent interaction” that would result in “emergent growth” or “emergent 
substrate degradation.” We further hypothesized that increased functional 
dissimilarity between individuals would be more likely to display synergistic 
and/or emergent interactions, as it would increase their niche performance 
and breadth. In order to test this hypothesis, we screened one focal strain, a 
non-pathogenic derivative of Escherichia coli O157:H7, with a pool of 40 
genotypically and functionally different soil-isolated strains across an array 
of 31 carbon sources, both in mono and co-culture. We further explore 
the possibility that emergent functions may be triggered by diffuse primary 
or secondary cellular metabolites between different individuals, which was 
tested with two selected strain pairs (i.e., E. coli plus soil-isolated strain) on 
two different carbon sources.

Methods
Bacterial strains used in this study

This study consisted of one focal strain, Escherichia coli O157:H7 strain T, 
a non-pathogenic derivative of the toxigenic O157:H7 form. A large pool 
of test strains were isolated from soil via dilution plating and streaked at 
least twice to assure purity. Different strain ecotypes were distinguished by 
colony morphology and repetitive BOX-PCR, according to the protocol in 
Bathe et al. (2006). This gave rise to a total of 40 test strains (see Appendix 
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O for a list of all strains and available identifications). In order to provide 
taxonomic affiliation of the strains, we amplified and sequenced thier 16S 
rRNA gene. Sequencing was carried out by first amplifying the 16S rRNA 
gene with the forward B8F (5’-AGAGTTTGATCMTGGCTCAG-3’) and 
reverse 1492R (5’-TACCTTGTTACGACTT- 3’) primers. Amplification 
of the gene was carried out in a 25 μl PCR reaction containing 2.5 μl of 
10X Buffer, 0.4μl of 25 mM MgCl2, 0.5 μl DMSO, 0.3 μl of 20 mg/mL 
BSA, 0.5 μl dNTPs at a 25 μM, 0.5 μl of each primer at 10 μM, and 0.1 
μl of Taq polymerase (Bioline, Massachusetts, USA). The cycling program 
began with an initial denaturation phase of 95 oC for five minutes, fol-
lowed by 95 oC denaturation for 1 min, 52 oC annealing for 30 sec, and 
72 oC extension that cycled for 35 rounds. The reaction concluded with 
a 72 oC final extension for 7 min. The resulting fragment was cloned into 
the pGEM-T vector and then transformed into JM109 competent cells 
using the pGEM-T easy kit, with both the cloning protocol and compe-
tent cells provided by the manufacturer (Promega, Madison, Wisconsin, 
USA). Clones were sequenced at the Beckman-Coulter sequencing facility 
(Danvers, Massachusetts, USA)

Synergistic and emergent substrate degradation screen

In order to test for the presence of synergistic and emergent substrate 
degradation, we grew one focal strain, E. coli, and 40 other soil-isolated 
bacterial strains in monoculture and co-culture combination across an array 
of 31 carbon sources (see Appendix P for a list of carbon sources and their 
respective compound class). This initial screen comprised a total of 1,240 
individual assays. Carbon sources were located individually on the Biolog 
ecoplate (Biolog, Hayward, California, USA), where they are replicated 
thrice. Specifically, each well of the ecoplate contains one carbon source 
and a dye, and the contents of the well turns violet as bacterial cells respire. 
Thus, the consumption of each carbon source was determined by measur-
ing the development of a violet color in each well through time. In order 
to mimic the disadvantage E. coli populations usually have in external 
environments like soil, we used an uneven, 5:1 cellular ratio in favor of 
the soil-isolated strains. Specifically, co-cultures of E. coli and soil-isolated 
strains were inoculated onto the ecoplate at a density of OD600 = 0.02 and 
OD600 = 0.1, respectively. The monoculture control of E. coli was inoculated 
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onto the ecoplate at a cell density of OD600 = 0.02; all test strain monocul-
tures were inoculated onto the ecoplate at a final cell density of OD600 = 
0.1. Plates were incubated in Biolog’s Omnilog machine for 48 hours at 23 
°C with measurements taken every 15 minutes. The amount of substrate 
utilized by each monoculture or co-culture was calculated based on the “area 
under the curve” data provided by Omnilog software for each well, which 
is measured in Omnilog units. Data for each Biolog plate were normalized 
(independently by the maximum value for each plate).

Calculating synergistic and emergent degradation

In order to calculate synergistic and emergent growth, we separated the data 
from the initial screen into two categories. The first category was the syner-
gistic category and contained any carbon source that the test strain, E. coli, 
or both consumed. Synergistic degradation was calculated as any growth 
that exceeded the sum of monoculture components. The second category 
was emergent degradation and contained all carbon sources that both test 
strains and E. coli could not degrade in monoculture. Emergent degrada-
tion was calculated as any degradation that was observed in co-culture, on 
carbon sources that strains could not use in monoculture. Furthermore, 
synergistic and emergent degradation were classified into three categories: 
weak, moderate, or strong. These classifications were relative to the maxi-
mum amount of growth observed for either synergism or emergence, which 
was divided and categorized by thirds—the first third as weak, the second 
third as moderate, and the third as strong. For synergistic interactions the 
maximum growth was observed at 29,373.33 omnilog units. This meant 
anything between 0 to 97,91.11 omnilog units was weak; anything between 
9,791.11 to 19,582.22 omnilog units was moderate; and anything from 
19,582.22 to 29,373.33 omnilog units was strong. For emergent inter-
actions the maximum growth was 29,321.11 omnilog units. This meant 
anything between 0 to 9,773.89 omnilog units was weak; anything between 
9,773.89 to 19,547.78 omnilog units was moderate; and anything between 
19,547.78 to 29,321.67 omnilog units was strong. In order to visualize 
synergistic or emergent growth, we created heatmaps in the R environment 
using the gplots package (Warnes et al. 2009), and strain pairs were clus-
tered by a dendrogram using the complete linkage method with Euclidian 
distances.
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Testing for emergence at an even cellular ratio

To confirm the presence of emergence when the cellular ratio between E. coli 
and soil isolates were equal, we chose two test strains, Microbacterium foliorum 
and Collimonas arenae, for further analysis. These two strains were each grown 
in monoculture and in combination with E. coli on minimal medium supple-
mented with L-serine or D-cellobiose. These growth experiments used mineral 
salts medium (MSM) as the minimal medium, supplemented 0.2% L-serine 
or 1.0% D-cellobiose. These carbon source concentrations were determined 
from previous assays that assessed optimal carbon source concentration for 
growth. MSM contains 7 g/L Na2HPO4; 2 g/L K2HPO4; 1 g/L (NH4)SO4; 0.1 
g/L Ca(NO3)2; 0.2 g/L MgCl2 , at pH 7.5, supplemented with 25 μl of trace 
elements (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).

In order to verify an equal cell ratio, we first determined the correlation 
between OD and colony forming units (cfu) counts in trypticase soy broth 
(Becton, Dickinson, and Company; Maryland, USA). Then, in the co-culture 
combinations of E. coli and M. foliorum, 12.5 µl of E. coli was inoculated at 
a cell density OD600 = 0.10. In order to account for a slightly smaller cell size 
of M. foliorum and to guarantee a 1:1 cellular ratio, 12.5 µl of M. foliorum at 
a cell density of OD600 = 0.13 was inoculated. In co-culture combinations of 
E. coli and C. arenae, 12.5 µl of E. coli was inoculated at a cell density OD600 
= 0.10. In order to account for C. arenae’s small cell size in relation to E. coli, 
12.5 µl of C. arenae at an initial cell density of OD600 = 0.28 was inoculated. 
Both co-culture combinations were topped off with MSM described above 
to a final volume of 200 µl. Growth was observed in 96 well microtiter 
plates and measured using a spectrophotometer every hour for 141 hours 
(Spectramax 190 by Molecular Devices; Sunnyvale, California, USA).

Testing for a cooperative mechanism: cell, supernatant, and substrate 
growth combinations between E. coli and M. foliorum or C. arenae

To understand if either primary of secondary cellular metabolites could 
induce emergent interactions, we took the co-culture supernatants of both 
strain pairs (i.e., E. coli and M. foliorum or E. coli and C. arenae) that were 
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grown both on L-serine and D-cellobiose and added them back to individ-
ual cultures of E. coli, M. foliorum, or C. arenae to see if they could induce 
growth. Specifically, there were two treatments: one where only the co-culture 
supernatant was added to the strain culture and another where the co-culture 
supernatant was added with the addition of either L-serine or D-cellobiose. 
L-serine was added when the co-culture’s origin was grown on said carbon 
source, as was done with D-cellobiose. The co-cultures used to supply the 
supernatant originated from the co-cultures grown at an even cellular ratio 
(described above) and were centrifuged at a speed of 10,000 × g for 3 minutes. 
The supernatants were then collected and filter sterilized with a 0.2 µm filter 
to remove any residual bacteria in preparation for addition to individual cell 
cultures. In the treatments where only the co-culture supernatant was added, 
0.9 µl and 4.0 µl of the supernatant from the L-serine and D-cellobiose 
co-cultures were added, respectively. This was in addition to 25 µl of the strain 
(either E. coli, M. foliorum, or C. arenae) at an initial cell density of OD600 
= 0.13. The culture was topped off to 200 µl with MSM. In the treatments 
where the supernatant was added with the addition of a substrate, an initial 
concentration of either 0.06 % L-serine or 0.3 % D-cellobiose were added 
with mineral salts medium to top the reaction off at 200 µl. The supernatants 
and respective strains were added at the same volume and optical density, as 
previously described when no substrate was added. Finally, the growth of 
cultures was measured spectrophotometrically for 141 hours (Spectramax 
190 by Molecular Devices; Sunnyvale, California, USA).

The relationship between functional dissimilarity and cooperative growth

Functional dissimilarity was calculated by measuring the Bray-Curtis per-
cent dissimilarity between all test strains and E. coli over the array of 31 
carbon sources. Pearson correlations were then used to calculate the ability 
of functional dissimilarity, between each test strain and E. coli, to predict (i) 
synergistic growth, (ii) emergent growth, and (iii) total cooperative growth, 
which was synergistic and emergent growth considered in the same analysis.

Statistical analyses

Regression analyses to evaluate the relationship between functional dis-
similarity and emergent growth were carried out using base functions in 
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R (Team 2014), as were one-way analysis of variance and Tukey’s post hoc 
tests to examine potential differences between classes of carbon sources and 
their frequency of emergent interactions.

Results
Synergistic and emergent degradation

In the 1,240 individual assays that were performed with 40 pairs of soil-iso-
lated bacterial strains, a total of 652 cooperative interactions were recorded 
(52 % of all initial assays). When divided into synergistic (Fig. 6.1a) and 
emergent (Fig. 6.1b) interactions, a total of 478 interactions (38.5 % of 
all tests) and 181 interactions (14.6 % of all tests) were observed, respec-
tively. In the case of synergistic interactions, 361 were considered as weak, 
105 as moderate, and 12 as strong interactions. In the case of emergent 
interactions, 148 were classified as weak, 24 as moderate, and 8 as strong 
(see Table 6.1 for strains involved in all strong interactions; see methods 
for classification criteria).
Certain carbon sources tended to display more cooperative interactions 
than others (Appendix Q). In the case of synergistic interactions, amino 
acids, carbohydrates and polymers display an average of 24.5, 25.9, and 
24.3 collective synergistic interactions, respectively. Amines/amides, next to 
carboxylic and ketonic acids displayed means of 16.0 and 14.4 synergistic 
interactions, respectively. A one-way analysis of variance test with post hoc 
analysis revealed that carbohydrates displayed a significantly higher number 
of synergistic interactions than carboxylic and ketonic acids (ANOVA, F(4,5) 
= 2.914, P = 0.042; Tukey’s post hoc test, P < 0.05); all other groups were 
statistically similar (Tukey’s post hoc, P > 0.05). In the case of emergent 
interactions, a one-way analysis of variance revealed there was no signifi-
cant difference between any of the carbon source groups in their ability to 
explain emergent interactions (ANOVA, F(4,12) = 1.614, P = 0.234).
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Figure 1 
(a) 

(b) 

Figure 6.1. Synergistic and emergent interactions as revealed across a screen of 31 
carbon sources. A heat map representing observed (a) synergistic and (b) emergent 
growth. A red color represents the absence of any interaction; orange colors represent 
weak interactions; yellow colors represent moderate interactions; and green colors represent 
strong interactions (see methods for classifi cations).



O N E  P L U S  O N E  I S  M O R E  T H A N  T W O   |  1 2 5

Table 6.1. Strong synergistic and emergent interactions. Strains that registered a strong 
cooperative interaction with E. coli (either synergistic or emergent) are displayed, as is the 
carbon source upon which in interaction occurred.

Identification Type of Interaction Carbon source

Arthrobacter phenanthrenivorans Emergent L-Serine

Arthrobacter sp. Synergistic L-Serine

Arthrobacter sulfureus Synergistic Pyruvic Acid Methyl Ester

Arthrobacter sulfureus Synergistic D-Mannitol

Arthrobacter sulfureus Synergistic L-Serine

Burkholderia phytofirmans Synergistic Glucose-1-Phosphate

Burkholderia phytofirmans Synergistic alpha-D-Lactose

Collimonas arenae Emergent L-Serine

Paenibacillus mendelii Emergent L-Serine

Unsequenced Emergent L-Serine

Unsequenced Synergistic D-Mannitol

Unsequenced Synergistic D-Mannitol

Unsequenced Synergistic L-Serine

Unsequenced Synergistic D-Cellobiose

Unsequenced Synergistic Glucose-1-Phosphate

Unsequenced Synergistic D,L-alpha-Glycerol 
Phosphate

Unsequenced Emergent L-Serine

Unsequenced Emergent L-Serine

Unsequenced Emergent Alpha-cyclodextrin

Unsequenced Emergent Glycogen
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Figure 2 

(a) 

(b) 

(c) 

Figure 6.2. Functional dissimilarity between E. coli and test strains predicts the growth of 
total cooperative interactions but not synergistic or emergent growth alone. The bray-curtis 
dissimilarity metric, measuring functional dissimilarity between E. coli and the soil-isolated 
strains, is used to predict (a) total cooperative degradation, (b) synergistic degradation, 
and (c) emergent degradation.
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Functional dissimilarity predicts total cooperative degradation  
but not synergistic or emergent degradation alone

The level of functional dissimilarity between E. coli and soil-isolated strains 
was able to weakly explain the intensity of all cooperative interactions—that 
is when synergistic growth and emergent growth were combined (R2 = 0.10, 
P = 0.048; Fig. 6.2a). However, functional dissimilarity failed to explain 
any of the variation associated with synergism (Fig. 6.2b) and emergence 
(Fig. 6.2c) when they were examined separately (P > 0.05).

Amid an even cellular ratio, a mix of interactions

When in the presence of E. coli in the initial screen, M. foliorum and C. 
arenae displayed a wide range of synergistic interactions, from weak to 
strong, on the carbon sources L-serine and D-cellobiose. M. foliorum’s 
signal on L-serine was moderate, and its signal on D-cellobiose was weak. 
C. arenae’s signal on L-serine was strong, and its signal on D-cellobiose 
was moderate. These patterns made them ideal candidates to test emergent 
growth at an even cellular ratio.

Although we expected to observe emergent interactions, the co-cul-
ture experiments with the aforementioned stains and carbon sources 
revealed emergent, synergistic, and even absent interactions with M. 
foliorum and C. arenae when each was in the presence of E. coli on 
either L-serine or D-cellobiose. On L-serine, M. foliorum and E. coli 
displayed a synergistic interaction (Fig. 6.3a). This was because in mono-
culture, both strains displayed growth on L-serine, but that growth was 
enhanced when both were in co-culture. Cell counts conducted at the 
beginning and end of the experiment indicated that the cellular ratio of 
M. foliorum and E. coli were similar at the time of inoculation, while E. 
coli was roughly one order of magnitude higher than M. foliorum at the 
end of the experiment (Table 6.1a). The same pair of strains displayed 
an emergent interaction on D-cellobiose, where neither strain could 
use the carbon source in monoculture but enjoyed near linear growth 
in co-culture (Fig. 6.3b); cell counts were similar at the beginning and 
end the experiment (Table 6.2a).

C. arenae seemed to display synergistic growth with E. coli on L-serine, 
as each could slightly use the substrate in monoculture, but growth was 
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Figure 6.3. Microbacterium foliorum and Collimonas arenae, tested with E. coli on minimal 
medium containing either L-serine or D-cellobiose. Panels (a) and (b) portray the 
relationship between M. foliorum and E. coli in monoculture and co-culture on L-serine 
and D-cellobiose, respectively. Panels (c) and (d) portray the relationship between C. 
arenae and E. coli in mono and co-culture on L-serine and D-cellobiose, respectively. Black 
bars on growth curves represents the standard error of the mean.
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vastly improved in co-culture (Fig. 6.3c). However, although cell counts 
of both strains were similar before inoculation, C. arenae was absent by the 
end of the experiment (Table 6.2b), indicating that the observed growth 
could be due to the release of nutrients from cell lysis. Little to no growth 
was observed for these strains alone or in co-culture on D-cellobiose (Fig. 
6.3d; Table 6.1b).

Cell and supernatant combinations between E. coli with  
either M. foliorum or C. arenae induce growth

When the origin of the supernatant was from a co-culture with M. folio-
rum and E. coli that was grown on L-serine, growth only occurred in the 
cultures of E. coli and not M. foliorum (Fig. 6.4a). When E. coli was only in 
the presence of the co-culture supernatant, its growth was relatively weak 
and peaked at hour 37 (Fig. 6.4a). When E. coli was in the presence of the 

Table 6.2. Initial and final cell counts of M. foliorum, C. arenae, and E. coli during tests 
on minimal medium supplemented with L-serine and D-cellobiose. (a) are those of M. 
foliorum and E.coli; (b) are those of C. arenae and E. coli.

Table 6.2a

Hour 0 Hour 141

M. foliorum E. coli M. foliorum E. coli

L-serine 4.39x106 2.72x106 4.60x108 2.38x109

D-cellobiose 6.69x107 4.08x106 3.82x109 1.80x109

Table 6.2b

Hour 0 Hour 141

C. arenae E. coli C. arenae E. coli

L-serine 3.56x106 5.28x106 0.0 1.00x109

D-cellobiose 3.18x106 8.22x106 1.6x106 1.01x108
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supernatant and L-serine, E. coli growth increased steadily until hour 36 
and then leveled off until about hour 89 when it tended to increase again 
(Fig. 6.4a). When the origin of the supernatant was from a co-culture with 
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M. foliorum+ supernatant + 0.06% L-serine 
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E. coli + supernatant + 0.06% L-serine 

M. foliorum+ supernatant + 0.30 % D-cellobiose 
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E. coli + supernatant + 0.30 % D-cellobiose 
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(d) 

C. arenae + supernatant + 0.06% L-serine 

 C. arenae + supernatant 

E. Coli + supernatant 

E. coli + supernatant + 0.06% L-serine 

C. arenae + supernatant 

E. Coli + supernatant 

E. coli + supernatant + 1.20% -cellobiose 

C. arenae + supernatant + 1.20% D-cellobiose 

(c) 

Figure 6.4. Combinations of resources and/or co-culture supernatants can, in some 
case, induce growth on individual cultures. Panels (a) and (b) represent the co-culture 
supernatants originating from cultures between M. foliorum and E. coli grown on L-serine 
or D-cellobiose, respectively. Panels (c) and (d) represent the same for the co-culture 
supernatants originating from cultures with C. arenae and E. coli, respectively.
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M. foliorum and E. coli on D-cellobiose, late but strong growth appeared 
when M. foliorum was in the presence of the co-culture supernatant and 
D-cellobiose; growth began around hour 89 and steadily continued (Fig. 
6.4b). Slight growth for E. coli was also observed when it was grown with the 
co-culture supernatant and D-cellobiose (Fig. 6.4b). Little and no growth 
were observed when E. coli and M. foliorum, respectively, were only in the 
presence of the co-culture supernatant (Fig. 6.4b).

When the origin of the supernatant was from a co-culture between 
C. arenae and E. coli grown on L-serine, weak and moderate growth was 
observed when E. coli was in the presence both the co-culture supernatant 
alone and the co-culture supernatant with L-serine, respectively (Fig. 6.4c) 
No growth was observed in either of these cases for C. arenae (Fig. 6.4c). 
When the origin of the co-culture supernatant was derived from a C. arenae 
and E. coli co-culture on D-cellobiose, growth was similarly observed when 
E. coli was in the presence of both the co-culture supernatant alone and the 
co-culture supernatant with D-cellobiose (Fig. 6.4d). No growth in either 
situation occurred for C. arenae (Fig. 6.4d).

Discussion

As 52 % of the 1,240 individual assays performed in our initial screen 
were positive for either synergistic or emergent substrate degradation, these 
cooperative interactions among bacteria appear to be frequent and import-
ant ecological phenomenon. The propensity to cooperate via synergistic 
and emergent interactions between E. coli and 40 soil-isolated strains was 
predicted, albeit weakly, by the functional dissimilarity metric—that is, 
when considering synergistic and emergent degradation in the same anal-
ysis. Therefore, other factors are likely to determine whether two different 
individuals cooperate using these avenues. One such factor appears to be 
the ratio of interacting cells. Although M. foliorum and C. arenae displayed 
a mix of interactions when each was cultured with E. coli at an even cellular 
ratio—from no interactions to synergistic interactions to emergent inter-
actions—the core of our results’ novelty is the observation of completely 
emergent interactions. This appeared to be the case with 14.6 % of the 
assays in the initial screen. Furthermore, emergence was confirmed in one of 
the four further tested cases when E. coli and M. foliorum were co-cultured 
on D-cellobiose. What is not clear is if both strains are using the supplied 
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substrate or if the association between strain pairs results in one strain being 
able to degrade the resource while the other strain cross-feeds off a waste 
product of that growth.

In the last experiment where individual strains were grown in the presence 
of a substrate and/or a co-culture supernatant, we found that relatively strong 
growth of M. foliorum could be induced when it was grown in the presence of 
D-cellobiose and a spent co-culture supernatant (the supernatant originating 
for a co-culture with M. foliorum and E. coli grown on D-cellobiose). These 
results thus provided a potential explanation for the observation of emergent 
interactions among of both strains. Furthermore, and considering all tested 
cases in the supernatant experiments, steady and substantial growth was only 
observed when in the presence of the substrate and co-culture supernatant. 
This suggests that secondary metabolites, such as signaling molecules, may 
be involved in the initiation of cooperative interactions. This is because there 
was never substantial growth when solely in the presence of the co-culture 
supernatant, which could have theoretically contained primary metabolites 
that were products of the initial co-culture. Since growth only occurred 
when resources were supplemented with the supernatant, the availability of 
resources in the environment is likely crucial for such interactions. Across all 
tests, although some growth did occur when E. coli was only in the presence 
of the co-culture supernatants, this growth was not strong or steady and the 
question as to whether primary metabolites shared between strains induces or 
contributes to cooperation remains open. Further experiments that increase 
the concentration of the supernatant and/or quantify its molecular compo-
sition may provide further clues as to the initiation of cooperation.

Along these lines, given that M. foliorum could grow in the pres-
ence of its co-culture supernatant with the addition of D-cellobiose, this 
could indicate that quorum sensing inducer molecules originating from 
E. coli may have activated a gene pathway involved in D-cellobiose deg-
radation in M. foliorum. Interestingly, many forms of E. coli, including 
O157:H7 types, possess the luxS gene that encodes the enzyme produc-
ing Autoinducer-2 (AI-2), a common quorum sensing inducer molecule 
(Brito et al. 2013). The lack of quorum sensing receptors across the E. coli 
species complex also suggests that the presence of luxS is for interspecies 
communication (Brito et al. 2013), and AI-2 is the only quorum sensing 
molecule known to foster communication between Gram-positive and 
Gram-negative strains (Bassler and Losick 2006). AI-2 also has the ability 
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to induce hundreds of genes, and, while many of the known pathways 
involve secondary metabolism, the proximity of luxS to many primary 
metabolic genes suggests a link with primary metabolism (Vendeville 
et al. 2005, Ahmer 2004). In a similar experiments to ours, quorum 
sensing, and specifically the AI-2 system, was invoked as a possible mech-
anism explaining synergistic biofilm formation among Gram-positive, 
Microbacterium phyllosphaerae and Gram-negatives Shewanella japonica, 
Dokdonia donghaensis, and Acinetobacter lwoffii (Burmolle et al. 2006). 
The signaling molecules also appeared to originate from either M. phyl-
losphaerae or A. lwoffii, since the replacement of either of their cells with 
pure-culture supernatants could maintain a high level of synergistic bio-
film formation among the three other species (Burmolle et al. 2006). 
Although in our case M. foliorum appeared to respond to a signal from the 
supernatant, the amalgamation of evidence suggests that quorum sensing 
may have an integral role in the initiation of synergism and emergence. 
Furthermore, invoking quorum sensing as a mechanism that controls 
emergent growth may also explain the mix of interactions observed when 
M. foliorum and C. arenae were each grown at an even cellular ratio with 
E. coli. The activation of genes by quorum sensing requires a threshold 
quorum that molecules like AI-2 must reach in order to induce gene 
expression, and it has been shown that the concentration of signaling 
molecules scales with the amount biofilm development (Rickard 2006). 
In a similar sense, the amount and concentration of signal molecules 
could determine whether synergism or emergence is the enacted mecha-
nism. Further experiments that aim to assess the nature of M. foliorum’s 
response, perhaps through identification of supernatant components via 
mass spectrometry, could shed more light onto the proposed mechanism.

Determining the type of cooperative interaction that may exist between 
two bacterial taxa and the mechanism driving the relationship may require 
a case-by-case approach. In our data, functional dissimilarity could not 
predict synergistic and emergent substrate degradation when considered 
alone, and it could only weakly predict substrate degradation when they 
were considered in the same analysis. This suggests functional dissimilarity is 
not the best indicator of cooperative substrate degradation. One factor that 
we did not test in this study is phylogenetic dissimilarity. Recent research 
has shown that a high degree of relatedness between model Pseudomonas 
flourescens genotypes results in cooperative communities, where stability is 
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maintained through antagonistic elimination and a disruption of quorum 
sensing signals to closely related defector populations (Jousset et al. 2013). 
While close relatedness could induce synergistic degradation and growth, 
increasing evidence using in vitro (Ren et al. 2014, Jousset et al. 2013, Ul 
Haq et al. 2014) and in silico (Klitgord and Segre 2011, Klitgord and Segre 
2010) models recently suggest cooperation can also occur between distantly 
related species. The question as to whether increasing or decreasing levels 
of phylogenetic distance can predict synergistic or emergent interactions 
provides a worthy scenario for future research.

E. coli is also a known invader of external environments, like soil and 
water, and many experiments have examined the factors that contribute to 
its survival and longevity in such habitats (van Elsas et al. 2012, van Elsas 
et al. 2007, Mallon et al. 2015). Our initial screen, where soil strains were 
given a 5:1 cellular ratio advantage against E. coli, was designed to mimic this 
situation. The paramount factor that limits E. coli’s survival in soil micro-
bial ecosystems is its access to limiting resources, which become more and 
more scare as microbial community diversity increases (Mallon et al. 2015). 
In the sense of a microbial invasion, synergistic and emergent interactions 
could actually help to relieve the competition for resources if cooperative, 
instead of competitive, behavior was observed between resident soil taxa and 
the invader. It is hypothesized that cooperative interactions evolve over time 
and create tightly knit communities dependent upon each other for vital 
functions (Morris et al. 2012). In such an environment, especially when 
resources are scarce, it is unlikely that an invader could partake in a syner-
gistic or cooperative interaction, given the complexity and interdependence 
among residents. However, invasions are most successful when they coincide 
with disturbances that release resources into the community, and resource 
pulses can change bacterial community structure, likely altering or breaking 
cooperative interactions (Li and Stevens 2012, Davis et al. 2000, Mallon et al. 
2014, Carrero-Colon et al. 2006). It is at these points where new cooperative 
interactions may evolve or form, and such interactions may include, or even 
be induced, by the invading taxa. This could lead to the eventual naturaliza-
tion of an invader into a foreign environment. Although the exploration of 
synergism and emergence are still in their infancy, an invasion framework 
provides an ideal stage to study the outstanding questions concerning the 
associated patterns and mechanisms. In doing so, these investigations may 
provide insight into what makes for a successful microbial invasion.


