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Abstract
Coculture is an important model system in microbial ecology studies. As a key experimental parameter, the initial
inoculation ratio has a crucial impact on the results of the coculture system. However, such an effect has never been
investigated under multiple niche conditions. In this study, we established a simple coculture system with two model bacteria
in various carbon sources and investigated the influence of initial inoculum ratios of 1:1000 to 1000:1 on community
structure, function, and bacterial interaction. We found that the final ratio of the cocultures with different initial inoculum
ratios differed in approximately five-sixths of the carbon sources, suggesting that the final ratio is highly dependent on the
initial inoculum ratio, while the carbon source preferences of bacteria could not predict the final ratio of cocultures.
Furthermore, we found that the initial ratio could regulate the metabolic capacity of the coculture, as only cocultures with
initial ratios of 1:1 and 1000:1 gained high capacity on 14 specific carbon sources. The underlying reason may be that the
pattern of species interaction is changed by the initial ratio. In conclusion, we showed that the initial ratio can induce
emergent properties in coculture. These findings suggest that the initial ratio not only impacts the reproducibility of coculture
experiments but also can influence our understanding of generic microbial ecology.

Introduction

The application of bacterial coculture or synthetic bacterial
communities is extensive in microbial ecology studies [1].
To date, coculture systems have played a fundamental
role in studying species interactions [2–7], the development
of multispecies biofilms [8–10], the regulation of bacterial
community dynamics [11–13], and the construction of
synthetic communities with specific functionalities [14–17].

To establish a coculture system, apart from choosing
proper organisms and culture conditions, optimization of
the initial inoculation ratio is important. The setting of the
first two parameters is usually simple to determine based on
study purpose and restrictions, but the choice of the initial
ratio is not straightforward. In general, researchers typically
inoculate different species in an initial ratio of 1:1, which is
based on either the optical density at 600 nm (OD600) or
cell numbers [5, 8]. However, there are some exceptions.
For instance, to study multispecies biofilm formation,
Pseudomonas aeruginosa PAO1, P. protegens Pf-5 and
Klebsiella pneumonia KP-1 were inoculated in a micro-
fluidic device with an inoculation ratio of 5:5:1 [18].
Moreover, the initial ratio in different studies can range
from 1:1000 to 1000:1 [4, 19, 20]. Since the proportion of
species eventually changes during cultivation, the final ratio
is usually quite different from the initial ratio. For example,
24 h of cocultivation of Stenotrophomonas rhizophila,
Xanthomonas retroflexus, Ochrobactrum rhizosphaerae,
and Paenibacillus amylolyticus in a 1:1:1:1 inoculation ratio
resulted in a final ratio of 4:900:9:15 in the formed multi-
species biofilms [8]. Further investigations are required to
understand whether a change in the initial inoculum ratio in
a coculture system could alter the community structure.
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Furthermore, few studies have revealed that the initial
ratio can modulate the outcome of species interactions. For
example, the marine bacteria Alteromonas macleodii
HOT1A3 enhanced the growth of Prochlorococcus
MIT9313 with an initial ratio of 1:10 or 1:1 but inhibited it
at a higher ratio of 10:1 [19]. In addition, a recent study
showed that the initial ratio is very important: pairwise
communities with 12 different species were inoculated
using different initial ratios [21], which were 1:19 and 19:1
(95% species A to 5% species B and the reciprocal per-
centages). After 72 h of cultivation, the results demonstrated
that 12% of the final pairwise communities displayed legacy
dependence on the initial ratio [21]. These results suggested
that the social interactions among microbial species are
diverse and dynamic, and understanding the initial ratio-
associated interactions among species is crucial in predict-
ing microbial community structure and function.

Bacterial interactions include positive, negative, and
neutral relationships [11, 22, 23]. Microbes living in the
same environment may compete fiercely for space and
nutrients [24]; however, they can also cooperate to resist
adverse environments [25, 26]. First, metabolic similarity is
correlated with bacterial interactions [27]. Previous studies
have shown that bacterial interactions can be regulated by
niche conditions [28, 29]. It has been found that the spatial
structure of a two-species coculture (Burkholderia sp.
LB400 and Pseudomonas sp. B13) can be changed by the
carbon sources in the cultural medium two decades earlier
[28], showing that the interaction mode of the two strains
can be regulated by carbon sources. Therefore, the interplay
of initial ratio and niche condition is probably inevitable,
and this effect may lead to unpredicted results of cocultures.
Unfortunately, most studies usually use only one cultural
condition and cannot reveal such an interplay. For example,
two P. fluorescens strains in multispecies colonies reached a
characteristic final ratio of ~1:10, which was independent of
the initial ratio ranging from 1:1000 to 1000:1 [20]. Con-
sistent results were obtained for another two cocultured
species, P. aeruginosa and Burkholderia cenocepacia [30],
as well as the coculture of Escherichia coli and Salmonella
enterica [31]. All these results indicated that the final
community structure is not dependent on the initial ratio in
the given cultural condition. By contrast, the medium con-
tent or fluidity exhibited stronger influences than the initial
ratio on the final ratio of dual species (Bacillus subtilis and
Vibrio parahaemolyticus) cocultures [32]. Although this
study implied that niche conditions could overcome the
impact of the initial ratio on regulating the community
structure, knowledge of how niche conditions interact with
the initial ratio and cooperatively regulate the outcome of
coculture is still limited.

In this study, we therefore set up a two-species coculture
system and cultivated the species with initial ratios of

1:1000–1000:1 in 71 different carbon sources. After iden-
tifying the preference of the two species for various carbon
sources, the impacts of the carbon source and initial
inoculum ratio on the final ratio were investigated. On this
basis, the effects of the initial ratio on community function
were revealed by comparing the carbon usage profiles of
different cultures. To our knowledge, this is the first sys-
tematic study to reveal the effect of initial ratios on cocul-
ture experiments under diverse culture conditions.

Materials and methods

Strains and culture conditions

E. coli K-12 (EC) and P. putida KT2440 (PP) were
stocked in the State Key Laboratory of Agricultural
Microbiology (Wuhan, China). All strains were routinely
grown in Luria broth (LB) shaking at 180 rpm at 28 °C. E.
coli and P. putida are two of the most common model
organisms in the laboratory, and these organisms are
widely distributed in various environments, including soil,
water, and host-associated niches, in which they likely
coexist [33], while the K-12 and KT2440 strains are gen-
erally used laboratory strains. Therefore, a two-species
coculture system was established with the two bacteria and
71 different carbon sources using a Biolog GEN III
microtiter plate [34]. The 71 carbon sources are listed in
Table S1. The two-species coculture system had five dif-
ferent initial abundances, two of which were monocultures,
and the other three had initial ratios (EC/PP) of 1:1000,
1:1, and 1000:1.

To obtain the initial inoculum, overnight cultures of E.
coli and P. putida (in LB) were centrifuged at 9000 × g for
3 min to remove the growth medium (LB). This step was
followed by washing three times using Biolog’s IF-0a
inoculation fluid and resuspension in IF-0a to a starting
colony-forming units of ~1 × 107 (the OD600 of E. coli and
P. putida were ~0.04 and 0.05, respectively). For “1:1”,
inoculation was performed by mixing the two components
in equal proportion (50 μL per component, the same
volumes below); for the “1:1000” coculture, the E. coli
component was diluted 1000-fold in IF-0a prior to mixing,
while the “1000:1” coculture was the reciprocal of the
“1:1000”; the “P. putida” monoculture was 100 μL of P.
putida, and the “E. coli” monoculture was 100 μL of E. coli.
After that, inoculums were added into the GEN III plate
wells and cultivated at 25 °C, following the manufacturer’s
instructions. Assays were performed in triplicate and mea-
sured every 4 h for 24 h using Biolog’s MicroStation
machine (Biolog, Hayward, CA, USA). The machine col-
lects two absorbance values at 590 and 750 nm. The former
value represents a coloration reaction of tetrazolium redox
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dye, and the latter represents a turbidity index of a culture in
a specific carbon source. Since tetrazolium redox dye is
reduced during carbon oxidation and results in color gen-
eration, the 590 nm absorbance provides a proxy measure
for the extent of carbon oxidation in Biolog plate wells.
Therefore, we used the 590 nm absorbance value as a
measurement of carbon usage efficiency (CUE) in this
study. In each experiment, raw values were normalized by
subtracting the corresponding value of the negative control
in the same plate (A1-zeroed) and then used in subsequent
analysis.

Preference for carbon sources

To distinguish the carbon usage preference of E. coli and P.
putida for the 71 carbon sources, we compared the CUE
values of their monocultures grown in each carbon source.
Since the CUEs of a species under a carbon source theo-
retically have a normal distribution, we determined the
carbon usage preference of the two species by comparing
the mean of three observations. If the mean CUE of E. coli
in a certain carbon source was significantly higher than the
mean CUE of P. putida under the same carbon source, the
carbon source was considered E. coli preferred; if the CUE
of E. coli in a certain carbon source was significantly lower
than that of P. putida under the same carbon source, the
carbon source was considered P. putida preferred. The
remaining carbon sources were then considered non-
preferential. In the comparison, a t-test was employed, and a
p-value less than 0.05 was considered significant.

Coordinate analysis of the carbon usage profiles

To compare the carbon usage profiles of five different
cultures, A1-zeroed CUEs (A590) at 24 h, which included
71 (carbon sources) × 5 (groups) × 3 (replicates) observa-
tions and formed a 71 × 15 matrix, were used in a principal
component analysis with vegan version 2.5–4 [35]. After
exploratory inspection of the data, the 71 carbon sources
were clustered into three groups using hierarchical cluster-
ing with the complete linkage method. Plots were generated
using ggplot2 version 3.1 [36] and pheatmap version 1.0.12
(https://CRAN.R-project.org/package=pheatmap). Raw
data and analytical codes are provided in the supplementary
material (see Data availability).

Quantifying the relative abundance in coculture
using species-specific quantitative PCR

To obtain species-specific primers for P. putida and E. coli,
16S rRNA gene sequences of each strain were aligned and
visualized in BioEdit [37], and primers (Table 1) were
picked manually based on the variable regions of 16S rRNA
genes with an approximate amplicon size of 300 bp [38].
The specificity of primers was confirmed by PCR with
specific and nonspecific templates (Fig. S1). Despite the
different sequences, the two sets of primers were demon-
strated in later PCR experiments to have similar amplifi-
cation efficiencies. Genomic DNA was extracted from the
24-h coculture, and the reaction components per 10 μL were
3.5 μL of distilled deionized water, 5 μL of 2× SYBR Green
Real-Time PCR master mixture (Applied Biosystems,
Foster City, CA, USA), 0.5 μL of 10 μM each primer and
1 μL of genomic DNA. The PCR program was carried out
as follows: 95 °C for 5 min, followed by 40 cycles of
denaturation at 95 °C for 15 s, annealing at 60 °C for 15 s,
and extension and fluorescence reading at 72 °C for 1 min,
followed by melting curve analysis between 55 and 95 °C
with a heating increment rate of 0.5 °C per 5 s and con-
tinuous fluorescence measurement to determine the pre-
sence of specific products in the QuantStudio® 6 Flex
System (Applied Biosystems, Foster City, CA, USA). For
all runs, standard curves were generated by amplification of
serial 4× dilutions of the standard plasmid DNA template
(in triplicate), with a maximum concentration of 10 ng/μL.
The template DNA was thus quantified by using the
standard curves (R2= 0.99) with QuantStudio™ Real-Time
PCR software (version 1.2, Applied Biosystems, Foster
City, CA, USA). Similar to the initial ratio (EC/PP), the
relative abundances of E. coli and P. putida in 24-h culti-
vation were reported as the final ratio of E. coli and
P. putida. With that ratio, proportions could be easily
calculated by the equations EC%= ratio/(1+ratio) and
PP%= 1/(1+ratio).

Defining bacterial interactions in coculture

For coculture systems, the overall CUE is related to the CUE
of the two species included and their proportion in the
system (Fig. 1). In the simplest case, if the total CUE is
higher than the maximum CUE in the monocultures, it is a

Table 1 Primers used in
this study.

Primer Sequence (5′-3′) Note

PP_16Sf CCTTGCTGTTTTGACGTTAC P. putida-specific forward primer

PP_16Sr ATCTCAAGGATTCCAACGGC P. putida-specific reverse primer

EC_16Sf CCTTTGCTCATTGACGTTAC E. coli-specific forward primer

EC_16Sr GCCTCAAGGGCACAACCTCC E. coli-specific reverse primer
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positive interaction; if the total CUE is lower than the
minimum CUE in the monocultures, it is a negative inter-
action (Fig. 1b). However, in fact, the CUE of the coculture
is unlikely to exhibit these cases but is normally between the
maximum and the minimum; therefore, we need to consider
the proportion of the two species as well (Fig. 1c, d). Based
on this, we propose the following theoretical model.

The definition of bacterial coculture interaction was
derived from a well-defined classification scheme through a
hypothesis test approach [39]. However, we have appended
several improvements to the original scheme. In general, we
assessed the effect of coculture on the CUE based on the
monoculture CUEs. As we know the relative abundance of
each species in the coculture, we first calculated the theo-
retical CUE of a coculture by summing the monoculture
CUE and its proportion in coculture (Fig. 1c, d). The mea-
sured CUE and calculated CUE were assumed to have
normal distributions, with means of μ1 and μ2. We compared
the difference of μ1 and μ2 by hypothesis t-test and selected
0.05 as the significance level. First, consider the hypothesis
H0: μ1 < μ2 and compute the p-value Pneg. If Pneg < 0.05, the
observation is unlikely under the hypothesis and is thus an
indication of a positive effect (Fig. 1c). Second, if Pneg ≥
0.05, consider the hypothesis H0:μ1 < μ2, and compute the
p-value Ppos. If Ppos < 0.05, the observation was classified as
a negative effect (Fig. 1d). The rest of the classifications

have an unresolved effect. This method considers the species
abundance in coculture and thus improves the resolution and
accuracy of the test compared with that of the original
definition [39]. In this model, relative abundance is critical in
determining bacterial interactions. For instance, some
cocultures with the same CUE can lead to different results
due to abundance differences (Fig. 1c, d).

Statistics

All statistical analyses were conducted by using R software
(version 3.6, http://www.R-project.org). To meet assump-
tions of normality and homogeneity of variance, the quan-
tities of E. coli and P. putida measured by qPCR were log10
transformed. Multiple linear regression was applied to
normalized datasets to reveal the associations between key
parameters, including CUE, the populations of E. coli and
P. putida, carbon preference and initial ratios (see Data
availability). Two-group comparisons were performed using
Student’s t-test, and multiple group comparisons were per-
formed using one-way ANOVA and a post hoc test to find
variations between different groups, unless otherwise stated.
The p-value in multiple comparisons was adjusted by the
“BH” method. For all statistical analyses, a p-value (or
adjusted p-value if applicable) less than 0.05 was con-
sidered statistically significant.

Fig. 1 The interaction model used in this study. a The phenotypes
(CUE) of strain A and strain B in monoculture are CUEA and CUEB,
respectively. They are assumed not equal, and CUEA is higher than
CUEB. b When strains A and B were cocultivated, the coculture CUE
could generally fall into three aspects: (1) positive, if coculture CUE >
CUEA; (2) negative, if the CUE < CUEB; and (3) unresolved, if the
CUE was between CUEA and CUEB. In this study, the unresolved
mode was further diagnosed by an additional hypothesis test method to

reveal the interaction mode more accurately. c, d The examples of
positive and negative modes of interaction derived from “unresolved”
in (b). A% and B% are the relative abundances of strains A and B in
coculture, respectively. The x-axis represents the measured CUE and
calculated CUE, which have normal distributions with the mean μ1 and
μ2, respectively. By comparing μ1 and μ2, we can further obtain the
interaction mode. μ1 > μ2 indicates a positive interaction, and μ1 < μ2
indicates a negative interaction (see Methods).
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Results

Final ratio of cocultures

P. putida, rather than E. coli, takes the major proportion of
cocultures in overall all the carbon sources. Hence, almost
all of the final ratios, which are the ratio of E. coli quantity
and P. putida quantity in 24-h cultivation, are less than 1,
and the median of them is 0.036, with the first and third
quartiles being 0.0047 and 0.09, respectively. The final
ratios of the three cocultures differed significantly in 59
carbon sources (ANOVA, p < 0.05, Fig. 2a), including 43
carbon sources with a p-value < 0.01. However, there were
still 12 carbon sources that had nonsignificant results

(Fig. 2a). Although the final ratios differed in most of the
cocultures, the correlation of the final ratio and initial ratio
was weak, as the highest final ratios of cocultures were
observed for the “1:1000” coculture (D-mannitol and D-ser-
ine), “1000:1” coculture (glycerol) and “1:1” coculture (pec-
tin) (Fig. 2b). In addition, the carbon preference did not
correlate with the final ratios (Fig. 2). Both nonsignificant and
significant results occurred with E. coli- and P. putida-pre-
ferred carbon sources. Interestingly, we found that the fre-
quency of E. coli-preferred carbon sources was higher than
that of P. putida-preferred among the nonsignificant results
(Fig. 2, see Fig. S2 for complete results of all carbon sources).

Eighteen carbon sources were preferred by E. coli
(Fig. 3a), 27 carbon sources were preferred by P. putida

Fig. 2 Final ratios of
cocultures. a The density of the
adjusted p-value (ANOVA) in
testing whether the final ratios of
the three cocultures are different
in all carbon sources. The x-axis
represents the adjusted p-value
(BH method), and the vertical
line indicates the position of the
p-value cutoff (0.05). Inset: The
barplot shows the frequency of
significance of the adjusted p-
value (**p < 0.01, *p < 0.05, ns,
p ≥ 0.05). In the barplot,
frequencies were colored by
carbon preference. Five
examples for significant results
(b) or nonsignificant results (c)
of final ratios are given. In (b, c),
the y-axis represents the log10-
transformed final ratio.
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(Fig. 3b), and the remaining 26 carbon sources showed no
preference between the two bacteria. When grown in pre-
ferred carbon sources, the monoculture of E. coli has a
significantly higher CUE than that of P. putida, and vice
versa (Fig. 3a, b). We subsequently quantified the final ratio
of the three cocultures in every carbon source and compared
the results among the different types of carbon sources
grouped by preference. In all three cocultures, the highest

final ratio presented with E. coli-preferred carbon sources,
and the lowest final ratio presented with P. putida-preferred
carbon sources (Fig. 3c). Pairwise p-values (Wilcoxon rank
sum test) between different types of carbon preferences were
all significant. This result emphasizes that growing in a
preferred carbon source is beneficial for increasing the
relative abundance of either E. coli or P. putida in cocul-
tures. Interestingly, the final ratio of the three cocultures was

Fig. 3 Carbon preferences. Among 71 different carbon sources, there
were 18 E. coli-preferred (a) carbon sources and 27 P. putida-preferred
(b) carbon sources. The x-axis is the name of carbon sources, and the
y-axis is the CUE of monocultures. c Comparison of the final ratios of
a given coculture in different types of carbon sources defined by
preference. The x-axis is the type of carbon preference, and the y-axis
is the final ratio (log10 transformed). Left: the “1:1000” coculture;

middle, the “1:1” coculture; right: the “1000:1” coculture. d Com-
parison of the final ratios between three cocultures in a given type of
carbon source. The x-axis indicates coculture initial ratios, and the y-
axis is the final ratio (log10 transformed). Left: in nonpreferred carbon
sources (none); middle: in E. coli-preferred carbon sources; right: in P.
putida-preferred carbon sources. The p-values given on the top of
bracket in (c, d) were calculated by pairwise Wilcoxon rank sum test.
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similar for the combined results in E. coli-preferred carbon
sources (Fig. 3d), suggesting that E. coli in the 1:1000 and
1:1 cocultures exhibited a comparable proportion to that in
the 1000:1 cocultures. This result is consistent with the
multiple linear regression result, which showed that growing
in E. coli-preferred carbon source is the most important
positive influence factor on the final ratio (p < 0.001, see
Data availability). By contrast, the “1:1000” coculture had a
significantly lower final ratio in both nonpreferred and P.
putida-preferred carbon sources than the “1:1” and “1000:1”
cocultures (Fig. 3d). Taken together, these results indicated

that in addition to the initial ratio, the available nutrients
greatly influence the final ratio of cocultures, suggesting that
whether the assembly of the coculture is history dependent
can be overcome by culture conditions.

The initial ratio regulates the metabolic capacities
of cocultures

The CUE profile with the 71 different carbon sources was
measured as an overall metabolic capacity for monocultures
and cocultures. It reflects the comprehensive metabolic

Fig. 4 The initial ratio regulates carbon usage profiles of cocul-
tures. a Clustering of carbon sources by usage groups. In the heatmap,
the type of carbon source is indicated by bars on the top, the carbon ID
is indicated on the bottom, and experimental replicates are given on the
right. The legend bar indicates the range of CUE values. b The CUE of

mono- and cocultures with 14 U2 carbon sources (from left to right,
top to bottom). The x-axis indicates culture conditions, and the y-axis
indicates CUE. ANOVA and Tukey’s multiple comparisons test were
performed. The text on the boxplot indicates whether significant var-
iances were observed between different cultures.
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capacity of a species or community under diverse nutrient
conditions. While comparing the CUE profiles between
different groups (Fig. S3A), we found that the median CUE
of the “1:1” coculture had the greatest value (0.46), fol-
lowed by that of the “1000:1” coculture (0.352), P. putida
monoculture (0.091), “1:1000” coculture (0.086), and E.
coli monoculture (0.056) groups. Specifically, the median
CUE of the P. putida monoculture was approximately
twofold higher than that of the E. coli monoculture,
reflecting that the overall metabolic activity of the P. putida
monoculture is higher than that of the E. coli monoculture.
Notably, the “1:1” and “1000:1” cocultures but not the
“1:1000” coculture both have higher metabolic capacity
than the P. putida monoculture. The coexistence of

P. putida and E. coli enhanced the overall metabolic
capacities in the two cocultures but weakened the capacity
in the other coculture.

A clustered heatmap showing the differences across 71
carbon sources was created with two monocultures and
three cocultures clustered into three groups, and carbon
sources clustered into three groups: U1, U2, and U3
(Fig. 4a). The first culture cluster had only the E. coli
monoculture, the second cluster had the P. putida mono-
culture and the “1:1000” coculture, while the third cluster
had the “1:1” and “1000:1” cocultures (see also Fig. S3B
for the principal component analysis of CUE profiles). In
carbon source clusters, U1 has 41 carbon sources, and the
CUE values in this group are generally low across all

Fig. 5 Bacterial interactions in cocultures. a Overall comparison of
the interaction mode between the three cocultures with all carbon
sources. The results were, furthermore, summarized into three parts by
the carbon usage groups (b) and preference (c). Comparisons of E. coli
(d) and P. putida (e) quantities in different bacterial interaction modes

are shown as well. For a–c, the proportions were colored by interaction
mode. For d–e, the x-axis indicates the interaction mode, and the y-axis
indicates the log10-transformed bacterial quantities of E. coli and
P. putida, respectively.
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groups, indicating that these carbon sources are mostly
difficult to utilize. U1 mainly includes 24 nonpreferred
carbon sources, followed by nine P. putida-preferred and
eight E. coli-preferred carbon sources. U2 has 14 carbon
sources, and the CUE values of the “1:1” and “1000:1”
cultures are much higher than those of the other cultures.
U2 has ten E. coli-preferred carbon sources, two non-
preferred ones and two P. putida-preferred carbon sources.
U3 has 16 carbon sources, and the CUE values are high for
all the groups except the E. coli monoculture. All U3 car-
bon sources are P. putida preferred. Obviously, the CUEs
of 14 U2 carbon sources are the main factor causing sig-
nificant differences between the “1:1”/“1000:1” cultures
and the others. They are basically unable to be efficiently
utilized by both the P. putida monoculture, the E. coli
monoculture, or the “1:1000” coculture. However, the
“1:1” and “1000:1” cocultures obtained a high capacity of
using 14 extra carbon sources when inoculated with the
specific initial ratios.

Figure 4b shows the CUE of cultures with these 14 U2
carbon sources (see Fig. S4 for complete results of all
carbon sources). The cocultivation of E. coli and P. putida
was not enough for the community to gain access to U2
carbon sources, as the correct initial ratios were needed. For
example, the CUE of the “1:1000” coculture had no sig-
nificant variances with either the P. putida or E. coli
monocultures in 7 U2 carbon sources, which are D-maltose,
N-acetyl-D-glucosamine, N-acetylneuraminic acid, D-fruc-
tose, L-fucose, inosine, and D-mannitol (Fig. 4b). In addi-
tion, the CUEs of the “1:1” and “1000:1” cocultures were
similar and were significantly higher than those of the other
groups (p < 0.05) in most cases, if not all.

We used multiple linear regression to explore the cor-
relations among CUE, initial ratio and carbon sources,
which were further clustered by carbon preference or usage
(Table S1, Fig. 4). The regression model results showed that
68% of the dependent variable variation could be explained
based on adjusted R-squared (0.6782, p < 2.2e−16). The
factors that significantly influence CUE were, from strong
to weak, carbon usage group, initial ratio, and carbon pre-
ference. In addition, when the other parameters were con-
trolled, either increasing the initial ratio from 1:1 to 1000:1
or decreasing the initial ratio from 1:1 to 1:1000 will sig-
nificantly lower CUE (see Data availability).

Taken together, these results indicated that the initial
ratio is able to regulate the metabolic capacity of cocultures
under various niche conditions.

The initial ratio and carbon sources cooperatively
regulate bacterial interactions

We evaluated the interaction mode of cocultures in utilizing
carbon sources, as defined in Methods (Fig. 1). We found

that the “1:1000” cocultures had 62% negative interactions
and only 7% positive interactions; the “1:1” cocultures had
25% negative interactions and 46% positive interactions;
and the “1000:1” cocultures had 11% negative interactions
and 30% positive interactions (Fig. 5a). The two species in
the “1:1” and “1000:1” cocultures were more likely to uti-
lize carbon sources synergistically than the “1:1000”
coculture.

To clarify the influence of the type of carbon source, we
divided the result into three parts according to the carbon
usage groups (Fig. 5b) and preference (Fig. 5c). The results
showed that the “1:1” cocultures had the most positive
interactions, while the “1:1000” cocultures had the most
negative interactions, regardless of the type of carbon
source (Fig. 5b, c). In U1 carbon sources, 37% of the “1:1”
cocultures showed a positive interaction, followed by the
“1000:1” and “1:1000” cocultures (Fig. 5b, left panel). In
U2 carbon sources, almost all of the “1:1” and “1000:1”
cocultures had positive interactions (Fig. 5b, middle panel).
This result is consistent with the intrinsic property of the 14
carbon sources in U2, as they can be effectively utilized
only by the “1:1” and “1000:1” cocultures (Fig. 4). In U3
carbon sources, we found that no positive effect was found
in the “1:1000” cocultures (Fig. 5b, right panel). This result
means that the presence of E. coli in the “1:1000” coculture
may not have any positive effect on utilizing these carbon
sources in cocultures, which is consistent with the obser-
vation that all U3 carbon sources can be utilized by P.
putida (Fig. 4a). Furthermore, more positive effects were
found in E. coli-preferred carbon sources (Fig. 5c, middle
panel) than in P. putida-preferred carbon sources (Fig. 5c,
right panel). In addition, the result for nonpreferred carbon
sources was quite similar to that for U1 carbon sources
(Fig. 5c, left panel). These results showed that the initial
ratio had a great impact on bacterial interaction and that the
characteristics of carbon sources can modulate the effect of
the initial ratio on bacterial interaction. Although there are
some exceptions (Fig. S5), it seems that positive interaction
is more likely to be established when the species popula-
tions are comparable.

In addition, we found that the establishment of a
positive interaction is beneficial to increase the population
of both E. coli and P. putida in cocultures, while a
negative interaction significantly lowers their quantity
compared with that in the situation of unresolved inter-
actions (Fig. 5d, e). Furthermore, the increment of the E.
coli median quantity in positive cocultures was approxi-
mately fivefold greater than that in unresolved cocultures
(Fig. 5d) and was much greater than that of P. putida in
positive cocultures (Fig. 5e). Positive interaction
enhanced the carbon source utilization capacity, while
increased assimilation of carbon sources led to an increase
in the total cell number in cocultures.

The initial inoculation ratio regulates bacterial coculture interactions and metabolic capacity 37



Discussion

The current study investigated the effect of initial inocula-
tion ratios on the final function and structure of bacterial
cocultures. We found that the initial ratio can influence the
structure and, more importantly, the function and the bac-
terial interaction of a community. Our results suggested that
the interaction between the two species is not stable and
preset but can be changed by the initial inoculation ratio and
niche conditions.

To date, we generally assumed that species interaction
comes from the nature of the involved species, and the
interaction is treated as an intrinsic property between spe-
cies. Negative interactions are attributed to resource com-
petition and the secretion of antibiotics [40, 41], while
positive interactions are attributed to metabolic coupling
[42, 43], cross-feeding [3, 44], auxotrophies [26], and so on.
Therefore, the type of bacterial interactions [17] together
with the bacterial metabolic capacity [45] and bacterial
carbon usage preference [12] are important parameters in
predicting the structure of a complex community. However,
the current study revealed that the interaction is regulated by
the relative abundance of the involved species, and it is not
an intrinsic but an emergent property between species.
When E. coli was less abundant than P. putida, more
negative interactions were observed, while more positive
interactions were observed when E. coli was equal to or
more abundant than P. putida (Fig. 6). This situation will
inevitably increase the unpredictability of community
behavior.

We found that the “1:1” and “1000:1” cocultures showed
synergistic cooperation in utilizing 14 U2 carbon sources,
thereby greatly improving the CUE (Fig. 6). The key may
be that the two species establish a metabolic coupling circuit
or cross-feeding by integrating metabolic capacities. The
genomic basis for establishing such a metabolic coupling
was also present in the “1:1000” coculture; however, it
failed to result in a successful metabolic coupling pathway
involving both species. A possible explanation for this
observation could be that the 14 U2 carbon sources could be
metabolized only by a joint effort of both E. coli and P.
putida, but the population of E. coli in the “1:1000”
coculture was too small to provide enough resources for a
co-metabolic flow, thus failing to establish the co-
metabolism pathway (Fig. 6c). In contrast, the other two
cocultures successfully established the co-metabolic path-
way (Fig. 6d), which greatly improved the CUE of U2
carbon sources. Notably, the presence of E. coli in the
“1:1000” coculture even had an adverse effect on the use of
U2 carbon sources, accounting for approximately one-fifth
of the combinations (Fig. 5b, middle panel). This result
suggests that such an influence of the initial ratio is con-
tinuous rather than just a legacy effect.

The impact of the initial ratio on the final ratio had a
trade-off for carbon sources. For example, the final ratios
were not significantly different among the three cocultures
when grown in E. coli-preferred carbon sources (Fig. 3d).
Therefore, whether the assembly of two-species cocultures
is history dependent also depends on the available nutrients.
Under natural conditions, communities with similar struc-
tures may also move toward different outcomes due to
differences in niche conditions. Correspondingly, commu-
nities with different structures may also converge due to the
same niche condition [46]. Only U2 carbon sources induced
the metabolic coupling of E. coli and P. putida, while the
other carbon sources did not have such potential. We
believe that this effect could be an example of the check and
balance between bacterial adaptation capacity and numer-
ous niche conditions.

The simplest approach for establishing a coculture sys-
tem is to use a low-diversity model community from well-
known, well-characterized laboratory strains [47]. E. coli
and P. putida are ubiquitous microorganisms that inhabit
soil, water, animal tissue, humans, and plant surfaces [33].
Both are important components of the biosphere; however,
the optimal growth temperatures of E. coli and P. putida are
~40 and 30 °C, respectively [48, 49]. It should be noted that
the culture temperature in our assays was more suitable for
the growth of P. putida; thus, P. putida might be highly

Fig. 6 Metabolic coupling in utilizing U2 carbon sources. The E.
coli monoculture (a) and P. putida monoculture (b) have only low
efficiency in utilizing U2 carbon sources. In a coculture that has a
smaller E. coli population, metabolic coupling is difficult to establish,
as E. coli is the bottleneck restricting the flow of metabolites (c). When
E. coli has an equivalent population to P. putida, metabolic flow can
be established and lead to high CUE for U2 carbon sources (d).
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abundant in most of the coculture systems. However, free-
living bacteria are frequently exposed to niche shifts and
nonoptimal growth conditions. A prior study has also
shown that E. coli can survive under temperature, oxygen,
and pH stress conditions [50]. In this study, we have shown
that the proportion of E. coli was highly improved in pre-
ferred carbon sources, implying that culture conditions can
overcome the growth limitation of temperature for E. coli.
Therefore, we believe that the choice of temperature has
little effect on the conclusion of this study.

Data availability

Raw data from Biolog and qPCR experiments, together
with the analytical codes in R, have been uploaded to a
GitHub repository (http://github.com/gaospecial/ratio).
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