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Abstract

Interactive microbial communities are ubiquitous on Earth. Within microbial
communities, nutrient exchange, also called cross-feeding, is widespread. Cross-
feeding is thought to arise from the need to satisfy nutrient requirements of recipient
microbes, in many cases with producer microbes excreting costly, communally valuable
metabolites such as vitamins, amino acids, or ammonium. However, we possess an
incomplete understanding of the genetic basis and molecular mechanisms by which
cross-feeding of communally valuable metabolites evolves. Previously we engineered a
mutualistic cross-feeding relationship between N,-fixing Rhodopseudomonas palustris
and fermentative Escherichia coli. In this synthetic mutualism, genetically engineered R.
palustris excretes essential nitrogen in the form of ammonium to E. coli, while E. coli
excretes essential carbon in the form of fermentation products to R. palustris. Here, we
used the same species, but with a wildtype strain of R. palustris not known to excrete
ammonium, to enrich for a nascent cross-feeding relationship. We found that emergent
ammonium cross-feeding relies not on a mutation in the producer R. palustris but rather
a single missense mutation in the recipient E. coli. This mutation in E. coli NtrC, the
master regulator of nitrogen scavenging, results in constitutive activation of an
ammonium transporter and likely allows E. coli to subsist on the small amount of
ammonium that leaks from WT R. palustris and reciprocate through the excretion of
organic acids. Overall, our results indicate that enhanced nutrient uptake by recipients,
rather than increased excretion by producers, is a plausible and possibly prevalent

mechanism by which cross-feeding interactions emerge.
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Significance

Microbial communities orchestrate biogeochemical cycles and can cause or prevent
polymicrobial infections. Interactions between microbes, including nutrient cross-
feeding, can determine which species successfully colonize and thrive in a given niche.
Here, we demonstrate that within a cross-feeding relationship, recipients, rather than
producers, can drive the evolutionary emergence of nutrient exchange. In this case, the
recipient bacterium drives emergent ammonium cross-feeding by enhancing nutrient
uptake via upregulation of nitrogen acquisition genes. Our findings show that microbial
species can rapidly adapt to coexist by exchanging nutrients and that the recipient
species play an underappreciated role in driving the emergence of cross-feeding

interactions.

Introduction

Microorganisms typically exist as members of diverse and highly interactive
communities wherein nutrient exchange, also known as cross-feeding, is thought to be
ubiquitous (1-7). The prevalence of cross-feeding interactions may explain, in part, why
many microbial species are unable to synthesize particular essential metabolites such
as vitamins and amino acids (i.e. auxotrophy), and therefore must acquire these
compounds, often from other community members (1, 7, 8). Furthermore, microbes in
nature experience varying degrees of starvation and often exist in states of low
metabolic activity (9, 10) and cross-feeding might serve as an important way by which

limiting nutrients are acquired. However, elucidating the genetic basis of emergent
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cross-feeding interactions and tracking their evolutionary dynamics within natural
microbial communities is difficult due to their sheer complexity. To overcome the
intrinsic complexities of natural microbial communities, tractable synthetic consortia
have proven useful as model systems for studying assorted aspects of the mechanisms,
ecology, and evolution of microbial communities and for biotechnological applications

(4, 11-16).

To study the molecular mechanisms of nutrient cross-feeding, we previously
developed a synthetic bacterial coculture in which Escherichia coli and
Rhodopseudomonas palustris reciprocally exchange essential metabolites under
anaerobic conditions (Fig.1A) (17-20). In this coculture, E. coli ferments glucose, a
carbon source that R. palustris cannot consume, and excretes ethanol and organic
acids as waste products. The organic acids, with the exception of formate, serve as the
sole carbon sources for R. palustris (Fig. 1A). In return, R. palustris fixes dinitrogen gas
(N,) via the enzyme nitrogenase and excretes ammonium (NH,4"), which is the sole
nitrogen source for E. coli (Fig. 1A). Because both species depend on essential
nutrients provided by their partner species, this coculture functions as an obligate

mutualism.

NH," cross-feeding from R. palustris to E. coli is thought to depend on the
equilibrium between NH3z and NH,*. The small proportion of NHs present in neutral pH
environments is membrane permeable and can diffuse out of cells (21, 22). Leaked
NH," can be recaptured by AmtB transporters (21), which in the case of R. palustris
helps avoid loss of valuable NH4" (Fig. 1B) (17, 18). NH,4" leakage is also limited

through the strict regulation of N fixation, including by the transcriptional activator NifA,
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so that energetically expensive N; fixation is only performed when preferred nitrogen
sources such as NH," are limiting (23). Previously, we identified two types of mutations
that increase NH;" excretion by R. palustris during N fixation and support coculture
growth with E. coli (17): (i) deletion of amtB, which prevents recapture of leaked NHg, or
(ii) a 48-bp deletion within nifA (denoted as NifA*), which locks NifA into an active
conformation (24) (Fig. 1B). In contrast, wildtype (WT) R. palustris does not readily

support coculture growth with E. coli due to insufficient NH,;" excretion (17).

While mutualistic cross-feeding of communally valuable NH," between E. coli and
R. palustris can be rationally engineered, it remained to be seen whether such an
interaction could arise spontaneously. Herein we experimentally evolved cocultures
pairing E. coli with WT R. palustris for ~146 generations. While a nascent mutualism
was established and growth trends improved over serial transfers, growth and metabolic
trends remained distinct from those of both ancestral and parallel evolved cocultures of
E. coli and R. palustris NifA*. By pairing ancestral and evolved isolates of each species
in coculture, we determined that adaptation by E. coli was solely responsible for
establishing a mutualism with WT R. palustris. Whole-genome sequencing and
subsequent genetic verification identified a single missense mutation in the E. coli
transcriptional activator for nitrogen starvation, NtrC, that was sufficient for establishing
mutualistic growth with WT R. palustris. This mutation results in constitutive AmtB
expression, presumably enhancing NH," uptake. Our results suggest that mutations that
improve acquisition of communally valuable nutrients by recipient species are favored to
evolve and can promote the emergence of stable cross-feeding interactions within

synthetic consortia, and potentially in natural communities.
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111  Results

112 Mutualistic cross-feeding between wildtype R. palustris and E. coli can

113  spontaneously evolve. We confirmed our previous observations (17) that WT R.

114  palustris exhibits undetectable NH;" excretion and does not readily support coculture
115  growth with WT E. coli, in stark contrast to an engineered NifA* mutant strain, which
116  excretes NH;" and readily supports coculture growth (Fig. 1C and D). Whereas

117  cocultures with R. palustris NifA* (NifA*-based cocultures) grew to an optical density
118  (ODsgo) > 2.0 in 4-6 days with a doubling time of ~12 h, cocultures with WT R. palustris
119 (WT-based cocultures) did not exhibit appreciable growth in the same time frame (Fig.
120  1D). However, we hypothesized that prolonged incubation might enrich for spontaneous
121 mutants that permit coculture growth. After 50 days, WT-based cocultures indeed

122 reached optical densities similar to those observed for NifA*-based cocultures, albeit

123 with a doubling time of ~13 days (Fig. 1D).

124 Upon establishing a spontaneously evolved nascent mutualism between WT R.
125  palustris and E. coli, we experimentally evolved six replicates of both WT-based

126  cocultures (A-F) and NifA*-based cocultures (M-R), all with WT E. coli (Fig. 2A), to

127  compare their stability, evolutionary trajectory, and species and genotypic composition.
128  Cocultures were serially transferred 25 times, corresponding to ~146 generations, with
129  ~5.6 generations estimated per serial coculture (including the original cocultures

130 designated, transfer 0) based on the 1:50 dilution used for each transfer. We then

131  revived cocultures from frozen stocks at an early (transfer 2; generation 17) and later
132 (transfer 25; generation 146) time point to compare growth and population trends. We

133  tracked the growth of revived cocultures until stationary phase, i.e., an ODggp >2 and a
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134  low metabolic rate based on H, measurements. At generation 17 (G17), NifA*-based
135  cocultures exceeded an ODggo Of 2 in under 8 days whereas WT-based cocultures took
136  ~40 days (Fig. 2B). By generation 146 (G146), the time needed to reach ODggo > 2 had
137  decreased for every lineage (Fig. 2C). The shortened growth phase was most

138  pronounced for WT-based cocultures, which all reached ODggo > 2 in under 17 days by
139 G146, less than half the time needed at G17 (Fig. 2B, C); WT-based coculture doubling
140 times decreased from 135 + 55 h to 47 £ 10 h (Fig. 2D). Though less drastic, NifA*-

141  based coculture doubling times also decreased, in this case from ~11 h to ~8 h (Fig.
142  2D). Thus, WT R. palustris and E. coli adapted to grow better together, although this

143  pairing never grew as fast as unevolved engineered NifA*-based cocultures.

144 Because growth trends differed between WT-based cocultures and NifA*-based
145  cocultures, we wondered how the levels of each species were affected. We therefore
146  enumerated viable cells as colony forming units (CFUS) on selective agar for each

147  species at the final time points for G17 and G146 cocultures shown in Fig. 2A and B. At
148  G17, both R. palustris and E. coli populations in WT-based cocultures were lower than
149  those in NifA*-based cocultures (Fig. 3A). It is worth noting that NifA*-based cocultures
150 were plated after ~10 days, whereas WT-based cocultures were plated after 39-43 days
151  due to their slower growth rate. Consequently, the background death rate during the

152  additional ~30 days of slower growth for WT-based cocultures could have contributed to
153  the lower final CFUs. At G146, R. palustris abundances in WT-based cocultures had
154  increased >14-fold and exceeded R. palustris abundances observed in NifA*-based

155  cocultures by ~2-fold (Fig. 3). E. coli abundances in WT-based cocultures also

156  increased >7-fold by G146, but not to abundances observed in NifA*-based cocultures
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(Fig. 3). Due to the disproportionate increase in each population in WT-based
cocultures between G17 and G146, E. coli percentages remained low at 1-5%, relative
to 11-21% in NifA*-based cocultures (Fig. 3B). These differences in E. coli populations
between WT- and NifA*-based cocultures are consistent with previous findings that
higher levels of NH," excretion by R. palustris support faster growth and higher E. coli

abundances (17-19).

In contrast to WT-based cocultures, NifA*-based cocultures did not display higher
cell densities for either species at G146 compared to G17 (Fig. 3). For E. coli, the
average densities were 4.7 x 10° CFUs/ml and 6.9 x 10° CFUs/ml at G17 and G146,
respectively. For R. palustris, the average densities were 3.4 x 10° CFUs/ml and 3.9 x
10° CFUs/ml at G17 and G146, respectively. The average E. coli percentage in NifA*-
based cocultures was similar at G17 (16.5%) and at G146 (16.4%) (Wilcoxon matched-

pairs signed rank test, P=0.563).

Metabolic differences between WT-based and NifA*-based cocultures help explain
growth and population trends. Our previous R. palustris and E. coli coculture studies
demonstrated that growth and population trends can be strongly influenced by cross-
feeding levels of both NH," and organic acids (17-19). Therefore, we quantified glucose
consumption and fermentation product yields for cocultures at G17 and G146 at
stationary phase. At G17, glucose consumption by E. coli in WT-based cocultures was
about half of that in NifA*-based cocultures (Fig. 4A). The lower glucose consumption in
WT-based cocultures can explain in part the lower CFUs observed in Fig. 3A.
Previously, we showed that non-growing E. coli can ferment glucose, and that this

growth-independent fermentation can provide sufficient carbon to support R. palustris
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180  growth (19). We hypothesize that growth-independent fermentation by E. coli was an
181  important cross-feeding mechanism during the extremely slow growth of early WT-

182  based cocultures. By G146, E. coli consumed similar concentrations of glucose as

183  NifA*-based cocultures in three WT-based coculture lineages, with one lineage

184  consuming more glucose (Fig. 4A). The general increase in glucose consumption by E.
185  coliin WT-based cocultures from G17 to G146 (Fig. 4A) is associated with both faster

186  coculture doubling times (Fig. 2D) and higher E. coli abundances (Fig. 3B).

187 We also observed a potential trade-off between coculture growth rate and

188  coculture growth yield (AODsgo / glucose consumed). For example, WT-based G17

189  cocultures had the slowest growth rates but highest growth yields, whereas NifA*-based
190 G146 cocultures had the fastest growth rates but lowest growth yields (Fig. 4B). Trade-
191  offs between growth rate and yield have been reported in multiple microbial species
192  under various conditions (25-27). In our case, the metabolic trends point to possible
193  explanations for the apparent trade-off. For example, formate produced by E. coli is not
194 consumed by R. palustris and thus typically accumulates in cocultures (17). However,
195 no formate was detected in WT-based G17 cocultures and yields were approximately
196 half of that for NifA*-based cocultures at G146 (Fig. 4C). Low formate yields could be
197  explained in part by increased conversion of formate to H, and CO; by the E. coli

198 formate hydrogenlyase (28, 29). Consistent with this possibility, WT-based cocultures
199  had higher Hyyields at G17 and G146 (Fig. 4D). Low formate yields could also be

200 explained by decreased formate production by E. coli in favor of other fermentation

201  products that R. palustris can readily consume. We previously observed low formate

202  vyields in slow-growing, nitrogen-limited NifA*-based cocultures (19, 20), suggesting that
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formate production by E. coli varies in response to growth rate. We have also not ruled
out the possibility that R. palustris can consume some formate under certain conditions.
In addition to formate, consumable organic acid yields were also lower at both G17 and
G146 WT-based cocultures relative to NifA*-based cocultures (Fig. S2). Organic acid
accumulation in cocultures can acidify the medium to inhibitory levels (17) . At both G17
and G146, the lower yields of formate and other organic acids in WT-based cocultures
translated into higher pH values than in NifA*-based cocultures (Fig. 4E). This lower
level of acidification combined with the likelihood of a higher proportion of glucose being
fermented into consumable organic acids rather than formate could explain the higher
R. palustris cell densities at G146 in WT-based cocultures compared to NifA*-based

cocultures (Fig. 3B).

A single mutation in an E. coli nitrogen starvation response regulator is sufficient
for mutualistic growth with WT R. palustris. We hypothesized that the growth of WT-
based cocultures was due to adaptive mutations in one or both species. To determine
whether the evolution of either or both species was necessary to establish a nascent
mutualism, we isolated single colonies of each species from ancestral WT populations
and evolved G146 cocultures and paired them in all possible combinations (Fig. 5A).
Only those pairings featuring evolved E. coli grew to an ODeggo >0.5 after ~24 days (Fig.
5B). Cocultures pairing evolved E. coli with ancestral or evolved WT R. palustris
exhibited similar doubling times of ~67 h (Fig. S1). These results indicate that
adaptation by E. coli alone is sufficient to establish a nascent mutualism with WT R.
palustris. Accordingly, we did not observe increased NH," excretion in evolved WT R.

palustris N,-fixing monocultures compared to the ancestral strain (Fig. S1).

10
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To identify candidate mutations in E. coli that could enable coculture growth, we
sequenced the genomes of populations in all six WT-based coculture lineages after
138-143 generations. Multiple mutations were identified in each species of each
experimental line at varying frequencies (Supplemental Files 1 and 2). Consistent with
the relatively slow growth rates of WT-based cocultures (Fig. 5B), we did not detect any
nifA nor amtB mutations in evolved WT R. palustris populations, which would enable
rapid coculture growth. In E. coli, we identified the same fixed missense mutation in
gInG (henceforth called ntrC) in all evolved WT-based cocultures lineages at G146,
replacing serine 163 with an arginine within the AAA+ domain in the encoded the
response regulator NtrC (NtrC>%*R Fig. 5C). NtrC and the histidine kinase NtrB form a
two-component system that senses and coordinates the nitrogen starvation response in
E. coli (30, 31). Our lab previously found that the E. coli NtrBC-regulon is highly
expressed in coculture with R. palustris NifA* (20). Thus E. coli NtrBC might be even
more important in coculture with WT R. palustris wherein E. coli nitrogen starvation is
expected to be intensified. Subsequent sequencing of populations from generation 11

revealed that the NtrCS'®R

mutation was enriched early in the evolution of WT-based
cocultures (Table S1). The NtrC3***® mutation was also enriched in WT-based
cocultures evolved under static conditions (Table S1), suggesting that the mutation was
also adaptive in spatially heterogenous environments. Further, we also identified
multiple, though different, high frequency mutations in ntrBC in E. coli populations from

NifA*-based cocultures evolved under both well-mixed and static conditions (Table S1),

suggesting that mutations affecting nitrogen scavenging are also adaptive in the

11
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248  presence of an NH, -excreting partner. All of these observations strongly suggest the

249  adaptive importance of E. coli NtrBC mutations like NtrC®'**F for coculture growth.

S163R
C

250 To determine if the Ntr mutation alone was sufficient to support coculture

CS163R allele into the ancestral E. coli

251  growth with WT R. palustris, we moved the Ntr
252 strain. Cocultures pairing E. coli NtrC®**F with WT R. palustris grew with a doubling
253  time of 124 + 22 h, approximately twice as long as cocultures with evolved E. coli

254  isolates, but much faster than cocultures with ancestral E. coli (Fig. 6A). Thus, the

255  NtrC3'®R mutation is sufficient to drive coculture growth. Cocultures with E. coli

256 NtrC>'®*Rreached similar final cell densities, but supported lower WT R. palustris

257  abundances than cocultures with evolved E. coli isolates (Fig. 6B). We speculate that
258  some of the additional mutations present in evolved E. coli isolates (Supplemental Files
259 1 and 2) are adaptive under coculture conditions and may account for the faster growth
260 rate and higher densities of R. palustris in these cocultures (Fig. 6A and B). Because of

261 the striking parallelism of the NtrC®'%%R

mutation across coculture lineages, we

262  wondered if it might have been prevalent in the ancestral population. We therefore

263 examined ten ancestral E. coli isolates that underwent 35 days of coculture growth with
264 WT R. palustris (Fig. 6A) for the NtrC3'*F mutation. All ten isolates had the WT ntrC

265 allele. Thus, if the NtrC3'®*} mutation is in the E. coli ancestral population it is at a low

266  frequency.

267 The NtrC3'®R allele constitutively activates expression of the ammonium
268 transporter AmtB in E. coli. Based on the effects of NtrC mutations observed by
269  others (32, 33), we hypothesized the NtrC>'®*R allele enables coculture growth with WT

270  R. palustris by conferring constitutive expression of NtrBC-regulated genes important for

12
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NH," acquisition. We previously determined that NtrC and AmtB were crucial gene
products within the NtrBC regulon for growth and coexistence with R. palustris NifA*
(18, 20). To test if the NtrC>!**R allele increased amtB and ntrC expression, we
measured transcript levels by reverse transcription quantitative PCR (RT-gPCR) in E.
coli monocultures grown with 15 mM NH4CI or subjected to complete nitrogen starvation
(=10 h with 0 mM NH4CI). We chose to perform RT-gPCR on E. coli monocultures,
because ancestral WT E. coli does not readily grow with WT R. palustris and because
E. coli typically constitutes a low percentage (1-5%) of WT-based cocultures, meaning

most mMRNA in cocultures would be from R. palustris.

When cultured with NH,4CI, the E. coli NtrC3***® mutant exhibited ~30 and ~15-
fold higher expression of amtB and ntrC, respectively, than WT E. coli (Fig. 6C). This
result is consistent with our hypothesis that the NtrC>'®3® allele constitutively activates
expression of its regulon. Following 10 h of nitrogen starvation, we saw similarly high
amtB and ntrC expression by both the WT and the NtrC>'**® strains (Fig. 6C). Thus,
both the WT and NtrC3'®*R E. coli strains are able to commence strong transcriptional
responses to extreme nitrogen starvation. We expect that the level of nitrogen limitation
experienced by E. coli in coculture with WT R. palustris is less extreme than the
complete nitrogen starvation conditions used in our gPCR experiments. Although we
cannot detect NH,4" excretion by WT R. palustris, the equilibrium with NH; dictates that
some will be excreted, possibly within the nM to low pM range where AmtB is critically
important (21). We also know that AmtB is important in coculture for E. coli to compete
for transiently available NH;" that R. palustris will otherwise reacquire (18). We therefore

163R
CS 63

hypothesize that the Ntr mutation primes E. coli for coculture growth with R.
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palustris, by maintaining high AmtB expression, thereby enabling acquisition of scarcely
available NH;". The E. coli growth that results from NH," acquisition then fuels a higher
rate of reciprocation through the excretion of organic acids, allowing a mutualism to

emerge.
Discussion

Here, we determined that in cocultures requiring nitrogen transfer from R. palustris to E.

coli, an E. coli NtrCSt3R

mutation alone is sufficient to enable coculture growth. The
NtrC3'%R allele results in constitutive activity of the transcriptional activator NtrC and
thus increased expression of the AmtB NH," transporter, which we hypothesize
enhances NH;" uptake. This is the first mutation we have identified in the NH," recipient
species E. coli that is sufficient to support mutualistic coculture growth with WT R.

palustris. Overall, our data suggest that a recipient species can establish cross-feeding

interactions through enhanced nutrient uptake.

Our previous work on this synthetic cross-feeding consortium utilized R. palustris
NifA* and AAmtB strains that we engineered to excrete NH4" and foster coculture
growth (17-19). In the present study, we did not identify any nifA or amtB mutations in
evolved WT R. palustris populations. This suggests that although the NifA*-based
cocultures exhibit more rapid coculture growth than WT-based cocultures, R. palustris
nifA and amtB mutations likely incur a fitness cost, such as an increased energetic
burden of constitutive nitrogenase expression due to the NifA* mutation, or loss of NH,"
to WT competitors in the case of an inactivating amtB mutation. However, it does not
appear that R. palustris NifA* regained regulation of nitrogenase and limited NH,"

excretion during the experimental evolution. Instead, evolved NifA*-based cocultures
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supported consistent abundances of E. coli as ancestral NifA*-based cocultures, a trait
which we know is dependent on the level of NH4" excretion (17-19). Our results
therefore suggest that the NifA* mutation, a 48 bp deletion, is not prone to frequent
suppression, potentially because multiple mutations would be required. Based on our
findings, we propose that experimental evolution is a valuable approach both for
identifying novel genotypes enabling coexistence within synthetic consortia and for

assessing the long-term stability of putatively costly engineered genotypes.

More broadly, our results indicate that within a cross-feeding partnership, multiple
combinations of recipient and producer genotypes can lead to stable coexistence but
only certain combinations will be favored to evolve based on the selective environment.
Under well-mixed conditions, like those in most of our experiments here, there is intense
competition between recipients as well as producers for limiting, communally-valuable
nutrients, such as NH;" (18), vitamins, or amino acids (1, 7, 8). Additionally, there is a
probable fitness cost for producers associated with increased nutrient excretion in well-
mixed environments. Under well-mixed conditions, costless self-serving and mutually
beneficial mutations, but not costly partner-serving mutations, are favored to evolve
(34). Therefore mutations that improve a recipient’s ability to acquire key nutrients from
producers, and thereby outcompete other recipient genotypes, can evolve rapidly (35).
These recipient mutations that enhance metabolite uptake also erode the partial
privatization of communally valuable nutrients released by the producer (36). Even so,
these recipient mutations can benefit producers if they promote mutualistic interactions
(35). We view the E. coli NtrC®'**R mutation as an example of costless self-serving

mutation, given its rapid emergence in well-mixed cocultures, but one that is mutually
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beneficial as an obligate mutualism results. However, we hypothesize that the benefits
of the NtrC3'®*R mutation extend more generally to surviving nitrogen limitation. In
support of this, it was shown that an NtrC"*®" mutation that similarly increased amtB
expression was adaptive for E. coli evolved in nitrogen-limiting monocultures (37). The
general benefit in surviving nitrogen limitation might also explain why E. coli NtrBC
mutations were also observed in evolved static cocultures (Table S1), where cells settle
into dense populations at the bottom of the test tube that likely intensify competition for

NH,".

Mutations that improve nutrient acquisition can be mutually beneficial for cross-
feeding partners under conditions such as those used in our study, where neither
species can grow well without reciprocal nutrient exchange. However, mutations that
enhance nutrient uptake could also be adaptive for the recipient when there is no
reciprocal benefit to the producer. Consequently, mutations that enhance nutrient
uptake could result in the emergence of mutualistic, commensal, or competitive
interactions, depending on the microbial community composition and conditions (35). In
natural microbial communities, where auxotrophy is prevalent (1, 7) and most cells
exhibit low metabolic activity, including dormant or growth-arrested states (9, 10),
mutations that improve acquisition of limiting nutrients, could allow certain populations
to flourish. Understanding the consequences of mutations that expedite metabolite
acquisition could thus inform on the origins of microbial mutualisms and the
mechanisms that underpin other ecological relationships. This knowledge could
ultimately be harnessed for various applications, ranging from facilitating coexistence

within synthetic consortia to probiotic-mediated competitive exclusion of pathogens.
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Methods.

Strains and growth conditions. All strains and plasmids are listed in SI Appendix
Table S2. E. coli was grown in Luria-Bertani (LB) Miller broth or on LB agar at 30 or
37°C supplemented with gentamicin (Gm; 5-15 pug/ml), kanamycin (Km; 30 pg/ml), or
carbenicillin (100 pg/ml) when appropriate. R. palustris was grown in defined minimal
photosynthetic medium (PM) (38) or on PM agar with 10 mM succinate at 30°C and
supplemented with gentamycin (100 pg/ml) when appropriate. N»-fixing medium (NFM)
was made by omitting (NH4).SO,4 from PM. NFM and LB agar were used as selective
media to quantify R. palustris and E. coli CFUs, respectively. Monocultures were grown
in 10 ml of M9-derived coculture medium (MDC) and cocultures in 10 ml of MDC in 27
ml anaerobic test tubes. Tubes were made anaerobic under 100% N, sterilized, and
supplemented with 1 mM MgSO, and 0.1 mM CaCl, as described (17). E. coli starter
monocultures had 25 mM glucose and were growth-limited by supplementing with 1.5
mM NH,CI. R. palustris starter monocultures were growth-limited by supplementing with
limiting 3 mM acetate. Cocultures were inoculated by subculturing 1% v/v of starter
monocultures of each species into MDC with 50 mM glucose. Mono- and cocultures
were grown at 30°C, under well-mixed conditions, lying horizontally and shaking at 150
rpm beneath a 60 W incandescent bulb or, where indicated, under static conditions,

standing vertically and not shaken during growth beside a 60 W incandescent bulb.

Construction of E. coli NtrC>**®_All primers are listed in Table S3. The Gm®-sacB
genes from pJQ200SK (39) were PCR amplified using primers containing ~40 bp
overhanging regions with homology up and downstream of ntrC (gInG). A second round

of PCR was then performed to increase the length of overhanging regions to ~80 bp
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386 and thereby increase recombination frequency. E. coli MG1655 harboring pKD46

387 encoding arabinose-inducible A-red recombineering genes (40) was grown in LB with
388  carbenicillin and 20 mM arabinose at 30°C to an ODgg 0f ~0.5 and then centrifuged,

389  washed, and resuspended in sterile distilled water at ambient temperature.

390 Resuspended E. coli cells were electroporated with GmR-sacB PCR product with ~80 bp
391  of homology flanking ntrC. Gm-resistant colonies were screened by PCR and site-

392 directed recombination of Gm~-sacB into the ntrC locus, creating a AntrC::Gm"~-sacB
393 allele, was verified by sequencing. To replace the AntrC::GmR-sacB locus, the NtrCS%3R
394 allele was PCR-amplified from gDNA of evolved E. coli (lineage A25) and

395 electroporated into E. coli ANtrC::Gm"®-sacB harboring pKD46. After counterselection on
396 LB agar without NaCl and supplemented with 10% (w/v) sucrose, site-directed

397 recombination of the NtrC>'**R allele into the native locus was confirmed by PCR and

C5163R

398  sequencing. E. coli Ntr was grown overnight on LB agar at 42°C to cure the strain

399  of pKD46. Loss of pKD46 was confirmed by lack of growth with carbenicillin.

400 R. palustris strain construction. The WT and NifA* R. palustris strains used for

401  experiments in Fig. 1 were the type strain CGA009 (38) and CGA676, respectively.
402 CGAG676 carries a 48 bp deletion in nifA (24). The R. palustris strains used in

403  experimental coculture evolution and subsequent experiments were CGA4001 and
404 CGA4003, which are derived from CGA009 and CGA676, respectively, with both

405  carrying an additional AhupS mutation, preventing the oxidation of H,. To construct R.
406  palustris CGA4001 and CGA4003, pJQ-AhupS was introduced into R. palustris

407 CGAO009 and CGAG676, respectively, by conjugation with E. coli S17-1. Mutants were
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then obtained using sequential selection and screening as described (41). The AhupS

deletion was confirmed by PCR and sequencing.

Analytical procedures. Cell densities were approximated by optical density at 660 nm
(ODsggo) using a Genesys 20 visible spectrophotometer (Thermo-Fisher). Coculture
doubling times were derived from specific growth rates determined by fitting exponential
functions to ODggo measurements between 0.1-1.0 for each biological replicate. NH4"
was quantified using an indophenol colorimetric assay (17). Glucose and soluble
fermentation products were quantified using a high-performance liquid chromatograph
(Shimadzu) as described (42). H, was quantified using a gas chromatograph

(Shimadzu) with a thermal conductivity detector as described (43).

Coculture evolution experiments. Founder monocultures of E. coli MG1655, R.
palustris CGA4001 (AhupS), and CGA4003 (AhupS NifA*) were inoculated from single
colonies in MDC. Once grown, a single founder monoculture of each strain was used to
inoculate twelve WT-based cocultures (six well-mixed: A-F; six static: G-L) and 12
NifA*-based cocultures (six well-mixed: M-R; six static: S-X) in MDC with 50 mM
glucose. Cocultures were serially transferred by passaging 2% v/v of stationary phase
coculture (ODggp > 2) into fresh MDC. The NifA*-based cocultures were transferred
weekly whereas WT-based cocultures were transferred every 30-50 days for the first
five transfers and then every two-weeks after that. For comparative analyses, well-
mixed cocultures (A-F and M-R) were revived from frozen stocks made following serial
transfer 2 (generation 17) and transfer 25 (generation 146) by thawing ~0.2 ml of

coculture in 1 ml sterile MDC. Thawed cocultures were washed 2X with MDC to remove
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glycerol from frozen stocks and then resuspended in 0.2 ml MDC before inoculating into

MDC with 50 mM glucose.

RNA extraction and reverse transcription quantitative PCR. RNA was isolated from
exponentially growing E. coli monocultures or starved cell suspensions that had been
chilled on ice, centrifuged at 4°C, and the resulting cell pellets flash frozen using dry-ice
in ethanol and stored at -80°C. Cell pellets were thawed on ice, disrupted by bead
beating, and then RNA was purified using an RNeasy MiniKit (Qiagen), Turbo DNase
(Ambion) treatment on columns, and RNeasy MinElute Cleanup Kit (Qiagen). The cDNA
was synthesized from 0.5-1 pg of RNA per sample using Protoscript II| RT and Random
Primer Mix (New England Biolabs). The gPCR reactions were performed on cDNA
samples using iQ SYBR Green supermix (BioRad). E. coli genomic DNA was used to
generate standard curves for amtB and ntrC transcript quantification, which were
normalized to transcript levels of reference/housekeeping genes gyrB and hcaT (44).
Duplicate technical replicate qPCR reactions were performed and averaged for each

biological replicate to calculate relative expression.

Genome sequencing and mutation analysis. Genomic DNA was extracted from
stationary phase evolved cocultures following revival from frozen stocks using a
Wizard® Genomic DNA purification Kit (Promega). DNA fragment libraries were
constructed for samples from evolved shaking WT-based cocultures A25, B24-F24 and
NifA*-based cocultures M30-R30 using NextFlex Bioo Rapid DNA kit. Samples were
sequenced on an lllumina NextSeq 500 150 bp paired-end run by the Center for
Genomics and Bioinformatics at Indiana University, Bloomington. After trimming paired-

end reads using Trimmomatic 0.36 (45) with the following options: LEADING:3
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TRAILING:3 SLIDINGWINDOW:10:26 HEADCROP:10 MINLEN:36. Mutations were
called using breseq version 0.32.0 on Polymorphism Mode (46) and compared to a
reference genome created by concatenating E. coli MG1655 (Accession NC_000913),
R. palustris CGA009 (Accession BX571963), and its plasmid pRPA (Accession

BX571964). Mutations are summarized in Supplemental File 1.

Additional gDNA sequencing for evolved WT-based cocultures A1-F1 (shaking), G1-L1
(static), G21-L21 (static), and NifA*-based cocultures S21-X21 (static) was performed at
the Department of Energy Joint Genome Institute. Plate-based DNA library preparation
for lllumina sequencing was performed on the PerkinElmer Sciclone NGS robotic liquid
handling system using Kapa Biosystems library preparation kit. 200 ng of gDNA was
sheared using a Covaris LE220 focused-ultrasonicator. Sheared DNA fragments were
size selected by double-SPRI and then the selected fragments were end-repaired, A-
tailed, and ligated with lllumina compatible sequencing adaptors from IDT containing a
unique molecular index barcode for each sample library. Libraries were quantified using
KAPA Biosystem's next-generation sequencing library gPCR kit and run on a Roche
LightCycler 480 real-time PCR instrument. The quantified libraries were then prepared
for sequencing on the lllumina HiSeq sequencing platform utilizing a TruSeq Rapid
paired-end cluster kit. Sequencing of the flowcell was performed on the lllumina
HiSeq2500 sequencer using HiSeq TruSeq SBS sequencing Kits, following a 2x100
indexed run recipe. Reads were aligned to a reference genome created by
concatenating E. coli MG1655 (Accession NC _000913), R. palustris CGA009
(Accession NC_005296), and its plasmid pRPA (Accession NC_005297) (47). The

resulting bams were then split by organism and down sampled to 100 fold depth if in
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excess of that, then re-merged to create a normalized bam for calling single nucleotide
polymorphisms and small indels by callVariants.sh from the BBMap package
(sourceforge.net/projects/bbmap/) to capture variants present within the population and

annotation applied with snpEff (48). Mutations are summarized in Supplemental File 2.

All FASTQ files are available at NCBI Sequence Read Archive (Accession numbers

listed in Table S1)
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501

502  Fig. 1. Mutualistic cross-feeding between E. coli and R. palustris is facilitated by NH4"
503 excretion. (A) Coculture growth requires reciprocal cross-feeding of organic acids and
504 NH4" excreted by E. coli and R. palustris, respectively. (B) Mechanism of NH4" cross-
505 feeding from R. palustris to E. coli and mutational targets known to increase NH,4"

506  excretion by R. palustris (*). (C) NH4" excretion levels by WT R. palustris (CGA009) and
507 anisogenic NifA* mutant (CGA676) in carbon-limited N»-fixing monocultures grown in
508 grown in MDC or NFM minimal medium, with similar results observed for both media.
509 Points are biological replicates and lines are means, n=6; paired t-test, **p<0.0001.
510 (D) Coculture growth curves (both species) of E. coli paired with either WT R. palustris
511  or the NifA* mutant. Points are means + SEM, n=3. Doubling times are means + SD.
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Fig. 2. Coculture doubling times decreased during experimental evolution of WT-based
(CGA4001; blue) and NifA*-based (CGA4003; red) cocultures. Points are values for the
indicated individual revived coculture lineages. (A) Design for experimental evolution of
parallel WT-based (A-F) and NifA*-based (M-R) cocultures via serial transfer. (B, C)
Growth curves (both species) of WT-based (blue circles) and NifA*-based (red squares)
cocultures revived after two transfers (17 generations) (B) or 25 transfers (146
generations) (C) of experimental evolution. Different shades indicate the different
lineages. (D, E) Coculture doubling times (both species) of individual WT-based
cocultures (D) or NifA* based cocultures (E) at generation (Gen.) 17 and 146 (*,
Wilcoxon matched-pairs signed rank, p=0.0313). (D) The red line indicates the doubling
time of NifA*-based cocultures at Gen. 17.
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524

525 Fig. 3. Final cell densities for each species increase in WT-based cocultures between
526  generation 17 (A) and generation 146 (B). (A, B) Final viable cell densities of R.

527  palustris and E. coli and the final E. coli percentage (+ SD) for WT-based (CGA4001;
528 blue) and NifA*-based (CGA4003; red) cocultures at the final time points shown in Fig
529 2B and 2C. Points represent biological replicates and lines are means, n=3. Triplicate
530 technical replicate plating was performed for each biological replicate. The lower R.
531  palustris CFUs in the M2 coculture was due to plate contamination that obscured

532 accurate CFU enumeration. The average final E. coli percentage in NifA*-based

533  cocultures did not significantly differ whether we included or excluded M2 values

534  (Wilcoxon matched-pairs signed rank test, P=0.563 or 0.125).

535
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537

538 Fig. 4. WT-based (blue) and NifA*-based (red) cocultures exhibit distinct metabolic

539 phenotypes. Bars are individual values for glucose consumption (A), growth yield (B),
540 formate yield (C), H; yield (D), and final pH (E) for the indicated WT-based (CGA4001;
541  blue) and NifA*-based (CGA4003; red) revived coculture lineages at generation (Gen)
542 17 and 146. Different shades indicate different lineages. ND, not detected. Asterisk (*)
543 indicates that the pH for lineage P at G17 was not quantified because culture tube broke
544  prior to measurements.
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Fig. 5. Adaptation by E. coli is sufficient to enable growth of WT-based cocultures.
Ancestral (anc) and evolved (evo) WT R. palustris (CGA4001) and WT E. coli were
paired in all possible combinations (A) and the growth of the cocultures (both species)
was monitored (B). (B) Points are means + SEM, n=3. (C) The location (red line) of the
missense mutation in E. coli NtrC, which was fixed in all six parallel evolved E. coli
populations from WT-based cocultures at G140-146.
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Fig. 6. A missense mutation in E. coli ntrC enables emergent NH;" cross-feeding by
conferring constitutive expression of nitrogen acquisition. (A) Coculture growth curves
(both species) of ancestral (anc) WT, evolved (evo) WT, and the NtrC>**® mutant E. coli
paired with ancestral WT R. palustris (CGA4001). Points are means + SEM, n=3. Mean
doubling times (£ SD) are listed next to each growth curve. (B) Final cell densities of
each sg)ecies and E. coli frequencies in cocultures with evolved WT E. coli and the
NtrC3'°® mutant at the final time points shown in panel A. Triplicate technical replicate
plating was performed for each biological replicate. Final E. coli frequencies are the
mean + SD. (C) Relative expression of ntrC and amtB genes in ancestral WT E. coli and
the NtrC>'®® mutant when grown in monoculture with 15 mM NH4CI or under complete
NH,4CI starvation. (B, C) Points represent biological replicates and lines are means, n=3;
Holm-Sidak t-test, **p<0.01, ***p<0.001). RT-gPCR experiments were performed with
duplicate technical replicates for each biological replicate. E. coli hcaT was used for
normalization. Similar results were observed with gyrB and with multiple primer sets for
both the target and reference housekeeping genes.
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570 Fig. S1. Evolution of WT R. palustris in coculture with E. coli does not affect coculture
571 doubling times nor NH;" excretion levels. (A) Coculture doubling time of evolved WT E.
572  coli (G146, A25 isolates) paired with ancestral or evolved WT R. palustris (CGA4001;
573 (G146, A25 isolates). Points represent biological replicates and lines are means, n=3;
574  paired t-test, p=0.7963; ns, not significant). (B) NH4" excretion by ancestral and evolved
575 WT R. palustris and the NifA* mutant during carbon-limited N,-fixing monoculture

576  growth. Points represent biological replicates and lines are means, n=3; One-way

577  ANOVA with Tukey's multiple comparisons test, different letters indicate significant

578  statistical differences, p<0.0001).
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580 Fig. S2. Other evolved coculture fermentation product yields also differ between WT-
581 based and NifA*-based cocultures. Bars are individual yields for ethanol (A), acetate
582 (B), lactate (C), and succinate (D), for the indicated WT-based (CGA4001; blue) and
583  NifA*-based (CGA4003; red) revived coculture lineages at generation (Gen) 11 and
584  146. Different shades indicate different lineages. ND, not detected.
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Table S1. Mutations in ntrBC genes in E. coli following coculture evolution

Lineage | Gene | Mutation | Generation | Frequency R. palustrls_, Groyv_th SRA.

partner strain | condition | Accession
A ntrC | S163R 11 100% WT Mixed | SRX5772396
A ntrC | S163R 146 100% WT Mixed | SRX5872514
B ntrC | S163R 11 NC? WT Mixed SRX5772395
B ntrC | S163R 140 100% WT Mixed | SRX5872520
C ntrC | S163R 11 NC? WT Mixed SRX5772261
C ntrC | S163R 140 100% WT Mixed | SRX5874533
D ntrC | S163R 11 NC? WT Mixed | SRX5772258
D ntrC | S163R 140 100% WT Mixed | SRX5874537
E ntrC | S163R 11 NC? WT Mixed | SRX5772266
E ntrC | S163R 140 100% WT Mixed | SRX5874556
F ntrC | S163R 11 NC? WT Mixed | SRX5209606
F ntrC | S163R 140 100% WT Mixed | SRX5874560
G ntrC | S163R 11 NC? WT Static | SRX5772260
G ntrC | S163R 123 100% WT Static | SRX5772001
H ntrC | S163R 11 63% WT Static | SRX5772264
H ntrC | S163R 123 76% WT Static | SRX5771991
I ntrC | S163R 11 NC? WT Static | SRX5772259
[ ntrC | S163R 123 100% WT Static | SRX5771995
J ntrB | R116S 11 NC? WT Static | SRX5772262
J ntrB | R116S 123 100% WT Static | SRX5771992
K ntrC | S163R 11 80% WT Static | SRX5772263
K ntrC | S163R 123 100% WT Static | SRX5771996
L ntrC | S163 11 NC? WT Static | SRX5772265
M ntrC | H184Y 174 79% NifA* Mixed | SRX5874674
N ntrB | A175V 174 39% NifA* Mixed SRX5875647
N ntrC | D109V 174 10% NifA* Mixed | SRX5875647
N ntrC | G373V 174 44% NifA* Mixed | SRX5875647
O ntrB | P336Q 174 41% NifA* Mixed | SRX5877494
0 ntrC | Q374H 174 54% NifA* Mixed | SRX5877494
P ntrB | R116H 174 32% NifA* Mixed SRX5877497
Q ND" - - - NifA* Mixed | SRX5910505
R ND" - - - NifA* Mixed | SRX5910551
S ntrB | L137V 123 23% NifA* Static | SRX5771990
S ntrC | S45R 123 7% NifA* Static | SRX5771990
T ntrB | G150C 123 15% NifA* Static | SRX5771989
U ntrB | A175V 123 65% NifA* Static | SRX5771988
V ND" - - - NifA* Static | SRX5771994
W ND" - - - NifA* Static | SRX5771993
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X ntrB | A175V 123 13% NifA* Static | SRX5771967
X ntrB | V305F 123 16% NifA* Static | SRX5771967
X ntrC | E116K 123 17% NifA* Static | SRX5771967

®Frequency was not calculated (NC) because read coverage <10.

PntrBC mutations were not detected (ND) in population. Mutations present at
frequencies <1% are not listed.

Table S2. Strains and plasmids

Strain or plasmid Genotype (text designation); Phenotype/description Reference,
origin, or
description

R. palustris strains
CGAO009 Wild-type strain (14); spontaneous Cm" derivative of CGA001 | (49)
CGAG676 NifA* (NifA*); derivative of CGA009 with 48 bp deletion of NifA | (24)

Q-linker (amino acids 202-217) conferring constitutive
nitrogenase expression

CGA4001 AhupS (anc. WT); Ancestral strain for experimentally evolved | This study
WT-based cocultures A-F; derivative of CGA009 with inactive
uptake hydrogenase

CGA4003 nifA* AhupS (anc.NifA*); Ancestral strain for experimentally This study
evolved NifA*-based cocultures M-R; derivative of CGA009
with constitutive nitrogenase expression and inactive uptake
hydrogenase

E. coli strains

MG1655 Wild-type K-12 strain (WT/anc.); ancestral E. coli strain for all | (50)
experimental evolution lineages
MG1655 NtrC>**R NtrC>*% ( NtrC>™™%); MG1655 derivative with serine 163 to This study
arginine (S163R) point mutation of NtrC
S17-1 thi pro hdsR hdsM" recA; chromosomal insertion of RP4-2 (51)
(Tc:Mu Km::Tn7);

Plasmids
pJQ200SK Gm°", sacB; mobilizable suicide vector (39)
pJQ-AhupS pJQ200SK with DNA fragments flanking hupS fused by PCR a7
to generate unmarked, in-frame deletion of hupS in R.
palustris
pKD46 Cb"; temperature-sensitive plasmid with arabinose-inducible
A-Red recombination system for recombineering of E. coli (40)
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592 Table S3. Primers

Primer

Sequence (5'>3’); Restriction site

Purpose

Cloning primers

sacB-Gm" Fwd

CAGCAATTTGCGCTCAATAATCAATCTTTACACACAAGCT
GTGAAGCTAGAGGATCGATCCTTTTTAACC

Amplifying sacB-GmR
from pJQ200SK with
45 bp ntrC upstream
flanking region

sacB-Gm" Rev

CGAGTTCTCGGTTTACCTGCCTATCAGGAAATAAAGGTG
ACGTTTGAAACGGATGAAGGCACGAAC

Amplifying sacB-GmR
from pJQ200SK with
45 bp ntrC
downstream flanking
region

ntrC us R2

CATACTGAACTTATCGGAACAGTAAAGCGTAAAATACCA
GCAATTTGCGCTCAATAATC

Adding additional 35
bp of ntrC upstream
flanking region to
sacB-GmR product in
2" round of PCR for
A-Red recombineering

ntrC ds R2

CAGGCAAAATTGAATTTACCAGTTGGCCAGGGCATACCG
AGTTCTCGGTTTACCTGC

Adding additional 35
bp of ntrC
downstream flanking
region to sacB-GmR
product in 2™ round of
PCR for A-Red
recombineering

ntrC Fwd

GCGCGGATTGATGTGGAAG

Amplfying E. coli ntrC
with >200 bp
upstream stream
flanking region from
evolved E. coli for A-
Red recombineering

ntrC Rev

CAGCTAAACAGCCCAATCATTG

Amplfying E. coli ntrC
with ~200 bp
downstream flanking
region from evolved E.
coli for A-Red
recombineering

ALPO11

TGGATCCGCGACACCTCGCTGTCG

Amplifying R. palustris
hupS upstream
flanking region for in-
frame deletion; BamHI

ALPO12

CCGTTGGAGGTGCCGGGTACCCTCGTAAAAGGTTTCCG
TCACTGC

Amplifying R. palustris
hupS upstream
flanking region for in-
frame deletion

ALPO13

GAAACCTTTTACGAGGGTACCCGGCACCTCCAACGGCA
AGTCGGC

Amplifying R. palustris
hupS downstream
flanking region

ALPO14

TTCTAGAACCCGGCAATCGCCACC

Amplifying R. palustris
hupS downstream
flanking region; Xbal

gPCR primers

gPCR amtB Fwd1l

GGATGATCCCTGCGATGTCTT

Quantifying E. coli
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amtB expression from
CDNA,; set 1

gPCR amtB Rev1l

CGAGCTGGCGGCAAAAATC

Quantifying E. coli
amtB expression from
CDNA,; set 1

gPCR amtB Fwd2

GCGGTGATGGGCAGCATTTATC

Quantifying E. coli
amtB expression from
CDNA, set 2

qPCR amtB Rev2

AGCGCCCCAACTATCAAGC

Quantifying E. coli
amtB expression from
CDNA,; set 2

gPCR ntrC Fwd1

GGAATAATGTACCGCCATCGGC

Quantifying E. coli
ntrC expression from
CDNA; set 1

gPCR ntrC Revl

ATCAGAACTGTTTGGCCACGAG

Quantifying E. coli
ntrC expression from
CDNA,; set 1

gPCR ntrC Fwd2

ACTCTCCGCAACCGTTGATTC

Quantifying E. coli
ntrC expression from
CDNA, set 2

gPCR NtrC Rev2

AGCTGGAAAACACCTGCCG

Quantifying E. coli
ntrC expression from
CcDNA, set 2

gPCR hcaT Fwd

CGTGGTGGCGGAAGTCATTATC

Quantifying E. coli
hcaT expression from
cDNA,; housekeeping
reference gene

gPCR hcaT Rev

CGCCGAGATCAACAGCATATCG

Quantifying E. coli
hcaT expression from
cDNA,; housekeeping
reference gene

gPCR gyrB Fwd CGTAGATCTGACGGTGAATTT Quantifying E. coli
gyrB expression from
cDNA; housekeeping
reference gene

gPCR gyrB Rev CGTTGGTGTTTCGGTAGTA Quantifying E. coli

gyrB expression from
cDNA; housekeeping
reference gene

Supplemental File 1. Mutations identified in evolved WT-based cocultures A25,

B24-F24 and NifA*-based cocultures M30-R30 using breseq.

Supplemental File 2. Mutations identified in evolved WT-based cocultures Al1-F1
(shaking), G1-L1 (static), G21-L21 (static), and NifA*-based cocultures S21-X21
(static) using the BBMap package
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