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Microbial mutualism dynamics governed by
dose-dependent toxicity of cross-fed nutrients

Breah LaSarre, Alexandra L. McCully, Jay T Lennon and James B McKinlay
Department of Biology, Indiana University, Bloomington, IN, USA

Microbial interactions, including mutualistic nutrient exchange (cross-feeding), underpin the flow of
energy and materials in all ecosystems. Metabolic exchanges are difficult to assess within natural
systems. As such, the impact of exchange levels on ecosystem dynamics and function remains
unclear. To assess how cross-feeding levels govern mutualism behavior, we developed a bacterial
coculture amenable to both modeling and experimental manipulation. In this coculture, which
resembles an anaerobic food web, fermentative Escherichia coli and photoheterotrophic Rhodop-
seudomonas palustris obligately cross-feed carbon (organic acids) and nitrogen (ammonium). This
reciprocal exchange enforced immediate stable coexistence and coupled species growth. Genetic
engineering of R. palustris to increase ammonium cross-feeding elicited increased reciprocal organic
acid production from E. coli, resulting in culture acidification. Consequently, organic acid function
shifted from that of a nutrient to an inhibitor, ultimately biasing species ratios and decreasing carbon
transformation efficiency by the community; nonetheless, stable coexistence persisted at a new
equilibrium. Thus, disrupting the symmetry of nutrient exchange can amplify alternative roles of an
exchanged resource and thereby alter community function. These results have implications for our
understanding of mutualistic interactions and the use of microbial consortia as biotechnology.
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Introduction

Ecosystems comprise a large, variable number of
species that interact with both each other and their
environment. Metabolic interactions between spe-
cies, such as detoxification of metabolic waste and
cross-feeding, shape microbial communities and
regulate ecosystem processes (Schink, 2002;
Fuhrman, 2009; Morris et al., 2013). Study of these
interactions can be encumbered by the stochasticity
and complexity of natural systems. As an alternative,
synthetic microbial communities (cocultures) have
been developed in which two or more species are
cultivated together under laboratory conditions.
Cocultures preserve core aspects of natural systems
while offering greater practical experimental control
(Shou et al., 2007; Hillesland and Stahl, 2010;
Summers et al., 2010; Harcombe, 2010; Momeni
et al., 2011; Hom and Murray, 2014; Mee et al.,
2014). They are also more amenable to modeling
than are natural systems and facilitate the develop-
ment, experimental testing and refining of models for
predicting community behavior (Zomorrodi and Segre,
2015; Johns et al, 2016; Lindemann et al., 2016;
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Widder et al., 2016). As such, cocultures are very
useful for defining the principles that underlie the
stability and performance of microbial communities.

One factor that can promote cross-feeding in
natural ecosystems is nutrient limitation, as cross-
feeding can be a means by which to acquire scarce
key nutrients (Shou et al., 2007; Klitgord and Segre,
2010; Hom and Murray, 2014; Zelezniak ef al., 2015).
Limitation of bacterial growth is most commonly
considered to result from nutrient deficiency; how-
ever, growth can also be influenced by diverse
compounds that are inhibitory when abundant but
serve as nutrients at lower concentrations (Abbott,
1973; Kunz et al., 1992; Alvarez et al., 2009; Barnhill
et al., 2010). Organic acids, which are key inter-
mediates in global carbon cycles (McInerney et al.,
2009), exemplify this paradox in both natural and
applied settings (Lee et al., 1976; Louis et al., 2007;
Sousa et al., 2009; Huang et al., 2011). There is
limited knowledge of how potentially toxic, cross-
fed nutrients such as organic acids impact mutual-
ism dynamics and stability. However, given the
ubiquity of organic acid exchange, their impact
may be profound, as the cross-feeding levels compa-
tible with cooperation would be constrained
between thresholds of inadequate exchange and
toxicity.

Cocultures pairing fermentative bacteria with
purple photoheterotrophic bacteria have been of
interest for over 30 years (Odom and Wall, 1983;
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Fang et al., 2006; Ding et al., 2009; Sun et al., 2010;
Jiao et al., 2012), primarily as a consolidated
bioprocess for converting plant-derived sugars into
H,. However, this combination of bacteria also
resembles a natural anaerobic food web; fermenta-
tive bacteria consume plant-derived sugars and
excrete products that serve as a carbon source for
photoheterotrophs (Figure 1a). Despite decades of
research, coculture instability has limited the utility
of these cocultures for both practical applications,
such as H, production, and fundamental studies into
anaerobic microbial cross-feeding.

Here, we use a bacterial coculture based on
fermentative Escherichia coli and purple photo-
trophic Rhodopseudomonas palustris to assess how
the dynamics and function of a mutualism are
influenced by the degree of cross-feeding. In this
coculture, E. coli and R. palustris stably coexist
due to the obligate bidirectional exchange of two
essential nutrients, carbon and nitrogen (Figure 1b).
Using a combination of experimental and modeling
approaches, we show that enhanced cross-feeding
can disproportionately inhibit members of a mutu-
alism by amplifying toxic attributes of an exchanged
nutrient, with detrimental consequences for the
community transformation of carbon into biomass
and CO,. Nonetheless, obligate cross-feeding can
uphold stable coexistence amid detrimental
exchange levels.
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Materials and methods

Strains, plasmids and growth conditions
Strains, plasmids and primers are listed in
Supplementary Table 1. E. coli and R. palustris were
cultivated on Luria—Burtani (LB) agar or defined
mineral (PM) (Kim and Harwood, 1991) agar with
10mm succinate, respectively. These media were
also used to selectively plate for each species after
coculturing, except that (NH,),SO, was excluded
from PM plates to select for R. palustris. E. coli plates
were incubated aerobically at 30°C in the dark,
whereas R. palustris plates were incubated anaero-
bically at 30°C in a jar with a GasPak sachet
(BD, Franklin Lakes, NJ, USA) in front of a 60 W
light bulb. Cloning was performed using E. coli
NEB10p (New England Biolabs, Ipswich, MA, USA)
or E. coli XLL10Gold (Stratagene, La Jolla, CA, USA).
When necessary, gentamicin (Gm) was included at
15pgml~" for E. coli or 100 pg ml~"* for R. palustris.
Cultures were grown in 10 ml of defined coculture
medium (MDC) in 27-ml anaerobic test tubes except
for time-course analyses, which used 60 ml MDC
in 160-ml serum vials. MDC contained Na,HPO,
(42.5mmM), KH,PO, (22mm), Na,S,0, (0.1 mm),
p-aminobenzoic acid (14.6 pvm) and trace elements
solution (0.1% v/v; Kremer et al., 2015). MDC was
made anaerobic by bubbling with 100% N, and then
sealing with rubber stoppers and aluminum crimps
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Figure 1 Imposing bidirectional cross-feeding changes coculture dynamics. (a, b) Cross-feeding under conditions compelling uni-
directional transfer of carbon to R. palustris (a) or bidirectional transfer of carbon to R. palustris and nitrogen to E. coli (b). The latter
requires a NHj-excreting R. palustris strain. Filled bubbles indicate externally added compounds. (c) Representative growth curves for
NH;-supplied cocultures (15 mm NHj and 100% N, headspace; open circles) and N,-supplied cocultures (100% N, headspace; closed
circles) containing either parental R. palustris (CGA4004; black), which does not share NHj, or R. palustris Nx (CGA4005; green), which
shares NHj. Log transformed growth curves are in Supplementary Figure 3. All cocultures were inoculated at a 1:1 species ratio and
contained 25 mm glucose. (d) Final E. coli percentage in NHi-supplied (solid bars) or N,-supplied (hatched bars) cocultures with
R. palustris Nx inoculated with different starting species ratios. A starting value of 1 corresponds to ~2.5x10® CFUml~". ND, not
determined as E. coli dominated NHj-supplied cocultures even when starting ratios did not favor E. coli. Ec, E. coli; Rp, R. palustris. Error

bars, s.e.m., n=3.
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(100% N, headspace). After autoclaving, MDC was
supplemented with cation solution (1% v/v; 100 mm
MgSO, and 10 mm CaCl,) and glucose (25 mwm) if used
for cocultures. MDC also received either NH,CI
(15 mmM, conditions which we refer to as NHj}-
supplied cocultures) or NaCl (15mwm, conditions
which we refer to as N,-supplied cocultures). For
MOPS-supplemented cocultures, MOPS buffer
(100 mm final concentration), pH 7 was added to
MDC before autoclaving. For spent E. coli super-
natant experiments, E. coli cultures were grown to
stationary phase in MDC supplemented with cation
solution, 25 mMm glucose and 15 mm NH,Cl. Follow-
ing removal of E. coli cells by filtration, spent
supernatants were either supplemented with
100 mm MOPS buffer, pH 7 (+MOPS) or an equiva-
lent volume of MDC (- MOPS). Spent supernatants
were then injected into sterile anoxic tubes and
flushed with 100% N, before inoculation with
R. palustris cells.

Final cell densities in starter monocultures were
controlled using carbon limitation (MDC with 3 mm
acetate) for R. palustris or nitrogen limitation (MDC
with 1% v/v cation solution, 25 mm glucose and
2mm NH,CI) for E. coli. For non-growing E. coli
suspensions, nitrogen-limited E. coli cultures were
grown to stationary phase. Cells were then collected,
washed and resuspended in 1 ml MDC, injected into
fresh MDC with glucose but lacking NHZ, and then
flushed with 100% N,. All cultures and cell suspen-
sions were incubated at 30°C laying flat under a
60 W incandescent bulb with shaking at 150 r.p.m.

Generation of R. palustris mutants

R. palustris mutants were derived from wild-type
CGAO009 (Larimer et al., 2004). The vector used to
introduce the nifA* mutation was described pre-
viously (McKinlay and Harwood, 2010). Vectors
used to delete other genes were generated by PCR
amplifying regions flanking the gene to be deleted
using primers in Supplementary Table 1. Product
pairs were fused by overlap extension PCR and
subsequently cloned into pJQ200SK. Vectors were
introduced into R. palustris by conjugation with
E. coli S17-1 (Rey et al., 2006) or by electroporation
(Pelletier et al., 2008). Mutants were generated using
sequential selection and screening as described (Rey
et al., 2006). Mutant genotypes were confirmed by
PCR and sequencing.

Generation of amtB2 complementation vector

A 2.2 kb region encompassing gInK2, amtB2 and their
shared promoter was amplified using primers BL457
and BL498 (Supplementary Table 1) and cloned into
pBBRIMCS-5 to generate pBBRGInkAmtB2. To pre-
vent GnlK2 over-expression, the gnIK2 start codon in
pBBRGInkAmtB2 was mutated to GGG by single-
primer site-directed mutagenesis using primer BL499,
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resulting in pBBRAmtB2. The desired mutation was
confirmed by sequencing.

Coculture inoculation

Cocultures were inoculated using either specific
densities, single colonies or subculturing as indi-
cated in figure legends. Cocultures inoculated with
specific densities were generated by first growing
monocultures in MDC with limiting nitrogen or
carbon for E. coli or R. palustris, respectively.
Monocultures were then diluted with MDC until
the appropriate cell densities were achieved, as
estimated from experimentally determined species-
specific ODggo/CFU per ml standard curves. For
cocultures started from colonies, single colonies of
each species were combined in 100 pl MDC for use
as the inoculum. For subculturing, stationary phase
cocultures were subcultured 1:100 into fresh med-
ium. Growth and metabolic trends from cocultures
inoculated by each of these methods were
comparable.

Analytical procedures

Cell density was assayed by optical density at
660 nm (ODggo) using a Genesys 20 visible spectro-
photometer (Thermo-Fisher, Waltham, MA, USA).
Most growth curve readings were taken in culture
tubes without sampling. Specific growth rates were
determined using tube OD measurements between
0.1 and 1.0 ODgs, where there is linear correlation
between cell density and ODgg. Final cell densities
and all serum vial readings were taken in cuvettes
and samples were diluted as necessary to achieve
values below 1 ODgg. H, was quantified using a
Shimadzu (Kyoto, Japan) gas chromatograph as
described (Huang et al., 2010). Glucose, organic
acids, and ethanol were quantified using a Shimadzu
high-performance liquid chromatograph (HPLC) as
described (McKinlay et al., 2005). NH; was quanti-
fied using an indophenol colorimetric assay as
follows. Cultures were sampled 15-30h into sta-
tionary phase. Supernatant (550 pul) was mixed with
501l 1 M NaOH, 100 pl phenol nitroprusside (Sigma,
St Louis, MO, USA), and 100 pl alkaline hypochlor-
ite (Sigma), followed by incubation at room tem-
perature for 15 min. The Agsonm Of each sample was
converted into pM NHj using a standard curve and
then normalized to cell density (ODggo).

Determination of species ratios and cell densities

All final species ratios were determined using
fluorescence in situ hybridization and microscopy
(FISH). Cells were fixed, washed, stored and dehy-
drated for hybridization as described (Oda et al.,
2000). Dried cell pellets were resuspended in 50 ul
hybridization buffer (Oda et al., 2000) incubated at
37 °C for 30min, and then hybridized for 2.5h at
60°C with an E. coli specific probe (ALM-Ec3,
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4.5ngpl~", ATTO550-5'-TGCTCTCGCGAGGTCGCT
TC-3’; ATTO-TEC, Siegen, Germany). Probe specifi-
city was empirically confirmed using E. coli and
R. palustris monocultures. Hybridized samples were
washed three times with hybridization buffer and then
resuspended in 5um SYTO9 (Life Technologies,
Carlsbad, CA, USA) to stain both species. At least
2000 cells were visualized per sample by epifluores-
cence microscopy (Ti-E; Nikon, Tokyo, Japan) within
72h of hybridization. Cell counting was partially
automated using Microbe ] (Ducret et al., 2016).
E. coli frequency was determined from the number of
ATTO550-positive cells per total number of Syto9-
positive cells counted in the sample. Species ratios
determined using FISH were periodically confirmed
by CFU enumeration for corresponding live cocultures.
Intermediate species ratios as well as monoculture and
coculture cell densities were determined by selective
plating and CFU enumeration.

Mathematical modeling

Ecological models A and B were based on Monod
models used to describe microbial mutualism (Meyer
et al., 1975; Lee et al., 1976) but were modified as
follows: (i) the dilution parameter was omitted to
describe batch cultures rather than continuous
cultures; (ii) growth-independent fermentation para-
meters were included (‘r’, Supplementary Table 2);
(iii) a parameter to modulate E. coli product excre-
tion between growth-dependent and growth-
independent levels was included (‘ng’ used in the
term ‘ng/(p+ng)’, Supplementary Table 2); and (iv)
model A also includes parameters to describe the
growth-inhibiting pH effects of organic acids on both
species (‘b wused in the term ‘b/(b+10%C)
Supplementary Table 2); this inhibition was omitted
in model B. Growth inhibition by ethanol was not
included as ethanol levels never reach those we
determined to inhibit growth in monoculture. The
models were developed in R studio and are available
for download at https://github.com/McKinlab/Cocul
ture-Mutualism. Default parameter values and descrip-
tions are in Supplementary Table 2. The differential
equations used in the models are as follows:

E. coli growth rate; pig, = fpovax
[G/(kc + G)] - [A/(ka + A)]

- bo/ (bre + 1050
(1)
R. palustris growth rate; sz, = frpuax - [C/ (ke + C)]
-[N/(kn + N)]
- [brp/ (Brp + 10
(2)

Equations (3-12) describe the changes in cell
densities and extracellular compounds through time.
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Only net accumulation of formate, ethanol, CO, and
H, are described in accordance with observed trends.
Numerical constants in product excretion equations
are used to account for the moles of product carbon
relative to glucose. All R and r parameters are
expressed in stoichiometric terms of glucose consumed
except for R,, which is the amount of NH} produced
per R. palustris cell (Supplementary Table S2).

E. coli;dEc/dt = g, - Ec (3)
R. palustris; dRp/dt = g, - Rp (4)

Glucose; dG/dt = —pg, - Ec/ Y — pg - Ec
- (Bc + Bt + Ro + Reo,) — Ec
- (rc + ¢ + 1o + Ic0,)
-[G/(kc + G)] - [ng/(ug: +ng)]  (5)

Ny dN/dt = —ug, - Rp/Yn — gy -Rp-0.5-Rs  (6)

Consumable organic acids; dC/dt
=l Ec-Rc-2+Ec-rc-2-[G/ (kg + G)]
- [ng/(upe +n8)] — 1gp - RP/ Y (7)

Formate; df /dt = pup. -Ec- Ry -6 +Ec - 11 - 6
[G/(kc + G)] - [ng/ (ue +1g)]  (8)

Ethanol;de/dt = pip, -Ec-Re -3+ Ec -1 - 3
-G/ (ke + G)] - [ng/(uge +1g)]  (9)

CO,;dCO,/dt = g, - Ec - Reo, - 6 + Ec - rco, - 6
-[G/(kc + G)] - [ng/ (g, +ng)]  (10)

NH,"; dA/dt = g, - Rp - Ba — [(ue - Ee)/Ya] - (11)

HZ; dH/dt = Hrp RP . RHRp + U -Ec- Rugc

+Ec -y - [G/(kc + G)]
- [ng/ (kg + ng)] (12)
where,

p is the specific growth rate of the indicated
species (h™").

HMmax is the maximum specific growth rate of the
indicated species (h~'), based on growth rates
measured in monocultures in MDC with acetate
and 100% N, for R. palustris or glucose and NH,Cl
for E. coli.

G, A, C, N, f, e and CO, are the concentrations (mm)
of glucose, NHi, consumable organic acids, N,
(assumed to be fully dissolved), formate, ethanol
and CO,, respectively. Consumable organic acids are
those that R. palustris consumes, namely, lactate
(3 carbons), acetate (2 carbons) and succinate
(4 carbons). All consumable organic acids were
simulated to have three carbons for convenience.

k is the half saturation constant for the indicated
substrate (mwm).

Ec and Rp are the cell densities (cellsml~") of
E. coli and R. palustris, respectively.
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ng is used to modulate the transition between
values used to describe product excretion by E. coli
in the presence and absence of growth (h™1).

b is used to modulate the extent to which an
indicated species resists growth-inhibiting effects of
organic acids (mm).

Y is the E. coli or R. palustris cell yield from the
indicated substrate (cellspmol™" glucose). Values
were determined for each species in MDC with the
indicated substrate as the limiting nutrient.

R is the fraction of glucose converted into the
indicated compound per E. coli cell during growth
(pmol cell™"), except for R,. Values were based on
product yields measured in monocultures in MDC
with acetate and 100% N, for R. palustris or glucose
and NH,CI for E. coli.

R, is the ratio of NH} produced per R. palustris
cell during growth (umol cell™*). The default value
was based on that which led to simulations resem-
bling observed trends.

r is the growth-independent rate of glucose
converted into the indicated compound by E. coli
(pmol cell=* h~"). Specific production rates for non-
growing E. coli (r) were determined in nitrogen-free
cell suspensions by linear regression between days
1-7 (Supplementary Figure 1). E. coli product
excretion rates were increased twofold from those
measured in cell suspensions as we assumed that
higher formate yield observed in coculture was true
of other products as well. Ethanol and H, production
rates were unchanged from monoculture observa-
tions to match coculture observations.

Results

Obligate mutualism enforces stable coexistence in
coculture by means of coupled growth

Cocultures pairing fermentative and purple photo-
heterotrophic bacteria resemble natural anaerobic
foodwebs where organic acid fermentation products
serve as a carbon source for the phototroph
(Figure 1a). Over the last 30 years, traditional growth
conditions for these cocultures promoted interac-
tions in which phototrophs relied on fermentative
bacteria but provided no reciprocal benefit
(Figure 1a; Odom and Wall, 1983; Fang et al., 2006;
Ding et al., 2009; Sun et al., 2010). Consequently,
these systems commonly suffered from instability
and variable product yields (Fang et al., 2006; Ding
et al., 2009; Sun et al., 2010).

We overcame this long-standing stability issue by
exploiting two metabolic features of the photo-
trophic purple nonsulfur bacterium, R. palustris.
First, R. palustris can consume fermentation pro-
ducts but not glucose (Larimer et al., 2004). This
means that R. palustris cannot compete against
E. coli for glucose in coculture but is instead reliant
on excreted E. coli fermentation products. Second,
R. palustris is a diazotroph, and thus can use the
enzyme, nitrogenase, to convert N, into bioavailable
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ammonium (NH}) in a process known as N, fixation.
We found that a NifA* mutant exhibiting constitu-
tive nitrogenase activity (McKinlay and Harwood,
2010) excreted measurable NH; when fixing N,
(Supplementary Figure 2). This R. palustris strain,
hereon referred to as Nx, has a NifA* mutation to
allow for NHj} excretion and AhupS and Arpa2750
mutations to prevent H, uptake (Rey et al., 2006) and
cell aggregation (Fritts et al., in preparation), respec-
tively. In contrast to R. palustris, E. coli cannot fix
N,. Thus, we reasoned that NHj excreted by
R. palustris could cross-feed E. coli and establish
an obligate mutualism (that is, syntrophy; Figure 1b).
Indeed, we observed robust growth when we paired
E. coli with R. palustris Nx in a defined medium
(MDC) supplemented with glucose as the sole carbon
source and with N, gas as the sole nitrogen source
(N,-supplied coculture). In contrast, growth was
negligible when E. coli was paired with the parent
R. palustris strain that does not share NH}
(Figure 1c). Our results demonstrate that under these
nutrient conditions bidirectional cross-feeding is
necessary for cooperative coculture growth; R.
palustris relies on E. coli for essential carbon in the
form of fermentation products, whereas E. coli relies
on R. palustris for essential nitrogen in the form of
NH; (Figure 1b).

Stable coexistence was interrogated by altering
starting species ratios and by serially transferring
cocultures. N,-supplied cocultures converged to a
common species composition (~10% E. coli) from a
range of starting species ratios spanning 12 orders of
magnitude (Figure 1d). Once achieved, this ratio was
maintained throughout exponential growth and over
multiple transfers (>30 generations; Supplementary
Figure 4). Furthermore, cocultures were readily
initiated from single colonies grown on nutrient-
replete agar (Supplementary Figure 4), demonstrat-
ing that metabolic cooperation was immediate and
did not require metabolic priming or coevolution.
Thus, in this system metabolic interdependency
drives ratio convergence and enforces stable coex-
istence by means of coupled growth.

Stable coexistence was accompanied by reprodu-
cible fermentation product yields over serial trans-
fers (Supplementary Figure 4). The soluble
fermentation products excreted by E. coli are
ethanol, formate, lactate, acetate and succinate
(Figure 2a). There was no detectable lactate, acetate,
or succinate remaining in N,-supplied cocultures,
suggesting that these fermentation products were
consumed by R. palustris whereas formate and
ethanol were not (Figure 2a). Indeed, R. palustris
only consumed lactate, acetate and succinate when
fed supernatants from fermentative E. coli mono-
cultures (Supplementary Figure 5). Hereon, we
will collectively refer to lactate, acetate and succi-
nate as consumable organic acids. In addition to
soluble products, E. coli also produces H, and CO..
As noted above, R. palustris Nx is genetically incap-
able of H, consumption. CO, fixation by R. palustris
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Figure 2 Growth and metabolic trends of NHj}-supplied cocultures resemble those of E. coli monocultures. Metabolic profiles (a), specific
growth rates (b), final cell densities (c) and final pH (d) of NHi-supplied or N,-supplied cocultures compared with NHj-supplied E. coli
monocultures. All cocultures contained R. palustris Nx. Data shown is combined from experiments using cultures inoculated using single

colonies, subculturing, and/or 1:1 species ratios (cocultures only). Ec, E. coli; Rp, R. palustris. Error bars, s.e.m., n> 3.

is likely negligible in cocultures as Calvin cycle
transcript levels are low during N, fixation (McKin-
lay and Harwood, 2010; 2011). Corroborating this
expectation, cocultures containing an R. palustris
Nx Calvin cycle mutant, incapable of CO, fixation,
behaved comparably to cocultures containing
R. palustris Nx (Supplementary Figure 6).

To test the importance of metabolic interdepen-
dence for coculture stability, we initiated cocultures
where we externally supplied either acetate, a
carbon source for R. palustris, or NHj, a nitrogen
source that both species can use (Figure 1a). When
acetate was externally supplied, coculture growth
rate mirrored that of cocultures supplied glucose
alone, even over serial transfers (Supplementary
Figure 7). In addition, in acetate-supplied cocultures
E. coli grew to final cell densities comparable to
those in N,-supplied cocultures with glucose alone
(Supplementary Figure 7). Within our coculture
system, organic acids serve as both the essential
carbon source for R. palustris growth as well as the
electron source for N, fixation. Hence, these data
signify that growth and NHj cross-feeding by R.
palustris in N,-supplied cocultures are not limited
by either carbon or electron availability.

In contrast to acetate, external supply of NHj
drastically altered coculture behavior. When NHj
was supplied, we observed rapid growth regardless
of the R. palustris genotype (Figures 1c and 2b). NH3-
supplied cocultures were white, unlike N,-supplied
cocultures, which were red (Supplementary
Figure 8), suggesting that NHj-supplied cocultures
were dominated by E. coli rather than R. palustris. E.
coli dominance was confirmed by both FISH and
selective plate counts (Figures 1d and 2c). Growth,
fermentation profiles, and final pH of NHj-supplied
cocultures mirrored those of E. coli monocultures
(Figure 2), indicating negligible metabolic contribu-
tion by R. palustris in these cocultures. Specifically,
we observed the accumulation consumable organic
acids (Figure 2a). The lack of conversion of consum-
able organic acids into R. palustris biomass in NHj-
supplied cocultures resulted in final cell densities
that were much lower than those of N,-supplied
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cocultures (Figure 1c). Overall, these data demon-
strate that the external supply of NHj; breaks the
reciprocal dependency of this syntrophy and allows
E. coli to rapidly overtake the coculture due to its
lower intrinsic generation time relative to that of R.
palustris (2.5 h versus 9.9 h), and ultimately prevent
R. palustris growth. These results, in combination
with the acetate results discussed above, also
corroborate the notion that stable coexistence relies
on the metabolic dependence of the faster-growing
species on its slower-growing partner and not the
converse (Hom and Murray, 2014).

Organic acids have both positive and negative roles
within the mutualism

It initially seemed paradoxical that there was
negligible R. palustris growth in NH;j-supplied
cocultures despite the presence of consumable
organic acids (Figure 2). However, we noticed that
the final pH of NHj-supplied cocultures was much
lower than that of N,-supplied cocultures
(Figure 2d). On the basis of this observation, we
reasoned that organic acids could have two roles in
our system: a positive role as a carbon source for
R. palustris and a negative role when abundant
through culture acidification. To test this hypothesis,
we monitored growth and fermentation product
yields in NHj-supplied cocultures that were addi-
tionally buffered with 100 mm MOPS, pH 7. We
expected that the additional buffer would keep the
pH sufficiently neutral to allow R. palustris growth.
In agreement with this hypothesis, NH;-supplied
cocultures were indeed able to support R. palustris
growth when supplemented with MOPS (Figure 3a;
Supplementary Figure 8). Under these sufficiently
buffered conditions, E. coli still grew rapidly and
fermentation products accumulated (Figure 3); how-
ever, slower-growing R. palustris eventually assimi-
lated the accumulated consumable organic acids and
reached cell densities comparable to those seen in
N,-supplied cocultures (Figure 3c; compare with
Figure 2¢). In a complementary approach, we also
grew R. palustris in spent E. coli monoculture



a 3 -
- O -MOPS pH=6.6=0.01
8 © +MOPS
3 ?
© 21
_‘.Z‘ Intermediate Final
7]
& 14
°
g pH=4.8=:0.05
0@ r r T )
0 100 200 300 400
Time (h)
b @
2 1.5 - -MOPS "
§ = +MOPS :Ilntermedlate
5 “MOPS gl
_1;‘—: 1.0 E +MOPS
- £
S
o
T .
o3 0
a9
o
E 0.0
A
= WL F S
<& PN R
)
(L 1010 A E coli B R. palustris Nx
-
€ Ly o
=)
T 10° Al oxd
= Ak
2 288
2 108 - Sms Each
(] species:
°
= <1x108
3 107 r T r T
-MOPS +MOPS -MOPS +MOPS
| | 1
Intermediate Final

Figure 3 Rapid fermentation by E. coli in NHj-supplied cocultures
results in a growth-inhibiting pH. (a) Growth curves with corre-
sponding final pH values of NHj-supplied cocultures containing R.
palustris Nx grown in MDC without or with additional 100 mm
MOPS buffer, pH 7 (-/+ MOPS). Cocultures were inoculated by
subculturing. Log transformed growth curves are in Supplementary
Figure 3. (b, ¢) Fermentation product yields (b) and cell densities (c)
at the intermediate and final time points indicated in a. Error bars, s.
e.m., n=3. Some error bars are too small to visualize.

supernatants that were either unmodified (- MOPS;
pH 4.9) or were additionally buffered with 100 mm
MOPS, pH 7 (+MOPS; pH 6.2) before inoculation
with R. palustris. No growth was observed in spent
supernatants without MOPS. In contrast, in MOPS-
buffered E. coli supernatants R. palustris assimilated
consumable organic acids and grew to a similar cell
density as that observed in N,-supplied cocultures
(Supplementary Figure 5). The results from these
two experiments corroborated that in NH}-supplied
cocultures without MOPS, the rapid accumulation of
organic acids quickly shifts the role of organic acids
from being a nutrient to being harmful to R. palustris.

Development of an ecological model capable of
predicting coculture behavior

Mathematical modeling of synthetic communities is
a powerful tool for generating experimentally-
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Figure 4 Schematic of the ecological model. Ec and Rp represent
E. coli and R. palustris. Orange arrows indicate that production
can be growth-independent. Red oval arrows represent inhibitory
effects of organic acids; this parameter is included in model A but
not in model B. Bracketed letters indicate model code designations
(see ‘Materials and methods’ section, Supplementary Table 2).
EtOH, ethanol; For, formate; Glc, glucose; OAcs, consumable
organic acids (lactate, acetate and succinate).

testable predictions of what controls mutualism
dynamics and stability (Klitgord and Segre, 2010;
Mee et al, 2014; Zomorrodi and Segre, 2015;
Zelezniak et al., 2015). We therefore developed an
ecological model (Figure 4) based on previously
described interactions for mutualistic systems with
Monod uptake kinetics (Meyer et al., 1975; Lee et al.,
1976). We modified the model to describe batch
culturing and to include growth-independent fer-
mentation by E. coli (Supplementary Table 2;
Supplementary Figure 1; Wanner and Egli, 1990).
Our model simulates NH; excretion in a growth-
dependent manner because the essential carbon
source for R. palustris growth (organic acids) is also
the electron source for N, fixation.

We also modified our model to describe acid
inhibition of both R. palustris and E. coli growth by
organic acids (model A). This modification was
necessary to correctly predict resource and popula-
tion dynamics in NHj-supplied cocultures, specifi-
cally domination of the coculture by E. coli, organic
acid accumulation and inhibition of R. palustris
growth (Figure 5b, left panel; compare with Figure 5a
left panel and Figure 2). When acid inhibition was
omitted from the model (model B), the model
predicted growth and metabolic trends in NHj-
supplied cocultures that were inconsistent with our
experimental observations. Specifically, model B
incorrectly predicted that rapid E. coli growth would
be accompanied by slower R. palustris Nx growth in
NHj-supplied cocultures and that final metabolic
profiles and species densities would be comparable
to N,-supplied cocultures (Figure 5c, left panel;
compare with Figure 5c, right panel). These
predictions were, however, consistent with the
trends observed in MOPS-buffered NHi-supplied
cocultures (compare Figure 5c left panel with
Figure 3), further substantiating both the impact
of acid inhibition in NHj-supplied cocultures and
the utility of the ecological model in predicting
how specific factors influence coculture behavior.

Predictions for N,-supplied cocultures were near
identical using the two models (Figures 5b and c,
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Figure 5 Ecological modeling accurately predicts coculture behavior when growth-inhibiting effects of organic acids are included.
Experimental (a) and simulated (b, ¢) growth and metabolic profiles of E. coli+R. palustris Nx NHj;-supplied (left) or N,-supplied (right)
cocultures. (a) All cocultures were inoculated by subculturing. Most error bars (s.e.m., n=3) are too small to visualize. (b, ¢) Simulations
were run using model A (b) or model B (c) with default parameters (Supplementary Table 2) except that for simulations with NH} (left
panels) the initial NH; concentration was set to 15 mm. Ec, E. coli; Rp, R. palustris; OAcs, consumable organic acids.

right panels). Both models predicted that consum-
able organic acids would only briefly accumulate,
and that the coculture would be primarily composed
of R. palustris Nx (14% E. coli simulated versus
~10% experimental; Figure 5, right panels). These
simulations were corroborated by our empirical data
showing that additional buffer had no observable
effect on growth or metabolic trends in N,-supplied
cocultures (Supplementary Figure 9). Thus, the
inhibitory effects of organic acids are not observed
in N,-supplied cocultures as consumption by
R. palustris keeps pace with production. In other
words, balanced metabolic interactions in N,-sup-
plied cocultures self-buffered the system.

High cross-feeding levels can be detrimental to a
mutualism

Cross-feeding levels are inherently difficult to mea-
sure and yet are hypothesized to be a major
determinant of mutualism dynamics and stability
(Shou et al., 2007; Kim et al., 2008; Estrela et al.,
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2012; Hom and Murray, 2014). We therefore used
our model to address the effect of NHj}-cross-feeding
levels on mutualism dynamics. By varying the NH}
excretion parameter we estimated the level of NH;
excretion by R. palustris Nx that would result in
observed coculture trends (Figures 6a, 1x). A large
range of NHj excretion, both higher and lower than
that of R. palustris Nx and spanning over 3 orders of
magnitude, was predicted to support cooperative
growth (Figure 6a). Surprisingly, at levels above that
excreted by R. palustris Nx, the model predicted that
increasing the amount of NH; excreted per
R. palustris cell would decrease the R. palustris
carrying capacity (the maximum population size
allowed by the culture conditions; Figure 6a). More
NH; excretion would result in faster E. coli growth
and organic acid excretion, outpacing consumption
by R. palustris. Consequently, organic acids would
accumulate, acidify the medium and decrease the
R. palustris carrying capacity (Figure 6a). The acid
inhibition of R. palustris growth predicted to result
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from higher NHJ excretion is analogous to trends
observed when cocultures were supplemented with
NHj, though the effects from the NH} supplement are
predicted to be more severe (compare Figure 6a with
Figure 5b).

These predictions of altered community composi-
tion highlighted a crucial aspect of this mutualism:
the inhibitory activity of organic acids is directly
proportional to their net excretion level. Conse-
quently, the level of cross-feeding determines the
equilibrium ratio and carrying capacity for each
species. Moreover, contradictory as it may seem,
enhanced cross-feeding is predicted to actually be
detrimental to this mutualism (lower R. palustris
carrying capacity and less carbon assimilated by the
community).

To experimentally test these predictions, we
engineered R. palustris to excrete more NHj than
the Nx strain. In several diazotroph species, disrup-
tion of the NHj transporter, AmtB, results in
extracellular NH} accumulation during N, fixation
(Yakunin and Hallenbeck, 2002; Zhang et al., 2012;
Barney et al., 2015). We deleted the genes for both
AmtB homologs in R. palustris Nx, resulting in
R. palustris NxAAmtB, and found that NH} accumu-
lated to nearly three times to that of R. palustris Nx
in monocultures (Supplementary Figure 2). The
increased NH} accumulation was due to the amtB2
deletion; the amitB1 deletion had no effect
(Supplementary Figure 2). When we paired
R. palustris NxAAmtB with E. coli, coculture
behavior matched that predicted by the modeled
3 x NHi excretion level (Figure 6a). The combined
carrying capacity was lower than that of cocultures
with R. palustris Nx (Figure 6b), R. palustris cell
densities declined (Figure 6c), the final species ratio
changes to approximately 1:1 (Figure 6c), and
consumable organic acids accumulated and acidified
the medium (Figure 6b; Supplementary Figure 10).
Growth yield and organic acid assimilation levels in
cocultures with R. palustris NxAAmtB were restored
to levels seen in cocultures with R. palustris Nx by
adding MOPS buffer, confirming that acidification
was prematurely inhibiting R. palustris NxAAmtB
growth (Supplementary Figure 10).

Despite the detrimental effect of increased NH}
excretion on the R. palustris carrying capacity,
metabolic and growth trends were reproducible
and stable coexistence was maintained over multiple
transfers (Figure 6c; Supplementary Figure 10).
Thus, the obligate nature of cross-feeding within
this mutualism ensured stable coexistence even at a
new equilibrium state. The model predicted that
different NHZ excretion levels would establish a
range of stable equilibria (Figure 6a). These distinct
equilibria are likely all stabilized by negative
frequency-dependent selection on E. coli (Morris,
2015), wherein the relative amount of NHZ available
per E. coli cell, which determines E. coli fitness,
decreases as the E. coli frequency increases. The
level of NH; exchange also influenced organic acid
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transformation by R. palustris into biomass and CO,
(Figure 6a; Supplementary Figure 10) and thus
impacted the nature and efficiency with which this
synthetic community transformed carbon.

Discussion

Organic acids are important drivers of anaerobic
food web ecology, acting as a resource for some
microbes while inhibiting others (Russell and Diez-
Gonzalez, 1997; Schink, 2002; Mclnerney et al.,
2009). In our synthetic community, the organic acids
cross-fed by E. coli function as both a nutrient and an
inhibitor to R. palustris. This attribute crucially
impacts how cross-feeding levels govern mutualism
dynamics. Specifically, excessive cooperation by
R. palustris (that is, increased NH} cross-feeding)
stimulates reciprocation by E. coli, resulting in
organic acid production that outpaces consumption
by R. palustris. Consequently, increased cooperation
moves the nature of organic acids along a continuum
from beneficial to detrimental, limiting total cocul-
ture growth and carbon transformation. Presumably,
the influence of dose-dependent metabolite toxicity
on a mutualism depends on at least three factors: (i)
the rate of excretion, which depends on the producer
population size; (ii) the rate of consumption or
detoxification by the partner, which depends on
the consumer population size; and (iii) the metabo-
lite’s inhibitory activity. For example, a high-
metabolite excretion level and/or a high-metabolite
toxicity would more readily impair cooperation. In
contrast, enhanced consumption by the partner
would facilitate cooperation at higher exchange
levels (Supplementary Figure 11). Thus, the detri-
mental influence exerted by a metabolite on the
system will depend on the activity of both partners.
The closed nature of our experimental system
circumvents two other factors that could also
influence cross-feeding and dose-dependent nutrient
toxicity in natural systems: diffusion of metabolites
in an open system and metabolic contributions by
additional species. Both of these factors would
influence the accumulation of a metabolite and
therefore determine its position on the continuum
between beneficial nutrient and detrimental toxin.
Synthetic ecosystems such as the one described here
could potentially be modified to understand how
such additional factors influence dose-dependent
nutrient toxicity and thereby mutualism behavior.
Separately, we have also shown herein that NH}
cross-feeding by R. palustris can result in an
immediate and stable syntrophic relationship with
fermentative E. coli under conditions requiring N,
fixation. Metabolite excretion is a mechanism by
which cooperative interactions can be initiated and
sustained (Sachs et al., 2004). There is accumulating
evidence that some diazotrophs excrete NH} during
N, fixation (Adam et al., 2016) and that AmtB
functions to reacquire NH} and limit its availability
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to nearby organisms (Supplementary Figure 2)
(Yakunin and Hallenbeck, 2002; Zhang et al., 2012;
Barney et al., 2015). As proposed in the Black Queen
hypothesis (Morris et al., 2012), this NHj; leakage
makes diazotrophs well-suited to establish nascent
mutualisms, both in natural and synthetic commu-
nities. Our results support this notion. Furthermore,
the specific ability of enhanced NH} cross-feeding to
elevate reciprocal exchange of potentially toxic
compounds could have implications for the deploy-
ment of engineered NHj-excreting diazotrophs as
biofertilizers for agricultural and industrial applica-
tions (Ortiz-Marquez et al., 2012; Barney et al.,
2015; Geddes et al., 2015): Increasing NH} excretion
might not equate to optimizing NH; excretion.
Overall, our results indicate that variations in
cross-feeding levels have the potential to alter the
nature of interspecies relationships and potentially
ecosystem function.
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