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ABSTRACT

The arginine dihydrolase pathway (arc operon) present in a subset of diverse human gut species
enables arginine catabolism. This specialized metabolic pathway can alter environmental pH and
nitrogen availability, which in turn could shape gut microbiota inter-species interactions. By
exploiting synthetic control of gene expression, we investigated the role of the arc operon in
probiotic Escherichia coli Nissle 1917 on human gut community assembly and health-relevant
metabolite profiles in vitro and in the murine gut. By stabilizing environmental pH, the arc operon
reduced variability in community composition across different initial pH perturbations. The
abundance of butyrate producing bacteria were altered in response to arc operon activity and
butyrate production was enhanced in a physiologically relevant pH range. While the presence of
the arc operon altered community dynamics, it did not impact production of short chain fatty acids.
Dynamic computational modeling of pH-mediated interactions reveals the quantitative
contribution of this mechanism to community assembly. In sum, our framework to quantify the
contribution of molecular pathways and mechanism modalities on microbial community dynamics
and functions could be applied more broadly.
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INTRODUCTION

The human gut microbiome substantially expands our genome’s capabilities by encoding a myriad
of unique metabolic pathways'. Certain metabolic pathways are frequently found in constituent
members of gut microbiota, such as the enzymes to produce acetate*. However, other specialized
metabolic pathways such as production of butyrate and trimethylamine are present in a subset of
gut species®®. A given specialized metabolic pathway can be harbored by phylogenetically distant
species and can play key roles in human health and disease’. In addition to directly influencing
the host, these pathways can shape the dynamics and functions of gut microbiota. Understanding
the quantitative contributions of these pathways on community dynamics and functions could
reveal new influential molecular control knobs for shaping community states.

The arginine dihydrolase pathway (encoded by the arc operon or arginine deiminase
system) is a specialized metabolic pathway that converts arginine into several products including
ammonia, which could impact the gut community®. The arc operon has been shown to influence
pH homeostasis in oral biofilms® and its prevalence has been studied in oral species'’, strains of
Escherichia coli'" and Eggerthella lenta (E. lenta)'?. Specifically in the gut, this pathway is
harbored by diverse human gut species enabling utilization of arginine as an energy source under
aerobic and anaerobic conditions'°. The arc operon in Enterococcus faecium enhanced
Clostridioides difficile toxin production through arginine conversion and ornithine cross-feeding'®.
By releasing ammonia, the arc operon can increase environmental pH and provide a nitrogen
source that could benefit the community in nitrogen-limited environments such as the mammalian
gut'’. Specifically, environmental pH modification is a major mechanism shaping the dynamics
and metabolism of gut communities cultured in vitro''°, such as the production of human health-
relevant short chain fatty acids (SCFA)?*2'. Further, patients with certain Gl diseases such as
ulcerative colitis can display lower colonic pH than healthy people?. This implies that strategies
to restore pH homeostasis of the gut could potentially benefit host health??,

A reduced butyrate production capability in the human gut microbiome is associated with
multiple human diseases®*?°. Given the substantial inter-individual variability in butyrate
production?’, new strategies to shift the microbiome from low to high butyrate producing states
are needed. Predictable modulation of butyrate production via dietary fiber supplementation or
the introduction of butyrate-producing species is challenging due to the poorly understood
interactions and variation in colonization?®*?°. Previous research has demonstrated that arc operon
harboring species E. lenta had a substantial effect on the assembly of a 12-member human gut
community and positively influenced butyrate production in a 25-member human gut community
in vitro®3'. However, the specific contribution of the arc operon to butyrate production and
community assembly in human gut communities remains unresolved.

Computational modeling of microbial communities could provide insights into the
quantitative role of specialized metabolic pathways on community dynamics and functions®%.
While dynamic ecological models such as the generalized Lotka-Volterra (gLV) have been applied
to decipher pairwise interactions shaping community assembly®*3'343 the inferred interaction
parameters fail to reveal the modes of interaction. Therefore, computational models that capture
key interaction modalities could provide insights into the role of specialized metabolic pathways
in the human gut microbiome. For example, a computational model that captures pH-mediated
interactions provided insights into the contribution of pH on the assembly of soil microbial
communities®.

By combining bottom-up design of synthetic human gut communities, computational
modeling, and synthetic biology, we investigated the role of the arc operon in the human-
associated intestinal probiotic strain Escherichia coli Nissle 1917 (EcN)*. We quantified the
effects of the arc operon on community assembly, health-relevant metabolite profiles and
mammalian gut colonization. We engineered inducible control of the arc operon in EcN and
investigated the effect of this pathway on the assembly of a defined human gut community both
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in vitro and in the murine gut. By stabilizing the temporal variation in external pH, the arc operon
reduced variation in community assembly in response to pH perturbations. Further, the presence
of the arc operon modulated the production of the health-beneficial metabolite butyrate in vitro
and the abundance of butyrate producers in the mammalian gut. To quantify the role of pH
modification of the arc operon on community assembly, a dynamic computational model was used
to forecast community assembly as a function of monospecies growth and external pH
modification. The computational model provided insights into the contribution of pH-mediated
interactions shaping community assembly. In sum, we demonstrate that a single specialized
metabolic pathway can shape community assembly, species colonization of the mammalian gut
and health-relevant metabolite production. Our framework for quantifying the role of specialized
metabolic pathways on gut microbiota interactions and functions could be extended to capture
other mechanism modalities. In sum, our approach provides a foundation for how to understand
and engineer specific molecular mechanisms shaping microbiomes.
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86 RESULTS

87

88  Arginine dihydrolase pathway increases environmental pH via arginine metabolism

89 The arc operon consists of four genes including arginine deiminase arcA, ornithine

90 carbamoyltransferase arcB, carbamate kinase arcC and ornithine antiporter arcD (Figure 1A).

91 The arginine deiminase arcA is responsible for the conversion of arginine into citrulline, producing

92  ammonia as a byproduct. The ornithine carbamoyltransferase arcB converts citrulline to ornithine

93 and carbamyl phosphate. The carbamate kinase arcC further metabolizes carbamyl phosphate

94  to produce more ammonia. Finally, the arginine-ornithine antiporter arcD, catalyzes the ATP-

95 independent exchange between arginine and ornithine across the bacterial membrane.

96 The prevalence of the arc operon has been investigated in oral-associated microbial

97  species and strains of select species'®". To determine the prevalence of the arc operon across

98 the human microbiome, we analyzed a metagenome-assembled genome dataset containing

99 154,723 microbial genomes assembled from 9,428 samples of the human microbiome®. The
100  microbiome samples were derived from different body sites in individuals from diverse geographic
101 locations, ages, and lifestyles. Of the 533 total species identified from the annotated database,
102 63 species (12%) harbor arcA, arcB, arC and arcD (Figure 1B). The arc operon was rarely found
103 in Bacteroidetes, one of the most abundant phyla in human gut microbiome. Additionally, the arc
104  operon was harbored by 28 pathogens associated with human gut, oral, or vaginal environments
105 (Supplementary Data 9). These results demonstrate that the arc operon is a specialized
106  metabolic pathway in the human microbiome due to its low prevalence across species in the
107 dataset.
108 The probiotic strain Escherichia coli Nissle 1917 harbors the arc operon, has extensive
109  genetic tools, and has relevance to human health3°. To evaluate the impact of the arc operon on
110 the fitness of EcN, we deleted this operon from the genome of the wildtype EcN (WT) yielding the
111  Aarc strain (Figure 1A). In addition, we constructed pTet-arc by introducing the arc operon
112 controlled by an anhydrotetracycline (aTc) inducible promoter onto the genome of Aarc (Figure
113  1A). Using quantitative reverse transcription polymerase chain reaction (RT-gPCR), the
114  expression of the arcD gene (Supplementary Data 5) in the arc operon of pTet-arc strain was
115  substantially increased in the presence than absence of aTc in ECN monocultures (Figure S1A).
116 To quantify the effect of the arc operon on the growth of EcN, we characterized the growth
117  of each EcN strain in media that varied in initial pH (5.0 to 8.1) and was supplemented with
118 arginine and the presence/absence of aTc (Figure 1C). The growth of EcN increased with the
119 initial media pH. The Aarc and pTet-arc strains displayed similar growth and trends in external pH
120 in the absence of aTc (pTet-arc (-)), demonstrating that the pTet promoter was not leaky. The
121 wildtype (WT) and pTet-arc strain induced with aTc (pTet-arc (+)) displayed higher endpoint
122 environmental pH than the Aarc and pTet-arc (-) conditions. Notably, the growth of pTet-arc (+)
123 was similar across a wide range of initial pH values, whereas the other EcN strains exhibited
124  substantially larger growth variability. Specifically, pTet-arc (+) displayed growth in media with an
125 initial pH of 5.3, whereas all other strains displayed low growth (Figure 1C,D). In addition, the
126  magnitude of environmental pH differences between the Aarc and pTet-arc(+) strains across all
127  time points displayed a non-monotonic relationship with the initial media pH (Figure 1E). These
128  results highlight that the initial pH influences the pH-modulating activity of the arc operon and this
129  activity is maximized at an initial pH of approximately 5.3-5.9.
130 A previous study demonstrated that the arc operon provides an advantage for a
131  pathogenic E. coli wildtype strain in vitro in the presence of arginine while conferring a colonization
132  disadvantage in the murine gut!. To probe the effects of the arc operon more quantitatively on
133  thefitness of EcN in the presence and absence of arc operon in EcN, we performed a competition
134  experiment between the WT and Aarc strain. We co-cultured the WT and Aarc strain that each
135 harbor a unique 6-bp barcode on the genome in presence of a range of arginine concentrations
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136 and initial pH values. The WT displayed higher abundance than Aarc across all conditions and
137  the magnitude of this difference increased with the initial arginine concentration and media pH
138 (Figure S1B-D). To determine whether this fitness advantage was observed in the mammalian
139  gut, we orally gavaged male germ-free mice (6-8 weeks old) with the co-culture of WT and Aarc
140 strains. The mice received a high arginine diet (5% total arginine, Supplementary Data 8) 3 days
141  prior to introduction of the EcN strains. Fecal samples were collected every 2-3 days for
142 quantifying species relative abundance and pH. The relative abundance of the WT was lower than
143  the Aarc strain for most time points for all mice (Figure S1F-G). Therefore, the arc operon in EcN
144  confers an advantage in vitro and colonization disadvantage in vivo, consistent with the trends
145  observed in the pathogenic E. coli strain in the previous study'®. In sum, the expression of the arc
146  operon in the pTet-arc strain enabled consistent growth across a wide range of initial pH values
147  and the arc operon confers a colonization disadvantage to the WT EcN strain in the mammalian
148  gut.

149
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151  Figure 1. The arc operon harbored by a minority of human-associated intestinal bacteria
152  can reduce the variability in E. coli Nissle fitness in response to different initial pH
153  environments. (A) Schematic of the mechanism of arginine dihydrolase pathway (arc operon)
154  and strains used in this study. The arc operon in wildtype E. coli (EcN) Nissle (WT) encodes four
155  genes for arginine catabolism. The arc operon can modulate environmental pH as well as provide
156  a nitrogen source for other constituent community members. EcN strains with arc deletion (Aarc)
157  and arc under a TetR-inducible promoter on a plasmid (pTet-arc) were constructed for this study.
158 (B) Phylogenetic tree of species harboring the arc operon in the human gut microbiome generated
159 by multiple sequence alignment on the 16S region obtained from NCBI taxonomy database*.
160  Species color indicates phylum. The species of interest in this study (E. coli) is marked by a red
161  star. (C) Absolute abundance and supernatant pH of the WT, Aarc, pTet-arc in the absence of
162 aTc (pTet-arc (-)) and pTet-arc in the presence of aTc (pTet-arc (+)) cultured in media with
163  different initial pH ranging from 5.0 — 8.1as a function of time. Smaller sized points indicate 3
164  biological replicates for each condition. Larger sized points and lines indicate average over all
165  biological replicates. Different initial media pH is marked by different color of line and datapoints,
166  with darker color corresponding to higher initial media pH. (D) Total growth quantified by the area
167  under the OD curve (AUC) of absolute abundance measurements for each EcN strain at each
168 initial pH condition. The AUC is calculated by summing the absolute abundance measurements
169 made at each experimental timepoint. The bars represent the average AUC across biological
170 replicates whereas the datapoints represent individual biological replicates (n=3). Colors
171  represent initial pH condition. (E) Cumulative pH difference between Aarc and pTet-arc (+) across
172 all timepoints. The measured absolute pH differences between Aarc and pTet-arc (+) at each
173  timepoint are summed to calculate cumulative pH difference for each initial pH condition. The bars
174  represent the average cumulative pH difference across biological replicates whereas the
175 datapoints represent individual biological replicates (n=3).
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179  The arc operon impacts human gut community assembly and metabolite production in vitro

180 Since the presence of the arc operon is linked to changes in community assembly and butyrate
181  production®*"*!, we investigated the role of the arc operon on community assembly and metabolite
182  production in a human gut community. We designed an 8-member human gut community
183  consisting of representatives from the major phyla Bacteroidetes, Firmicutes, and Actinobacteria
184  (Figure 2A, Supplementary Data 1) that do not harbor the arc operon or other arginine
185  degradation pathways (e.g. Stickland fermentation and the arginase pathway)*? to minimize
186  functional redundancy and eliminate arginine competition with EcN. This community contained
187 two prevalent butyrate-producing species (Anaerostipes caccae and Coprococcus comes),
188  previously shown to contribute substantially to butyrate production in a human gut community®'43.
189 In each condition, we introduced an individual EcN strain. The communities were cultured in a
190 chemically defined medium that can support the growth of all species in monoculture3!. Since
191  expression of the arc operon is regulated by arginine availability**, the arginine concentration (1%)
192  was chosen to enable activity of arc operon and promote community diversity by limiting growth
193  of EcN (Figure S2).

194 Since the pTet-arc (+) and Aarc conditions represent the two extremes of arc operon
195 expression (Figure S1A), a comparison of these conditions can provide insights into the impact
196 of the arc operon on community assembly and butyrate production (Figure 2B). Notably, high
197  expression of the arc operon steered the community towards a very similar endpoint pH despite
198 wide variations in the initial media pH (Figure 2C). The arc operon also shaped the absolute
199 abundance and relative abundance of different species in the community across different initial
200 pH environments (Figure 2D, S3). Certain shifts in species abundance were consistent with the
201  monoculture growth characterization in response to different initial pH values. For example,
202  species that displayed higher monoculture growth in response to lower initial pH (BL, CC) also
203  were enhanced in the absence of the arc operon expression in lower initial pH conditions (5.32,
204  5.93) at 24 hours (Figure 2D, S4A). Similarly, species that exhibited higher monoculture growth
205 inthe presence of higher initial pH (e.g. AC, BC, BT and EcN) also were enhanced in communities
206  with high arc operon expression at 24 hours in low pH environments (5.32 and 5.93) (Figure 2D,
207  S4A). Overall, the growth profiles of each species in the presence and absence of the community
208  displayed similar trends except for DF, which grew poorly in monoculture (Figure S4A). Finally,
209  except initial pH condition 5.32, the impact of the arc operon on the growth of the butyrate
210  producer AC varied as a function of time. In the initial pH conditions 5.93, 6.72 and 7.65, AC was
211 enhanced at earlier times and was then inhibited or displayed no significant change at later times
212  (Figure S4C-E). The time-dependent changes in the impact of arc operon on the growth of AC
213  potentially arise due to a diauxic shift in metabolism of AC or inter-species interactions. This
214  demonstrates that the presence of the arc operon can shape transient and sustained shifts in
215  species abundance as a function of time.

216 High expression of the arc operon (pTet-arc(+)) impacted the production of butyrate by
217  the synthetic human gut community (Figure 2E). The physiological pH range of the human
218 caecum and large intestine which contains the largest number of gut bacteria is 5-74°¢. Within
219 this range, butyrate was significantly higher in the presence of pTet-arc (+) than in the absence
220  of the arc operon (Aarc). This trend was consistent with a growth enhancement of AC (Figure
221  S5A). By contrast, the absolute abundance of CC was lower in pTet-arc (+) conditions at initial
222 pH of 5.93 (Figure S5B), highlighting the differential effects of the arc operon on diverse butyrate
223 producing bacteria. At the highest initial pH (pH=7.65), the reverse trend was observed where the
224  absence of the arc operon yielded significantly but moderately higher butyrate. The total butyrate
225 producer abundance displayed a moderate positive correlation with the endpoint butyrate
226  concentration (Figure S5C). The lactate and butyrate concentrations were inversely related at an
227  initial pH=5.32 (Figure 2E, S6). In sum, this implies that the arc operon enhanced the abundance
228 of AC and its ability to convert lactate to butyrate in this condition (Figure S5A). While AC can
229  convert acetate into butyrate*’, acetate can also be released by other species in the community
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230 masking its utilization (Figure S6A)*. These results highlight the differential effects of the arc
231  operon on health-relevant metabolite profiles of human gut communities.

232 To assess the effect of the arc operon on the sensitivity of community assembly to initial
233 pH perturbations, we evaluated the pairwise Euclidean distances of community composition at
234  the endpoint across different initial pH conditions. The variance in the Euclidean distance
235  distribution was substantially lower in communities with high arc operon expression than in the
236  absence of the arc operon (Figure 2F). This implies that the arc operon can stabilize the assembly
237  of the community in response to external pH perturbations (Figure 2C). In sum, the arc operon in
238  EcN can promote reproducible community assembly in response to variations in initial pH and
239  shift the metabolic states of human gut communities from low to high butyrate production in
240 physiologically relevant pH ranges.

241
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243  Figure 2. The arc operon shapes community assembly and butyrate production and
244  promotes reproducible community assembly in response to pH perturbations. (A)
245  Phylogenetic tree of the synthetic human gut microbial community composed of 8 highly prevalent
246  and diverse species generated by multiple sequence alignment on the 16S region obtained from
247  NCBI taxonomy database*. E. coli Nissle harbors the arc operon. (B) Schematic of the bottom-
248  up community assembly workflow that includes individual EcN strains at various starting pH.
249  Synthetic communities are cultured in microtiter plates in anaerobic conditions and incubated at
250 37°C. The absolute abundance of each species is determined by measuring cell density at 600 nm
251  (OD600) and pH. Community composition is determined using multiplexed 16S rRNA sequencing.
252  (C) Supernatant pH of community cultures with Aarc (left) or pTet-arc (+) (right) in media with
253  different initial pH values ranging from 5.32 to 7.65. Species were inoculated at an equal initial
254  abundance based on OD600 measurements. Datapoints indicate 4 biological replicates for each
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255  experimental condition. Lines indicate average over all biological replicates. Different initial media
256  pH is marked by different color of line and datapoints, with darker color corresponding to higher
257 initial media pH. (D) Heatmap of the log of the ratio between species absolute abundance (mean
258 value of biological replicates, n=4) in pTet-arc (+) and Aarc conditions at various initial media pH
259  at 24 hours. Species relative abundances are determined by multiplexed 16S rRNA sequencing.
260 Red corresponds to higher relative abundance in WT conditions and blue corresponds to higher
261 relative abundance in Aarc conditions. Low growth conditions are marked by an ’X'. Asterisks
262  represent statistical significance: *P <0.05, **P <0.01, ***P <0.001 according to an unpaired t-
263 test. (E) Box plot of butyrate concentration (mM) at 24-hour for each community containing the
264  Aarc or pTet-arc(+) strain at various starting pH. Datapoints indicate 4 biological replicates.
265  Datapoint colors indicate the strain of EcCN in the community. An unpaired t-test was performed
266  on each pair of conditions with the same starting pH. Asterisks represent statistical significance:
267 *P<0.05, **P<0.01, ***P<0.001 according to an unpaired t-test. (F) Euclidean distance in
268  community structure between all pairs of initial pH conditions at 24-hr for the Aarc (blue) and pTet-
269  arc(+) condition (orange). The Euclidean distances were calculated based on community relative
270 abundance structure between each pair of initial pH condition at 24 hour for a particular strain
271  condition. Data points represent the Euclidean distance calculated for different pairs of initial pH
272 conditions.

273

274

275
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276 A dynamic computational model reveals the contributions of external pH to community assembly
277  To quantitatively understand the pH-dependent effects of the arc operon on in vitro community
278  assembly, the following system of ordinary differential equations was used to model species and
279  pH dynamics?®,

dSi Si 2

= . L — Bi(p_p re,i) — 5

280 =i <u1 Kl-) (2 pref, 81)
dp ds; p

281 = Va1

282

283  where s; is the abundance (OD600) of species i, and p represents pH. Model parameters include
284  growth rate p;, carrying capacity K;, preferred pH, ppreri, Sensitivity to deviation from the preferred

285 pH, B;, and constant y; that relates a change in species growth to a change in pH. The model
286  captures growth rate maximization at a preferred pH. Consistent with our experimental data, the
287  model displays a positive growth rate when pH is close to preferred and becomes negative when
288 pH deviates substantially from preferred (Figure S7, S8). The model assumes that the
289  contribution of each species to environmental pH is linearly related to growth rate, consistent with
290 the similar temporal trends in pH and growth (Figure S7, S8). We fit the model to monospecies
291 time-series measurements of OD600 and pH over a 24-hour period. Species were cultured in the
292  presence of six different initial pH values ranging from 5 to 8.

293 We used an approximate Bayesian parameter estimation approach referred to as
294  variational inference to optimize a Gaussian approximation of the parameter posterior distribution
295 and the precision of a zero-mean Gaussian parameter prior and zero-mean Gaussian
296 measurement noise (see Supplementary Text). To validate the predictive performance of the
297 model, we performed leave-one-out cross-validation, where data from all except one initial pH
298 condition were used for training and the remaining pH condition was held-out for testing. The
299 process was repeated until all initial pH conditions were subject to held-out testing. Model
300 prediction performance was evaluated using the Pearson correlation coefficient between
301 predicted and measured species OD600. The model accurately predicted the growth of most
302 species with the exception of BC, BT, BV and DF, which displayed no or moderate growth in only
303 a subset of conditions (Figure S4A, S8, S9). The model displayed a moderate fit to the non-
304 monotonic temporal changes in pH of WT and pTet-arc (+) (Figure S8 C,E). This is consistent
305 with the model’s inability to capture the diauxic growth of EcN strains with arc operon, which could
306 yield a time-dependent change of the effect of EcN on pH (Figure S8C-E)*.

307 Monoculture fitting of the pH model indicates that certain species prefer lower pH (BL),
308 whereas others prefer higher pH (AC) (Figure 3A, S4A). The effects of species on environmental
309 pH also varied (e.g. BA, BL, BT, BV, and CC decrease environmental pH whereas BC increases
310 environmental pH) (Figure 3A). The model fit to monoculture data was used to predict species
311  growth dynamics in the community. The model prediction of community assembly displayed
312  similarities to experimental data in the presence of lower initial pH (Figure S10A). The prediction
313  of species presence or absence across different initial pH conditions was largely consistent with
314  most experimental conditions except for the highest initial pH condition (Figure S10B). In addition,
315 the model consistently overpredicted AC (Figure S10A).

316 To provide deeper insights into changes in pH mediated interactions in monoculture
317  versus community contexts, we define a species-specific metric for interactions that deviate from
318 the monoculture informed model (i.e. “monoculture pH divergence”). Monoculture pH divergence
319 is defined as the root mean squared error (RMSE) between predicted and measured species
320 relative abundance across all timepoints in each initial pH condition (Figure 3B, C, D). Larger
321  monoculture pH divergence in communities suggest interactions not captured by monoculture pH
322  dynamics, which could arise from either non-pH-mediated interactions (e.g. resource competition,
323  cross-feeding or anti-microbial effects) or pH-mediated interactions that deviate from monoculture

13


https://doi.org/10.1101/2023.01.10.523442
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.10.523442; this version posted April 14, 2024. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

324  behaviors (e.g. changes in metabolic niche in the community than monoculture which alters the
325 impact of a given species on pH). Species underpredicted by the model are influenced by growth
326 promoting interactions that deviate from monoculture pH effects and species that are
327 overpredicted by the model are influenced by growth inhibitory interactions that deviate from
328 monoculture effects (Figure 3B). For example, in monoculture, DF failed to grow in all conditions
329 (Figure S8) but displayed growth in most conditions in the community, highlighting the role of
330 growth promoting inter-species interactions not captured by the model. By contrast, AC is
331 consistently overpredicted in the community (Figure 3B), suggesting missing inhibitory
332 interactions with AC that are not captured by the model.

333 To provide insights into the extent of interactions captured by monoculture pH dynamics
334 in the presence of high expression of the arc operon (pTet-arc(+)) or absence of the arc operon
335 (Aarc), we evaluated the difference between the pH model prediction and experimental
336 measurements of the human gut community containing individual EcN strains (Figure $11). The
337  pattern of species presence/absence in the model and experimental data was more consistent in
338 the presence of Aarc than pTet-arc(+) (Figure S12A,B). The model accurately predicts the non-
339  monotonic trends in the Shannon diversity index as a function of initial environmental pH (Figure
340 S12C). However, the pH dynamics were not well-captured by the model at later time points
341  (Figure S11). This deviation between model and experiment may arise from the poor model fit to
342  the pH dynamics in the EcCN monocultures, which impacted community assembly as the highest
343  abundance species.

344 The network visualization of monoculture pH divergence can reveal how interactions
345  beyond monoculture pH vary across different initial pH environments and communities (Figure
346 3B, C, D). Overprediction and underprediction of species by the pH model suggests the presence
347  of growth inhibitory and growth promoting inter-species interactions that deviate from monoculture
348 pH effects, respectively. Substantial changes in monoculture pH divergence for a given species
349  across conditions suggests that the species interaction modalities vary across environments (i.e.
350 initial pH or community context). Certain species (e.g. DF, BC, BA) have low monoculture pH
351 divergence across initial pH conditions in the presence of EcN (Figure 3C, D). This implies that
352  pH mediated interactions can explain a large fraction of the variance in their growth dynamics in
353 the community. Certain species displayed altered monoculture pH divergence in the presence of
354  EcN versus absence of EcN (e.g. BL in the initial pH 5.32 condition and BA in the initial pH 5.93
355 condition) (Figure 3B, C, D), suggesting that their interaction modalities were altered in the
356 presence of EcN. By contrast, most species displayed similar monoculture pH divergence in the
357 presence and absence of the arc operon (Figure 3C, D), despite changes in species growth
358 dynamics in the community between these conditions (Figure S$11). Overall, our results suggest
359 that the arc operon did not substantially alter the interaction modalities of most species in the
360 community.

361 To provide insights into the contribution of pH modification on community assembly across
362 conditions, we evaluated whether changes in pH due to arc operon activity displayed an
363 informative relationship with changes in community composition. To this end, we evaluated the
364 mapping between the Euclidean distance in community composition and the difference in pH in
365 the presence (pTet-arc(+)) and absence (Aarc) of the arc operon at each time point. A positive
366 correlation implies that alterations in community composition display an informative relationship
367 with the pH modification activity of the arc operon. A positive correlation was observed for the
368 initial pH=5.93 condition (Spearman p = 0.72 with p-value =0.0004) (Figure S$12D), suggesting
369 that arc operon activity shaped community assembly via pH modification in this environment. In
370  sum, our monoculture-informed pH model provided insights into the quantitative contributions of
371  monoculture pH dynamics on community assembly.

372
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374  Figure 3. Investigating the contribution of pH-mediated gut microbiota interactions on
375 community assembly in different pH environments. (A) Computational modeling framework
376  for predicting community assembly. The pH model is a coupled set of ordinary differential
377  equations that captures species growth and pH modification. Model parameters were estimated
378 by fitting to monoculture data. The inferred interaction network of species and pH (right) highlights
379 the contributions of species to environmental pH and the environmental pH of maximum growth
380 for each species. Edges from pH to species represent species maximized growth at higher (pink)
381 or lower (green) environmental pH, calculated by p,..r; — 6.5, where p,,..r; represents the
382  preferred pH parameter for species i from the model. Edges from species to pH represent effect
383  of species growth to increase (orange) or decrease (blue) environmental pH, calculated by 20 * y;,
384  where y; represents effect of species i growth on pH and a factor of 20 was introduced for
385  visualization. (B), (C), (E) monoculture-pH-divergence networks of cocultures of gut community
386 (B), community with Aarc (C), and community with pTet-arc (+) (E) at different initial pH. Model
387 was used to predict the assembly for each coculture across different initial pH conditions. The
388 absolute values of monoculture-pH-divergence are calculated by the root mean squared error
389 between model prediction and experimental data for each species in each coculture, averaged
390 over all timepoints. The signs of monoculture pH divergence are determined by the sign of the
391 difference between model prediction and experimental data. Species that are over or under
392 predicted by the pH model are represented by blunted or arrows, respectively. Arrow width
393 represent the strength of monoculture pH divergence, multiplied by a factor of 10 for visualization.
394  Arrow width values greater than 3 are rounded to 3 for visualization.

395
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396 Investigating the effects of the arc operon on community assembly and SCFA production in the
397  murine gut

398 We investigated the effects of the arc operon on community assembly and health-relevant
399 metabolite profiles in the mammalian gut by colonizing male gnotobiotic mice (6-8 weeks old) with
400 a human gut community that harbored or did not harbor the arc operon. Mice were fed a high
401 arginine diet (Supplementary Data 8) three days prior to oral gavage with the community cultures.
402  This diet contained 5% arginine, which is higher than an arginine concentration previously shown
403  to elevate the arginine in the murine colon which yielded an altered microbiome composition®%®'.
404  Mice were orally gavaged with a culture containing equal species proportions of the 8-member
405 community. After one week, groups of mice received the EcCN WT, Aarc or no EcN strain via oral
406 gavage. To characterize the changes in community composition over time, fecal samples were
407  collected every 2-3 days for measurement of pH>>>® and 16S rRNA gene sequencing. After two
408 weeks, mice were sacrificed and cecal contents were collected for measurement of health-
409 relevant metabolites, pH*?°*®* and community composition based on 16S rRNA gene sequencing
410 (Figure 4A). Using bacterial RNA extracted from cecal contents, the WT arc operon displayed
411  higher expression than the pTet-arc(-) in vitro control, suggesting that the arc operon was
412  expressed in the caecum (Figure S1A).

413 The relative abundance of the WT and Aarc EcN strains increased at the same rate and
414  saturated at day 4 (Figure 4B). The Aarc strain colonized mice at a moderately but significantly
415  higher abundance than the WT strain over several timepoints, consistent with its higher
416 abundance in competition with the WT strain in an E. coli monocolonized mouse (Figure S1).
417  Further, both EcN strains converged to approximately 20% in the presence of the human gut
418 community (Figure 4B, S13A-B). Certain species were enriched in the presence of the arc operon
419  (WT condition) in vivo (CC, BC), whereas the colonization of other species was reduced (AC, DF)
420 at different timepoints (Figure 4C). The enhancement or inhibition of certain species in the
421  presence versus absence of the arc operon were consistent between in vitro (initial pH=5.32) and
422  invivo (e.g. BL) whereas other species displayed inconsistent trends (e.g. AC, EcN) (Figure 2D).
423  The effects of the arc operon on BC and DF were transient, whereas the changes in abundance
424  of the butyrate producers CC and AC were sustained over multiple timepoints (Figure S4B-E).
425  These results highlight the key role of the mammalian gut in shaping community dynamics that
426  display both consistent and inconsistent trends with in vitro data.

427 The fecal and cecal pH were not significantly different between groups (Figure S13D),
428 indicating that the arc operon did not have a substantial effect on the pH of the fecal and cecal
429 samples. Further, measurements of the health-relevant metabolites butyrate, propionate,
430 isobutyrate, acetate and isovalerate in cecal contents were not significantly different in the
431 presence (WT) and absence (Aarc) of the arc operon at the endpoint (Figure S14). The
432  abundance of most species (AC, BL, BV, CC, DF, EcN) in the community were different between
433  conditions on Day 16, whereas only AC and EcN were altered between conditions at the time of
434  cecal content harvest. Consistent with this trend, the difference in relative abundance of Aarc
435  versus the WT was largest at Day 16. Therefore, it is possible that health-relevant metabolite
436  production may exhibit differences in the presence/absence of the arc operon.
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438 Figure 4. The arc operon impacts community assembly and species colonization of the
439  mammalian gut. (A) Schematic of communities characterized in germ-free mice. Mice were
440 tagged and placed on customized high arginine diet 3 days before oral gavage of human gut
441  communities. Fecal samples were collected every two to three days and characterized via
442  multiplexed 16S rRNA sequencing and fecal sample pH. After 1 week of colonization, WT or Aarc
443  strains of ECN were introduced by oral gavage. After 2 weeks, mice were sacrificed and the
444  community composition, pH and metabolite concentrations were measured using the cecal
445  contents. (B) EcN relative abundance in fecal and cecal samples in WT and Aarc conditions. ECN
446  relative abundances are determined by multiplexed 16S rRNA sequencing on fecal samples and
447  cecal samples. Datapoints indicate biological replicates. Lines connect each of 4 biological
448  replicates collected from different mice. EcN inoculation is marked by orange dashed line on Day
449 7. Asterisks represent statistical significance: *P <0.05, **P <0.01, ***P <0.001 according to an
450 unpaired t-test. (C) Heatmap of the difference in species relative abundance (mean value of
451  biological replicates, n = 3) in the presence of WT or Aarc at various timepoints. Red corresponds
452  to higher relative abundance in the presence of the WT strain and blue corresponds to higher
453  relative abundance in the presence of the Aarc strain. EcN inoculation is marked on Day 7.
454  Asterisks represent statistical significance: *P <0.05, **P <0.01, ***P <0.001 according to an
455  unpaired t-test.
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458  DISCUSSION

459  We explored the controllability of human gut community assembly and health-relevant metabolite
460 production by manipulating the expression of a specialized metabolic pathway in a probiotic
461 Dbacterial species E. coli Nissle. By integrating synthetic biology and bottom-up community
462  construction, we showed that the expression of the arc operon can promote robustness of
463  communities to pH perturbations and increase butyrate production at physiologically relevant pH
464  ranges in vitro. Using a computational model that captures monoculture-informed pH mediated
465 interactions, we uncovered the extent of other interaction modalities not captured by the model
466  on community assembly and showed that the arc operon does not alter the interaction modalities
467  for most species during in vitro community assembly (Figure 3C,D).

468 Community robustness is defined as the ability to maintain composition and/or target
469  functions in response to environmental perturbations®. Enhancing the robustness of the human
470  gut microbiome to perturbations holds therapeutic potential. For instance, the pH in caecum and
471 colon has been shown to be lower in active patients with ulcerative colitis (4.7) than inactive
472  patients (4.9-5.5) and healthy volunteers (7.2-7.5)*2. Therefore, promoting community
473  robustness to pH perturbations could reduce the variation in gut microbiome composition and
474  function in certain disease states. The arc operon expression modulates environmental pH and
475  community dynamics more at an initial lower pH (pH=5.32) than at higher initial pH (pH=7.32)
476  (Figure 2C, D). This implies that the arc operon could potentially promote robustness of gut
477  microbiota to pH perturbations to a larger degree in ulcerative colitis where environmental pH is
478  generally lower than in a healthy state. Therefore, an avenue of future research is exploring the
479  effects of the arc operon on community dynamics and health-relevant metabolites in the presence
480 of inflammation and dysbiosis in a murine model of colitis.

481 A depletion of butyrate producing bacteria in the human gut microbiome has been
482  associated with a wide range of human diseases®*®. Developing new strategies to enhance
483  butyrate production are needed due to the large inter-individual variation observed in butyrate
484  production in response to dietary fiber interventions®’. While the arc operon enhanced butyrate
485  production at physiologically relevant pH values, the arc operon displayed differential effects on
486  diverse butyrate producing bacteria. In addition, butyrate production was not altered in the murine
487  gut at the measured time point in the presence versus absence of the arc operon. The disparate
488 effects of the arc operon on butyrate production in vitro and in vivo could be attributed to the
489 following possibilities: (1) the host may dominate pH homeostasis, yielding negligible effects of
490 the arc operon, (2) changes in butyrate production may be transient mirroring the transient
491 changes in the abundance of CC (Figure 4C) and were therefore not observed, (3) the arc operon
492  has variable or insufficiently low expression in WT EcN in vivo to yield environmental impact or
493  (4) changes in the rate of uptake of butyrate by the host could mask potential differences in the
494  presence/absence of the arc operon. Synthetic promoters controlling the arc operon would allow
495 for more consistent and tunable expression in the mammalian gut. Antibiotic-free selection
496  mechanisms for stable plasmid maintenance may be useful for achieving high expression of the
497  arc operon on a multi-copy plasmid®®.

498 Widely used ecological models such as the generalized Lotka-Volterra fail to capture specific
499 interaction modalities®'*'. The computational workflow assuming only pH-mediated interactions
500 trained on monoculture kinetics can reveal the contribution of this mechanism community
501 assembly. Previous studies in the same chemically defined media have identified strong resource
502  competition with AC for the limiting pool of sugars®!, which could contribute to the consistently
503 negative interactions shaping AC that could not be explained by the monoculture informed pH
504 model (Figure 3B, D, E). Monoculture pH divergence did not change substantially in the
505 presence/absence of arc operon expression despite changes in community dynamics (Figure 3D,
506 E). This implies that arc operon expression did not change the interaction modalities for most
507  species in community assembly. The deviation between model prediction and experimental data
508 observed in all communities suggest the presence of substantial interactions beyond pH informed
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509 by monoculture on community assembly. These mechanisms could include resource competition,
510 metabolite cross-feeding, and antimicrobial production. A similar approach could be employed to
511 guide the mechanistic investigation of other types of interaction modalities including effects of
512  toxin production®®, by constructing a model that captures this mechanism®. A deeper
513 understanding of the driving molecular mechanisms could reveal new mechanistic control
514  parameters for manipulating the microbiome to our benefit.

515 The arc operon may influence community dynamics and functions via release of nitrogen.
516  Nitrogen limited environments, like the mammalian gut®’, can limit microbial growth®. In the
517 mammalian gut, the arc operon may have a larger impact on community assembly via nitrogen
518 release as opposed to external pH modulation. To investigate the contribution of nitrogen release
519 via arc operon activity, nitrogen availability could be measured in the presence and absence of
520 arc operon activity using the carbon-to-nitrogen (C/N) ratios of gut microbes and those of
521 digestible material (derived from digesta or faeces)®®. An elevated C/N ratio in resources (based
522  on the digestible material) relative to the C/N ratio of consumers (based on the microbes) would
523  suggest large amounts of food are being processed to gain sufficient nitrogen for microbial growth,
524  suggesting nitrogen limitation. Release of nitrogen via the arc operon could increase the C/N
525  ratios of microbes to digestible material. Characterizing the C/N ratio of microbes and digestible
526 material in the presence and absence of the arc operon could provide key insights into the
527 observed differences between the effect of the arc operon in vitro and in vivo. For example, the
528 arc operon had differential effects on the abundance of EcN, AC and CC in vitro versus in vivo
529  (Figure 2D, 4B-C, S1F).

530 A major goal for microbiome engineering is to discover and exploit molecular control knobs
531 to steer microbiomes to desired states. Specialized metabolic pathways, which can provide key
532  resources for specific gut bacteria or shape global environmental parameters, could be exploited
533 to shape functions of gut microbiota. By integrating mechanistic computational modeling,
534  synthetic biology and bottom-up community assembly, we revealed the extent to which a single
535 mechanism of interaction contributed to community assembly. While we focused on a single
536 metabolic pathway, high-throughput genetic manipulation approaches could also be used to
537  discover and rank the influence of diverse molecular pathways on target community functions®-
538 %, Our strategy to quantitatively determine the contribution of metabolic pathways could be
539 applied to the pathway hits to identify novel control knobs for steering microbiomes to desired
540 states.

541
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543 METHOD

544

545  Strain maintenance and culturing

546  All aerobic culturing was carried out in 37°C incubator with shaking. All anaerobic culturing was
547  carried out in an anaerobic chamber with an atmosphere of 2+0.5% H2, 15+1% CO2 and
548 balance N2. All prepared media and materials for anaerobic experiments were placed in the
549 chamber at least overnight before use to equilibrate with the chamber atmosphere. The
550 permanent stocks of each strain used in this paper were stored in 25% glycerol at —80 °C. Batches
551  of single-use glycerol stocks were produced for each strain by first growing a culture from the
552  permanent stock in ABB media (Supplementary Data 2) to stationary phase, mixing the culture
553 in an equal volume of 50% glycerol, and aliquoting 400 uL into Matrix Tubes (ThermoFisher) for
554  storage at —80 °C. Quality control for each batch of single-use glycerol stocks included lllumina
555  sequencing of 16S rDNA isolated from pellets of the aliquoted mixture to verify the identity of the
556  organism. For each experiment, precultures of each species were prepared by thawing a single-
557 use glycerol stock (SUGS) and adding 100 pL of SUGS to 5mL fresh YBHI media
558 (Supplementary Data 2) for incubation at 37 °C for 16 hours (Supplementary Data 1). *'’

559

560 Plasmid and strain construction

561  All engineered strains and plasmids can be available upon request to corresponding author. PCR
562  amplifications were performed using Phusion High-Fidelity DNA polymerase (New England
563 Biolabs) and oligonucleotides for cloning were obtained from Integrated DNA Technologies.
564  Standard cloning methods were used to construct plasmids. Small scale electroporation was used
565  for plasmid transformation into E. coli. The background strain was grown to an OD of 0.3 and then
566 placed onice for 10 minutes. 1mL of the cell culture was then washed with 10% glycerol two times,
567  with the cells spun down, supernatant drawn out, and resuspended each time. After final wash,
568 cells were resuspended in 100uL 10% glycerol and 1ug PCR product and transferred to 1mm gap
569 electro-cuvette. Cells were electroporated using the the EC1 protocol of BioRad Micropulser
570  Electroporator, then recovered in LB plus appropriate antibiotic for 1 hour. Transformants were
571 selected on LB agar plates with appropriate antibiotic resistance and single colonies were stored.
572

573  The native arc operon (consisting of genes arcA, arcC, arcB, arcD, and arcR) was deleted from
574  the genome of WT by replacement with a Kananycin FRT construct amplified from pKD4%”
575  (Supplementary Data 4) using primers oYL36 and oYL37 (Supplementary Data 5), with
576 Lambda red expression provided by pMP11%® (Supplementary Data 4). Transformants were
577  selected on antibiotic selective plates and verified by colony PCR. The kanamycin cassette was
578  then removed from the genome by transforming a FLP recombinase vector pFLP2%°. Successful
579  Kanamycin removal was screen for the absence of Kanamycin resistance and verified by colony
580 PCR. Finally, the pFLP2 plasmid was cured by growth in 5% sucrose. Final colonies were
581  screened for absence of Carbenicillin resistance. The resulting strains is Aarc.

582

583  Forinducible expression of the arc operon, we replaced the RFP region of pBbA2a-RFP plasmid”®
584  (Supplemental Data 4) with the native arc operon without regulatory region (consisting of genes
585 arcA, arcC, arcB, and arcD) from WT E. coli strain. The arc operon was amplified by oYL19 and
586 0YL20, and the pBbA2a-RFP backbone was amplified by 0YL17 and oYL18 (Supplemental Data
587 5). Standard PCR and Gibson assembly was performed to yield pTet-arcACBD (Supplemental
588 Data4). Finally, strain pTet-arc (Supplemental Data 1) was cloned by transforming plasmid pTet-
589 arcACBD into strain Aarc.

590

591 Monoculture and community culturing dynamic growth quantification

592  Each species’ preculture was diluted to an OD600 of 0.01 (Tecan F200 Plate Reader) in a defined
593  media named DM38*' designed in a previous study to enable growth of all species in this study.
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594  Precultures were then aliquoted into three or four replicates of 1.5 mL each in a 96 Deep Well
595  (96DW) plate and covered with a semi-permeable membrane (Diversified Biotech) and incubated
596 at 37 °C without shaking. At each time point, samples were mixed by pipetting up and down 5
597 times before transferring 200uL to 96 well microplate for measurement of OD and supernatant pH
598 were measured by the plate reader (Tecan F200 Plate Reader). Cell pellet was saved at each
599 timepoint for species abundance quantification at -80°C. For pH measurement, phenol red
600 solution was diluted to 0.005% weight per volume in MilliQ water. Bacterial supernatant (20 uL)
601  was added to 180 uL of phenol red solution, and absorbance was measured at 560 nm using the
602 plate reader. A standard curve was produced by fitting the Henderson—Hasselbach equation to
603  fresh media with pH standards ranging between 3 and 11 measured using a standard electro-
604  chemical pH probe (Mettler-Toledo). We used the following equation to map the pH values to the
605 absorbance measurements.

606 pH =a + b *InAze

607

608 The parameters a and b were determined using a linear regression between pH and the log term
609 for the standards in the linear range of absorbance with A representing the absorbance of each
610 condition.

611

612 Genomic DNA extraction from cell pellets

613  Genomic DNA was extracted from cell pellets using a modified version of the Qiagen DNeasy
614 Blood and Tissue Kit protocol. First, pellets in 96DW plates were removed from -80 °C and
615 thawed in a room temperature water bath. Each pellet was resuspended in 180 pL of enzymatic
616 lysis buffer (20 mM Tris—HCI (Invitrogen), 2 mM sodium EDTA (Sigma-Aldrich), 1.2% Triton X-100
617  (Sigma-Aldrich), 20 mg/mL lysozyme from chicken egg white (Sigma-Aldrich)). Plates were then
618  covered with a foil seal and incubated at 37 °C for 30 min with orbital shaking at 600 RPM. Then,
619 25 L of 20 mg mL-1 Proteinase K (VWR) and 200 uL of Buffer AL (QIAGEN) were added to each
620 sample before mixing with a pipette. Plates were then covered by a foil seal and incubated at
621 56 °C for 30 min with orbital shaking at 600 RPM. Next, 200 uL of 100% ethanol (Koptec) was
622  added to each sample before mixing and samples were transferred to a nucleic acid binding (NAB)
623  plate (Pall) on a vacuum manifold with a 96DW collection plate. Each well in the NAB plate was
624  then washed once with 500 uL buffer AW1 (QIAGEN) and once with 500 uL of buffer AW2
625 (QIAGEN). Samples were then eluted into a clean 96DW plate from each well using 110 pL of
626 buffer AE (QIAGEN) preheated to 56 °C. Genomic DNA samples were stored at —20 °C until
627  further processing.

628

629 Sequencing library preparation

630  Genomic DNA concentrations were measured using a SYBR Green fluorescence assay and then
631 normalized to a concentration of 1 ng uL-1 by diluting in molecular grade water using a Tecan
632  Evo Liquid Handling Robot. First, genomic DNA samples were removed from —20 °C and thawed
633  in a room temperature water bath. Then, 1 uL of each sample was combined with 95 uL of SYBR
634  Green (Invitrogen) diluted by a factor of 100 in TE buffer (Integrated DNA Technologies) in a black
635  384-well microplate. This process was repeated with two replicates of each DNA standard with
636  concentrations of 0, 0.5, 1, 2, 4, and 6 ng uL-1. Each sample was then measured for fluorescence
637  with an excitation/emission of 485/535 nm using a Tecan Spark plate reader. Concentrations of
638 each sample were calculated using the standard curve and a custom Python script was used to
639 compute the dilution factors and write a worklist for the Tecan Evo Liquid Handling Robot to
640 normalize each sample to 1 ng yL—1 in molecular grade water. Samples with DNA concentration
641 <1nguL-1 were not diluted. Diluted genomic DNA samples were stored at —20 °C until further
642  processing.

643
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644 Amplicon libraries were generated from diluted genomic DNA samples by PCR
645 amplification of the V3-V4 of the 16S rRNA gene using custom dual-indexed primers
646 (Supplementary Data 3) for multiplexed next-generation amplicon sequencing on lllumina
647  platforms (Method adapted from Venturelli et al. Mol. Syst. Biol., 2018). Primers were arrayed in
648  skirted 96-well PCR plates (VWR) using an acoustic liquid handling robot (Labcyte Echo 550)
649  such that each well received a different combination of one forward and one reverse primer (0.1 pL
650 of each). After liquid evaporated, dry primers were stored at —20 °C. Primers were resuspended
651 in 15uL PCR master mix (0.2 yL Phusion High Fidelity DNA Polymerase (Thermo Scientific),
652 0.4puL 10mM dNTP solution (New England Biolabs), 4 uL 5% phusion HF buffer (Thermo
653  Scientific), 4 yL 5 M Betaine (Sigma-Aldrich), 6.4 uL Water) and 5 pL of normalized genomic DNA
654  to give a final concentration of 0.05 uM of each primer. Primer plates were sealed with Microplate
655 B seals (Bio-Rad) and PCR was performed using a Bio-Rad C1000 Thermal Cycler with the
656  following program: initial denaturation at 98 °C (30 s); 25 cycles of denaturation at 98 °C (10 s),
657 annealing at 60 °C (30 s), extension at 72 °C (60 s); and final extension at 72 °C (10 min). 2 pL of
658 PCR products from each well were pooled and purified using the DNA Clean & Concentrator
659  (Zymo) and eluted in water. The resulting libraries were sequenced on an lllumina MiSeq using a
660 MiSeq Reagent Kit v3 (600-cycle) to generate 2 x 300 paired-end reads.

661

662 Bioinformatic analysis for quantification of species abundance

663  Sequencing data were demultiplexed using Basespace Sequencing Hub’s FastQ Generation
664  program. Custom python scripts were used for further data processing (method adapted from
665  Venturelli et al. Mol. Syst. Biol., 2018)16. Paired end reads were merged using PEAR (v0.9.10)83
666  after which reads without forward and reverse annealing regions were filtered out. A reference
667 database of the V3-V5 16S rRNA gene sequences was created using consensus sequences
668 from next-generation sequencing data or Sanger sequencing data of monospecies cultures.
669  Sequences were mapped to the reference database using the mothur (v1.40.5)84 command
670 classify.seqs (Wang method with a bootstrap cutoff value of 60). Relative abundance for each
671  species within a sample was calculated as the read count mapped to each species divided by the
672  total number of reads for each sample. Absolute abundance of each species was calculated by
673  multiplying the relative abundance by the OD600 measurement for each sample. Samples were
674  excluded from further analysis if >1% of the reads were assigned to a species not expected to be
675 in the community (indicating contamination) or if they had <1000 total reads and OD600 > 0.1
676  (indicating that there were insufficient reads for analysis and this was not due to lack of community
677  growth).

678

679 HPLC quantification of organic acids from in vitro samples

680  Supernatant samples (200uL) were thawed in a room temperature water bath before addition of
681 2L of HoSO4 to precipitate any components that might be incompatible with the running buffer.
682  The samples were then centrifuged at 3500 x rpm for 10 min and then 150 pL of each sample was
683 filtered through a 0.2 ym filter using a vacuum manifold before transferring 70 uL of each sample
684  to an HPLC vial. HPLC analysis was performed using a Shimadzu HPLC system equipped with
685 a SPD-20AV UV detector (210 nm). Compounds were separated on a 250 x 4.6 mm Rezex©
686  ROA-Organic acid LC column (Phenomenex Torrance, CA) run with a flow rate of 0.2 mL min™’
687  and at a column temperature of 50 °C. The samples were held at 4 °C prior to injection. Separation
688  was isocratic with a mobile phase of HPLC grade water acidified with 0.015 N HoSO4 (415 puL L-1).
689  Two standard sets were run along with each sample set, one before all samples and one after all
690 samples . Standards were 100, 20, and 4 mM concentrations of butyrate, succinate, lactate, and
691 acetate, respectively. The injection volume for both sample and standard were 25puL. The
692  resultant data was analyzed using Shimadzu LabSolutions software package with peaks manually
693  reintegrated if necessary.

694
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695 Gnotobiotic mouse experiments

696  All germ-free mouse experiments were performed following protocols approved by the University
697  of Wisconsin-Madison Animal Care and Use Committee. Two diets were used in this experiment:
698  regular diet with lower arginine concentration (Chow diet, Purina, LabDiet 5021) and high arginine
699 diet (Envigo, TD.210715). All strains were grown at 37 °C anaerobically in YBHI media (Acumedia,
700 Bacto, and Sigma-Aldrich) for 16hrs. All strains for oral gavage were mixed in equal proportions
701 based on OD600 and transferred on ice prior to oral gavage. We used 8-week old C57BL/6
702  gnotobiotic male mice (wild-type) fed the specific diets 3 days prior to oral gavage. The mice from
703  the same group (4 mice) were housed in the same biocontainment cages (Allentown Inc.) for the
704  duration of the experiment. Mice were maintained on autoclaved water. Fecal samples were
705  collected every 2-3 days after oral gavage for NGS sequencing and pH measurement. The pH of
706  diluted fecal and cecal samples was calculated by measuring the supernatant of 0.1% (v/v)
707  dilution in molecular grade water using a pH probe (Mettler-Toledo)”". At the end of the experiment,
708 mice were euthanized, and the cecal contents were collected for NGS sequencing and pH
709  measurement.

710

711  Genomic DNA extraction from fecal and cecal samples

712 The DNA extraction for fecal and cecal samples was performed as described previously with
713  some modifications’?. Fecal samples (~50 mg) were transferred into solvent-resistant screw-cap
714  tubes (Sarstedt Inc) with 500 pyL 0.1 mm zirconia/silica beads (BioSpec Products) and one 3.2
715 mm stainless steel bead (BioSpec Products). The samples were resuspended in 500 uL of Buffer
716 A (200 mM NaCl (DOT Scientific), 20 mM EDTA (Sigma) and 200 mM Tris-HCI pH 8.0 (Research
717  Products International)), 210 uL 20% SDS (Alfa Aesar) and 500 uL phenol/chloroform/isoamyl
718 alcohol (Invitrogen). Cells were lysed by mechanical disruption with a bead-beater (BioSpec
719  Products) for 3 min twice to prevent overheating. Next, cells were centrifuged for 5 min at 8,000
720 xgat4°C, and the supernatant was transferred to a Eppendof tube. We added 60 uL 3M sodium
721  acetate (Sigma) and 600 L isopropanol (LabChem) to the supernatant and incubated on ice for
722 1 hr. Next, samples were centrifuged for 20 min at 18,000 x g at 4°C. The harvested DNA pellets
723 were washed once with 500 pyL of 100% ethanol (Koptec). The remaining trace ethanol in the
724  sample was removed by air drying. Finally, the DNA pellets were then resuspended into 200 pL
725  of AE buffer (Qiagen) left in 4°C overnight to facilitate dissolving. The crude DNA extracts were
726  purified by a Zymo DNA Clean & Concentrator™-5 kit (Zymo Research). The following PCR
727  amplification and NGS sequencing procedures are the same as previously described for
728  treatment of in vitro samples.

729

730  GC quantification of organic acids from cecal samples

731  Organic acids were quantified using headspace gas chromatography (HS-GC). Frozen cecal
732 samples (15 ~ 40 mg) were prepared for by adding the weighed samples to chilled 20 mL glass
733  vials (Restek, Bellefonte, PA) with 2.0 g of sodium hydrogen sulfate for acidification, distilled water
734 (300 pL — mg of cecal content), and 1.0 mL of 500 uyM 2-butanol as an internal standard. Glass
735  vials were immediately sealed with aluminum crimp caps with rubber septa (Restek, Bellefonte,
736  PA), vigorously mixed by hand to mix contents, and left at room temperature overnight. Prepared
737  samples were loaded on a HS-20 headspace sampler (Shimadzu, Columbia, OH) connected to
738 a Shimadzu GC-2010 Plus GC with a flame ionization detector. The column used was an SH-
739  Stabilwax (30 m, 0.25 mm internal diameter, 0.10 uM film thickness). The GC protocol used is
740  described in Hutchison et al. (2023)”®. Standards for acetate, propionate, isobutyrate, butyrate,
741  and isovalerate, and valerate were combined and serially diluted to generate a standard curve.
742  Valerate was not detected in the cecal samples. Analytes measured had their areas under the
743 curve calculated with Shimadzu Lab Solution (Ver. 5.92) and concentrations were normalized by
744  sample mass and converted to umol/g using a standard curve.

745
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746  Gene expression measurements of the arc operon in germ-free mice

747  The RNA extraction of the contents of each cecum was performed as described previously with
748  some modifications’®. Specifically, cecal samples (100~150 mg) were transferred into solvent-
749  resistant screw-cap tubes (Sarstedt Inc) with 500 uL of acid washed beads (212-300 ym, Sigma).
750  The samples were resuspended in 500 uL of Acid-Phenol:Chloroform (with I1AA, 125:24:1, pH 4.5,
751  Thermo Fisher Scientific), 500 yL of Buffer B (200mM NaCl (DOT Scientific), 20 mM EDTA
752  (Sigma), pH 8.0), 210 pyL 20% SDS (Alfa Aesar). Cells were lysed by mechanical disruption with
753  a bead-beater (BioSpec Products) for 2 min twice to prevent overheating. Next, cells were
754  centrifuged for 10 min at 8,000 x g at 4°C, and the supernatant was transferred into an Eppendof
755  tube. We added 60 pyL 3M sodium acetate (pH 5.5, Sigma) and 600 uL isopropanol (LabChem)
756  to the supernatant and incubated at -80°C for 6 min. Next, samples were centrifuged for 15 min
757 at 18,200 x g at 4°C. The harvested RNA pellets were washed once with 900 uL of 100% ethanol
758  (Koptec). Finally, the RNA pellets were resuspended into 100 yL of RNase-free water. The crude
759  RNA extracts were purified by a RNeasy Mini kit (Qiagen) with a DNase | (Qiagen) treatment step
760  to eliminate DNA contamination in the sample. To remove any remaining DNA, the RNA products
761  were treated with Baseline-ZERO DNase | (Epicentre) and then purified again using the RNeasy
762  Mini kit.

763

764  We performed cDNA synthesis with 0.5-1 ug of total purified RNA using the iScript Select cDNA
765  Synthesis Kit (Bio-Rad Laboratories). We performed quantitative reverse transcription PCR (qRT-
766  PCR) on the Bio-Rad CFX connect Real-Time PCR instrument with SYBR™ Green PCR Master
767 Mix (Thermo Fisher Scientific) using primers qPCR_arc_fwd and qPCR_arc_rev for arc
768  expression measurement with three biological replicates and 3 technical replicates for each
769  biological replicate. We also included gPCR controls measuring the 16S rRNA level (primers:
770 gPCR_EC16S_fwd and gqPCR_EC16S_rev). We computed the fold changes of the target genes
771 by normalizing to the reference gene 16S rRNA gene using the geometric mean through the
772  27AAC method’®, where:

773

774 AACCI = (CQSample,arc - Cqsample,165) - (CQControl,arc - CQcontrol,16S)
775 (1)

776

777

778 Bioinformatic analysis for arc-harboring species identification

779  The previous human microbiome metagenome-assembled genome (MAG) dataset containing
780 154,723 MAGs from 9,428 human gut microbiomes from diverse geographic location, body sites,
781 diseases, and lifestyles was used as the reference database’®. These genomes extend to > 95%
782  the median mappability of gut microbiomes. All MAGs were annotated by Prodigal v2.6.3"". Only
783  genomes with >= 95% completeness and < 10% contamination were used in the downstream
784  analysis (45,502 MAGs). The KOfam HMMs’® (KOfam 27-Aug-2021 release) for the four arc
785  operon genes (K01478, arcA; K0O0611, arcB; K00926, arc; KO03758, arcD) were used as the
786  reference to search against all the MAGs by using hmmsearch implemented in HUMER v3.1b27°.
787  The hmmsearch hits and genome taxonomy were summarized accordingly.

788

789  pH model predictions and anlysis

790  The pH model fitted on monoculture growth was used to predict community dynamics. Parameters
791  optimized for monoculture of each species of interest were used to simulate community growth
792  curve and pH changes using Python ODE solver scipy.integrate.solve_ivp.

793

794  The value of monoculture-pH-divergence for each species in each initial pH condition were
795  calculated by the root mean squared error (RMSE) between model predicted absolute abundance
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796  and experimental absolute abundance for each species in each coculture condition averaged
797 across all timepoints, as shown in equation 7, where X;,,.q. represents model predicted
798  absolute abundance of species i at timepoint t and where X; ., represents model experimental
799  absolute abundance of species i at timepoint t. The sign of monoculture-pH-divergence is
800  determined by the sign of X; modert — Xiexp,t-

timepoints

801 monoculture pH divergence = 2 (Xi,model,t - Xi,exp,t)2
t

802 (7)

803

804  Shannon diversity index for a community was calculated following equation 8 for both
805 experimental data and model prediction at a given initial pH condition, where x; represents
806 relative abundance for species i.

807
species
808 Shannon diversity index = — 2 x; In x;
i=1
809 l (s)

810 Data Availability
811  Additional data supporting the findings described in this work are available from the corresponding
812  author under reasonable request. The processed data for all community experiments and

813  simulation results are available in a Github Repository:
814  https://github.com/VenturelliLab/Liu_et al 2024 .
815

816 Code Availability

817  Scripts for model training and simulations are available in a Github Repository here:
818  https://github.com/VenturelliLab/Liu_et al 2024 .
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