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Abstract

Elevated nitrate in the environment inhibits sulfate reduction by important microorganisms of
sulfate-reducing bacteria (SRB). Several SRB may respire nitrate to survive under elevated nitrate,
but how SRB that lack nitrate reductase survive to elevated nitrate remains elusive. To understand
nitrate adaptation mechanisms, we evolved 12 populations of a model SRB (i.e., Desulfovibrio
vulgaris Hildenborough, DvH) under elevated NaNOs for 1000 generations, analyzed growth and
acquired mutations, and linked their genotypes with phenotypes. Nitrate-evolved (EN) populations
significantly (p < 0.05) increased nitrate tolerance, and whole genome resequencing identified 119
new mutations in 44 genes of 12 EN populations, among which six functional gene groups were
discovered with high mutation frequencies at the population level. We observed a high frequency
of nonsense or frameshift mutations in nitrosative stress response genes (NSR: DVU2543,
DVU2547 and DVU2548), nitrogen regulatory protein C family genes (NRC: DVU2394-2396,
DVU2402 and DVU2405), and nitrate cluster (DVU0246-0249 and DVUO0251). Mutagenesis
analysis confirmed that loss-of-functions of NRC and NSR increased nitrate tolerance. Also,
functional gene groups involved in fatty acid synthesis, iron regulation, and two-component
system (LytR/LytS) known to be responsive to multiple stresses, had a high frequency of missense
mutations. Mutations in those gene groups could increase nitrate tolerance through regulating
energy metabolism, barring entry of nitrate into cells, altering cell membrane characteristics or
conferring growth advantages at the stationary phase. This study advances our understanding of
nitrate tolerance mechanisms and has important implications for linking genotypes with

phenotypes in DvH.
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Introduction

Sulfate-reducing bacteria (SRB) carry out dissimilatory sulfate reduction, and play an important
role in the biogeochemical cycling of sulfur, carbon, nitrogen, and metals [1, 2]. They are
ubiquitous in anaerobic environments such as marine and lacustrine sediments [3], where nitrate
and sulfate are commonly found [4-6]. Nitrate concentrations in natural environments are generally
less than 2 mM [7, 8], while in contaminated sites, nitrate concentrations can be greater than 100
mM [9]. Elevated nitrate could inhibit sulfate reduction performed by SRB due to its competition
for organic electron donors [6], which has a special importance in contaminated or engineered
systems since it mitigates sulfide production in the environment [10-12]. To confer an advantage
under elevated nitrate, several SRB can use nitrate as an alternative electron acceptor [13].
However, the model sulfate-reducing bacterium, Desulfovibrio vulgaris Hildenborough (DvH)
lacks a functional nitrate reductase [14, 15], and how it responds to elevated nitrate and thrives in
such environments for a long time exposure remains elusive [16]. Therefore, it is important to
understand nitrate tolerance mechanisms, and we used DvH to advance our knowledge about SRB
responses and functions in the environment in this study.

Previous studies showed complex responses of DvH to elevated nitrate by different
approaches, such as iTRAQ peptide tags [17], microarrays [4], transposon liquid enrichment
sequencing (TnLE-seq) [18], and mutagenesis [19]. For example, transcriptomic analysis of DvH
showed that elevated nitrate up-regulated key functional genes involved in osmotic, ionic, and
nitrite stress responses, and few common patterns of gene expression were observed in response
to elevated nitrate, nitrite, or salt [4]. Further analyses indicated that a specific nitrate cluster
(DVUO0245-DVU0251) was related to increased nitrate tolerance, but not for nitrite tolerance in

DvH [18], and elevated nitrate and nitrite had distinct effects on inhibition of DvH by mutagenesis
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[19]. Although these studies have provided new insights into our understanding of the response of
DvH to short-term exposure to elevated nitrate at the protein, transcriptional and gene levels, more
studies are needed to reveal the genetic basis of nitrate tolerance when DvH is exposed to elevated
nitrate that mimics an environmental stress, especially for a long time.

Experimental evolution of asexual microbial populations coupled with whole-genome
resequencing provides a powerful approach to identify adaptive mutations and elucidate genotype-
phenotype relationships [20, 21]. Beneficial mutations typically emerge after an adaptive evolution
of microorganisms [20, 22], which has been used to discover adaptive changes under specific
conditions for prokaryotes such as Escherichia coli, Pseudomonas aeruginosa, and Desulfovibrio
vulgaris [22-26], phages ¢6 and T4 [27, 28], and eukaryotes such as Saccharomyces cerevisiae
and Chlamydomonas reinhardtii [29, 30]. For example, a previous study indicated a rapid selective
sweep of mutations occurred in D. vulgaris populations under NaCl stress within the first 100
generations, and four mutations contributed to shortened lag phases, increased growth rates and
biomass yield [23]. Also, identical or similar genetic changes (e.g., mutations occurred in
same/similar genes with similar phenotypic changes) in replicate populations are considered as a
strong indicator of beneficial mutations resulting from stress adaptation in the experimental
evolution [31-34]. Parallel evolutionary losses of ribose catabolic function occurred in 12 E. coli
populations during 2000 generations in a glucose minimal medium to gain beneficial fitness in
glucose-limited environments [35], and such genetic parallelism at the population level was also
observed in the gene Dde 2265 encoding sulfate adenylythransferase (sat) in Desulfovibrio
alaskensis evolved under perchlorate stress for about 117 generations, leading to increased

perchlorate tolerance [36]. Therefore, it is expected that experimental evolution and resequencing
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of whole genomes provide powerful approaches to link genotypes to phenotypes, and explore
nitrate tolerance mechanisms in DvH.

In this study, we aimed to understand nitrate tolerance mechanisms in DvH through
experimental evolution, which could provide a comprehensive understanding of genetic basis of
the adaptation evolution in DvH. We hypothesized that a set of beneficial genetic changes would
emerge in DvH populations after exposure to elevated nitrate (NaNO3) for 1000 generations [22,
23], and that some of these mutations would be parallel among evolved populations [20, 32, 34,
36]. We evolved 12 populations of DvH under elevated nitrate for 1000 generations, compared
genotypic and phenotypic characteristics of ancestral (AN) populations and EN populations, linked
their genotypes with phenotypes by mutagenesis, and explored its nitrate tolerance mechanisms.
We found that six functional groups with a high frequency of mutations, which were directly or
indirectly involved in nitrate tolerance. Most importantly, we showed new evidence that nonsense
and frameshift mutations in key nitrate associated genes conferred nitrate tolerance and genetic
parallelism in nitrate-evolved populations. This study advances our understanding of nitrate

tolerance mechanisms in DvH.

Materials and methods

Strains, cultivation conditions and propagation

We used 12 AN populations (AN1-12) of D. vulgaris Hildenborough (ATCC 29579) from a
previous study [37], and a clone of DvH was the founder of 12 populations. The first subculture
was non-stressed for all 12 populations, and they were frozen to serve as 12 AN populations, from
which we randomly chose three AN populations (AN2, AN8 and AN11) to determine a suitable

NaNOs concentration for experimental evolution, which allowed AN populations to reach a
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stationary phase within 48 h (Fig. S1). AN populations were grown at 37°C and propagated in the
defined LS4D medium [38] amended with 10 mM NaNOs for 500 generations, then with 30 mM
NaNOs for another 500 generations to keep ongoing nitrate selective pressure for DvH populations.
Cultures were propagated by transferring 1% (100 pL) of the final volume (10 mL) into a fresh
medium every 48 h, and populations were archived every 100 generations at -80°C for later studies.
Every 48 hours, the ODgoo was recorded for each population before transfer (Fig. S2), and the
statistical significance of biomass differences (ODeoo) of 6.7 generations (after the first transfer)

vs. 1000 generations (after the last transfer) was based on ANOVA tests.

Growth phenotypes of ancestral and evolved populations

The growth of both AN and nitrate-evolved (EN) populations in the LS4D medium with 30 mM
or 100 mM NaNOs or without additional NaNOs; was measured by a spectrophotometer (Thermo
Spectronic 20D+, Waltham, Massachusetts, USA) with three replicates for each population, and
ODsoo values of all populations were recorded every 2-3 h over a period of 70 h. Lag phase was
defined as the time after-inoculation to ODgoo = 0.2; growth rate was 2.303 X the slope of the linear
portion of growth curve by plotting Ln (ODsoo) as the y-axis and time as the x-axis; biomass yield
was the maximum ODsego as previously described [37]. Statistical significance of multiple pairwise-
comparison was based on the ANOVA test. In addition, extracellular nitrate concentration of AN

and EN populations was measured by ion chromatography (ICS-90A, Dionex, USA).

Genomic DNA extraction and whole genome resequencing of AN and EN populations

Genomic DNA (gDNA) of all AN and EN populations was extracted with a GenElute Bacterial
Genomic DNA kit (Sigma) following the manufacturer's instructions. The quality of gDNA was

assessed with a Nanodrop ND-1000 (Thermo Fisher Scientific, Inc., Wilmington, DE, USA).
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Illumina HiSeq sequencing of gDNA samples was conducted at the Oklahoma Medical Research
Foundation (Oklahoma City, OK, USA) following standard library preparation protocols and
Illumine sequencing protocols. The sequencing data have been deposited into NCBI Sequence

Read Archives and are accessible through Bioproject PRINA630554.

Mutation calling

Mutations in all AN and EN populations were called by our in-house pipeline (http:/
http://zhoulab5.rccc.ou.edu:8080/) with the DvH genome sequence (NC 002937.3) as the
reference. Btrim was used for quality control with filter parameter settings, including windows
size as 5, average quality score as 30 and minimal insert size as 50 [39]. The alignment was
generated by Bowtie2, and the default settings of bowtiw2-build and bowtie2-x were used for
database building and alignments [40]. Samtools was used to call mutations including single
nucleotide polymorphisms (SNPs) and insertions/deletions (INDELs); Samtools-mplieup was
used to filter variants, probabilistic realignment for computation of base alignment quality was
disabled to reduce false SNPs caused by misalignments, minimum mapping quality for alignment
was 0, and minimum base quality for a base was 13 [41]. The output variant call format (VCF) file
was generated by Bceftools [42]. Phred scale quality score was used as the filter score. Breseq was
also used to call mutations with the default setting [43], and new junctions/insertions in
output/index.html and output/marginal.html (allele frequency > 10%) were added into the mutation
data analysis. Compared to the original NCBI reference DvH strain, the ancestral DvH strain used
in this study already has 22 genomic differences [23], which were removed from our mutation
analysis. The allele frequency of mutations was calculated based on DP4 values: forward reference

alleles, reverse reference alleles, forward alter alleles, and reverse alter alleles by Samtools [41].

Mutation validation
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To validate mutations called in this study, a subset of regions bearing mutations with different
filter values were chosen (Table S1). Genomic DNA from AN or EN populations was extracted
and amplified by PCR, and PCR amplicons were sequenced by a Sanger platform at the Oklahoma
Medical Research Foundation to verify those mutations identified by the Illumina sequencing

platform. All the primers used in this study are listed in Table S1.

Mutation data analysis and prediction of mutated protein structure

Mutations were assigned to a gene if they occurred within a coding region or within a 100-bp
upstream of open reading frames [44]. We combined output VCF files of whole genome sequence
data from Bcftools [42] to generate SNPs/INDELSs tables for AN or EN populations (Table S2 and
Table S3). Briefly, mutation data analysis included five major steps: (i) all mutation information
was extracted from output VCF files of AN and EN populations, including gene name, position
for the mutation, mutated bases and reference bases; (ii) proteins encoded by these genes and
Clusters of Orthologous Groups (COGs) of the proteins [45] were added into the table manually;
(ii1) as mutations or polymorphisms were detected in the ancestor [23], we only analyzed newly
acquired mutations in the EN population (defined as newly acquired mutations), including new
junctions occurred in coding genes that predicted by breseq (Table S4); (iv) to focus on mutated
functional genes with newly acquired mutations in EN populations, a gene identified with newly
acquired mutations was labeled with the highest allele frequency of the mutation occurring in the
gene for each EN population (Table S5); and (v) gene co-expression prediction was based on

information in operon and regulon prediction in Microbesonline (http://www.microbesonline.org/),

and experimental evidence was based on publications about mutated genes, especially genes that

were co-mentioned in same publication identified by String [46].


http://www.microbesonline.org/

185 Types of detected mutations in this study include: (i) nonsense mutation: one-base change in
186  a DNA sequence that results in a premature stop codon; (ii) frameshift mutation: an insertion or
187  deletion in a DNA sequence that often results in a non-functional protein (e.g., truncated proteins)
188  [47]; (i11) missense mutation: one-base change in a DNA sequence that results in a different amino
189 acid in the mature protein; and (iv) silent mutation: one-base substitution in a DNA sequence that
190  does not involve amino acid replacement in the coded protein.

191 We also used Phyre2 [48] to predict changes in the tertiary structure of HcpR encoded by
192 DVU2547, one of the most frequently mutated genes in EN populations with the highest hits (>99%

193  confidence) for predicted models (Fig. S3).

194  Mutagenesis and growth phenotypes of deletion mutants

195  DvH parental strain JZ001 (Aupp) is the founder strain of AN populations, and was used as the
196  parental strain to generate marker exchange (ME) mutants of genes by a marker replacement
197  approach [49]. The growth of parental strain and ME mutants of NSR was tested in LS4D, LS4D
198  +30 mM NaNOs and LS4D + 0.15 mM NaNOs. The growth phenotypes of the parental strain and
199  ME mutants of NRC genes were tested in LS4D, LS4D + 30 mM NaNOs, and LS4D + 100 mM
200 NaCl. Genetic complementation was done for all the mutants (ME2394, ME2395, ME2396,
201  ME2405, ME2543, ME2547 and ME2548) and EN7 variant complemented with the plasmid
202  containing a native promoter, ribosome binding site and wild type gene (Table 1). Further reverse-
203  transcription PCR was done for the mutants and their complemented strains at the exponential
204  phase to confirm the expression of complemented genes. The growth of complemented strains was
205 tested in LS4D and LS4D + 30 mM NaNOs. Statistical significance of growth parameters was

206  based on the T-test. All DVH strains used in this study are listed in Table 1.
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Results

Nitrate tolerance increased in nitrate-evolved populations

To choose a suitable nitrate concentration for our experimental evolution, three ancestral (AN)
populations (AN2, AN8 and AN11) were randomly selected and grown under different nitrate
concentrations. Their lag phase increased while growth rates and biomass gradually decreased as
nitrate concentrations increased from 0 mM to 30 mM (Fig. S1). We evolved 12 populations under
elevated nitrate (10 or 30 mM NaNOs), which is higher than nitrate concentrations in natural
environments for 1000 generations, and all 12 nitrate-evolved (EN) populations reached a higher
biomass compared to AN populations (Fig. S2).

EN populations had a shorter lag phase (Fig.1a) and a faster growth rate (Fig.1b) compared
to AN populations under normal growth conditions and showed significantly (p < 0.05) higher
nitrate tolerance compared to AN populations (with 30 mM NaNOs3) (Fig. 1). With 100 mM
additional NaNOs, the growth of EN populations was repressed but they could still grow relatively
well while AN populations barely grew within 70 h (Fig. 1). The nitrate concentration (30 mM)
did not change at the end of the cultivation period for AN or EN populations, indicating that a
change in nitrate concentration was not detected after DvH was evolved for 1000 generations under

elevated nitrate.

Genes and functional gene groups with new mutations in EN populations

Sequencing reads of AN and EN populations covered about 99% of the DvH reference genome
sequence (NC 002937.3) with an average sequencing depth of 88 x for AN populations, and 92 x
for EN populations. A total of 58 and 167 mutations were respectively detected in AN and EN
populations, and the number of mutations ranged from 8 to 26 for each AN population (Table S2),

10
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while the number of mutations ranged from 13 to 33 for each EN population (Table S3). We
focused on newly acquired mutations and associated genes in the EN populations, including 119
newly acquired mutations (containing nine large deletions and one insertion predicted using breseq)
in 44 genes associated with energy, amino acid, carbohydrate, nucleotide, lipid and inorganic ion
metabolism, cellular process and signal, and information storage and processing (Table S4).
Among those 44 genes with newly acquired mutations, we focused on genes with high
mutation frequency at the population level ( >33%, refs to genes bearing mutations in more than
four of 12 EN populations), and six functional gene groups of 19 genes were found based on gene
co-expression prediction or experimental evidence from previous studies (Table S4 and Table S5):
(a) nitrosative stress response genes (NSR: DVU2543, DVU2547 and DVU2548): DVU2547
(hybrid cluster protein regulator, ~cpR) harboring nine mutations in seven of 12 EN populations,
regulates the expression of DVU2543 (hcp, identical mutation in two EN populations) [14, 50]
and exists in the same operon with DVU2548 (acpD, five mutations in three EN populations) [51];
(b) nitrogen regulatory protein C family genes (NRC: DVU2394-2396, DVU2402 and DVU2405):
a two component system DVU2394 (ntrC)/DVU2395 (response regulator/histidine kinase) in the
operon DVU2394-DVU2396 (with 18 mutations in 11 EN populations) regulates the operon
DVU2397-2405 [52], in which DVU2402 mutated in one EN population and DVU2405 harboring
three mutations in two EN populations; (c¢) nitrate cluster (DVU0246-0249 and DVU0251) [18]
with 17 mutations in all 12 EN populations; (d) fatty acid synthesis genes (DVU1204 and
DVUI1208): DVU1204 (3-oxoacyl-(acyl-carrier-protein (ACP) synthase II, fabF) harboring six
mutations in seven EN populations and DVU1208 (phosphate acyltransferase, p/sX) harboring an
identical mutation in two EN populations are predicted in one operon involved in fatty acid

synthesis [23, 51]; (e) iron regulatory genes (DVU0942 and DVU2571): DVU0942 (fur) harboring

11
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four mutations in six EN populations is a regulator of ferrous iron transport protein B gene
DVU2571 (feoB) [53], which mutated in the other six EN populations; and (f) a two component
system DVU0596/DVUO0597 (lytR/lytS) harboring five mutations in six EN populations regulates
the expression of carbon starvation protein genes DVUO0598 (cstA) and DVUO0599 (cstB) [52]
(Table 2).

A large proportion (84/119) of mutations occurred in those 19 genes of six functional groups
in EN populations (Table 2 and Table S4). For example, seven EN populations had mutations in
DVU2547, including an identical mutation occurred in EN7 and ENS; nine EN populations had
mutations in the two component system DVU2394/DVU2395; all 12 EN populations harbored
mutations in nitrate cluster. For the other 27 mutated genes with 35 newly acquired mutations, we
found seven genes with 17 new mutations acquired in at least two EN populations (Table S6), and
18 genes acquired new mutations in only one EN population (Table S5). In the following analysis,

we focused on those highly mutated six functional groups (with mutation frequency = 50% at the

populations level) to link their genotypes with phenotypes towards understanding nitrate tolerance

mechanisms in DvH.

Six functional gene groups were highly mutated in EN populations

We further analyzed potential effects of mutations on functions of their associated genes/proteins
in the six functional groups. First, nonsense and frameshift mutations were identified in the first
three functional gene groups, presumably resulting in premature or truncated proteins. (i) Nonsense
and frameshift mutations were identified in the NSR group of three genes with allele frequencies
ranged from 17 — 100% (an average of 72%). Seven of 17 mutations in this group were fixed or
nearly fixed (more than 90%), and interestingly, five of them were nonsense and frameshift

mutations. Also, the same mutation was identified in this group, such as a nonsense mutation in
12
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coordinate 2654808 in DVU2543 (Hybrid cluster protein, 4cp) in EN4 and ENS5, and in position
2660403 of DVU2547 (Hcp regulator, ~cpR) in EN7 and ENS (Table 3). (i1)) Among 22 mutations
that occurred in the NRC group, 11 nonsense and frameshift mutations were identified in this group
with four of them fixed in all EN populations, and the allele frequency of mutations ranged from
11-100% with an average of 58% (Table 4). (iii) Nonsense and frameshift mutations were also
observed in three genes (DVU0246, DVU0247 and DVU0248) of nitrate cluster with a mutation
allele frequency ranged from 13-77% (an average of 36%). All the mutations occurred in
DVU0246 (Pyruvate phosphate dikinase, ppdk) and DVU0247 (Response regulator, cheY like/RR)
could result in truncated proteins. Identical frameshift mutation was identified at the coordinate
279997 of DVUO0246 in EN1 and ENS, and the same missense mutation occurred at the coordinate
285948 of DVUO0251 (Transmembrane protein, tauE like) in EN 7 and EN 12 (Table 5).
Interestingly, eight of 10 mutations detected using breseq were located in these three functional
groups (NSR, NRC and nitrate cluster), which were nonsense and frameshift mutations (Table S4).

Second, missense mutations occurred in the other three gene groups, potentially resulting in
functional changes in their encoding proteins. Mutations in fatty acid synthesis and iron regulatory
genes had higher allele frequencies (43-100% and 88-100% with an average of 92% and 99%,
respectively) compared to other gene groups (Table S4). For fatty acid synthesis genes, mutations
in DVU1204 (fabF) were observed in seven out of 12 EN populations, which were fixed or nearly
fixed, and the same SNP was detected in DVU1204 in EN4 and ENS5, while a same silent mutation
was found in DVU1208 (p/sX) in EN8 and EN10 (Table S7). Also, all EN populations harbored
mutations in iron regulatory genes, and the same mutation occurred in DVU0942 (fur) in EN4,
ENS and ENO (Table S8). Additionally, six mutations were detected in [y¢R/IytS with the lowest

allele frequency (11 — 40% with an average of 19%) among those six gene groups, but all of the
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mutations were missense except an intergenic mutation at the upstream of DVUO0597 start codon
in EN3 (Table S9).

The results showed that nonsense, frameshift and missense mutations occurred in those six
gene groups, and they may result in prematurely terminated proteins, truncated proteins, or
function-changed proteins, thus affecting functions of DvH in response to elevated nitrate.
Furthermore, as those mutations appeared to parallelly occur in EN populations, it is expected that

such observed mutations may be related to increased nitrate tolerance in DvH.

Deletion mutants of NSR and NRC genes resulted in improved nitrate tolerance

To determine if nonsense and frameshift mutations are involved in nitrate tolerance in EN
populations and to understand possible nitrate tolerance mechanisms in DvH, we generated
representative deletion mutants of NRC and NSR genes, and analyzed their growth under elevated
nitrate, NaCl, or nitrite. The NSR group includes three genes: hcp (hybrid cluster protein,
DVU2543), hepR (hep regulator, DVU2547) and acpD (DVU2548) (Table 2). DVU2547 encoding
HcpR was one of the most frequently mutated genes in seven out of 12 EN populations (Table 3).
Also, these mutations were identified in key domains of AcpR (DVU2547), including DNA-
binding domain (EN1-1, EN1-2), cAMP-binding domain (EN1-2), and dimer interface (EN3-1,
EN3-2, EN6, EN9) (Fig. S3), and the same nonsense SNP was fixed in EN7 and nearly fixed in
ENS. Analysis of those mutants indicated that the growth of parental strain JZ001 and NSR gene
deletion mutants was quite similar without nitrate or nitrite addition (Fig. 2a), but these mutants
grew faster than JZ001 with 0.15 mM nitrite added although a lower final biomass was obtained
for the mutants (Fig. 2b). Especially, when 30 mM was added, all three mutants had shorter lag
phases, higher growth rates, and higher biomass yield than JZ001 (p <0.05), indicating increased

nitrate tolerance in those mutants (Fig. 2¢). In addition, a similar growth was observed for JZ001P
14
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(JZ001 with empty vector pMO719) and the complemented strains (ME2543 and ME2547)
without nitrate (data not shown), while decreased nitrate tolerance was observed in the
complemented strains (Fig. 2d) and EN7 variant (Fig. S4) under elevated nitrate, possibly due to
the overexpression of complemented genes. It is noted that we could not obtain a complemented
strain for ME2548 after several attempts. The results demonstrated that nonsense and frameshift
mutations in the NSR group (Table 3) could improve nitrate tolerance in EN populations.

NRC group contains a two component system DVU2394 (Response Regulator,
RR)/DVU2395 (Histidine Kinase, HK), which regulates the expression of operon DVU2397-2405
encoding alcohol dehydrogenase and heterodisulfide reductase (Table 2). Marker exchange (ME)
mutants of DVU2394, DVU2395, DVU2396 and DVU2405 in the NRC group were generated.
While no significant growth differences were observed between ME mutants and JZ001 in LS4D
(Fig. 3a) or LS4D with 100 mM NacCl (Fig. 3b), all NRC mutants had higher growth rates (p <0.05)
in LS4D amended with 30 mM nitrate except ME2405, which had the shortest lag phase compared
to both JZ001 and other ME mutants (Fig. 3c). As expected, the parental strain (with empty
plasmid pMO719)-like phenotypes were observed for all complemented strains of NRC mutants
(Fig. 3d). The results confirmed that nonsense and frameshift mutations in the NRC gene group

(Table 4) likely led to increased nitrate tolerance in EN populations.

Discussion

Experimental evolution coupled with whole-genome resequencing enable us to link genotype with
phenotype, understand nitrate tolerance mechanisms, and facilitate the advancement of our
knowledge about sulfate reducing bacteria (SRB) responses to elevated nitrate in the environment.
In this study, we found that most newly acquired mutations occurred in six gene groups of DvH
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through experimental evolution under elevated nitrate, and deletion mutants of NSR and NRC
genes confirmed their roles in nitrate tolerance, indicating that those nonsense and frameshift
mutations were beneficial. Also, identical or similar mutations were observed in EN populations

evolved independently, suggesting genetic parallelism of adaptive selection at the population level.

Beneficial mutations in stress-evolved populations are considered as drivers of adaptation
[21, 32]. Previous studies of adaptive evolution in Desulfovibrio species showed beneficial
mutations emerged along the experimental evolution and conferred a fitness advantage under stress
conditions [23, 36]. In this study, we found a set of high-frequency mutations in six gene groups
of EN populations, and they conferred nitrate tolerance in DvH, appearing to be beneficial.
However, native functions of those gene groups are not likely involved with nitrate metabolism
but largely by gene regulations, such as three two-component systems (DVU2394/DVU2395,
DVU0596/DVU0597 and DVU0246/DVU0247) and two global transcriptional
regulators/regulons (DVU2547/DVU2543 and DVU0942/DVU2571) [14, 18, 52-54]. Those
regulatory systems may perceive nitrate stress and control downstream responses, and based on
functions of mutated genes and the fact that no nitrate was consumed, our results suggest that
adaptive mechanisms of DvH under elevated nitrate may include (i) shifting of energy metabolism,
(i1) barring entry of nitrate into the cell, (ii1) altering cell membrane characteristics, and (iv)
conferring growth advantages at the stationary phase.

First, a shift of energy metabolism could provide physiological advantages for DvH to
survive nitrate stress [4], thus increasing nitrate tolerance after experimental evolution. A previous
study indicated that a deletion mutant of DVUO0916 (rex), a repressor of sulfate adenylyl transferase
increased nitrate tolerance [18]. We found that a large number of mutations were identified in NSR
and NRC genes involved in energy metabolism, and functional loss of those genes conferred nitrate
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tolerance. DVU2547 (hcpR) of NSR was proposed to be involved in energy metabolism through
repressing sulfate reduction pathways and activating expression of DVU2543 (hcp), which
responds to reactive nitrogen species and was up-regulated under elevated nitrite or nitrate [4, 55-
57]. A possible explanation for growth advantages of an AcpR mutation was suggested to be
derepression of sulfate-reducing genes resulting from the loss of the repressor HcpR (Fig. 4a).
Also, we found NRC genes conferred nitrate tolerance, which has not been reported before. In this
gene group, DVU2405 (alcohol dehydrogenase, adh) regulated by a two-component system
(DVU2394/DVU2395) was shown to be one of the most highly expressed genes contributing to
energy metabolism with different electron donors in DvH [58]. Thus functional loss of genes in
the NRC group may lead to a shift to methyl/S-adenosyl-methionine metabolism due to a lack of
alcohol oxidation pathways catalyzed by alcohol dehydrogenase encoded by DVU2405 [4, 58]
(Fig. 4b). Our results suggested that those frameshift and nonsense mutations in the NSR and NRC
gene groups could relieve nitrate stress through shifting energy metabolisms, and those new
findings advance our understanding the role of NSR and NRC groups in nitrate tolerance in DvH.

Second, blocking nitrate entry into the cell could confer nitrate tolerance in DvH. The nitrate
cluster genes were proposed to allow non-specific nitrate transport, while transposon mutants of
nitrate cluster genes were found to have a growth advantage under nitrate stress [18]. Also,
DVU0249 encodes an outer membrane-associated homodimer [59], and DVUO0251 is a TauE like
transmembrane protein [18]. Therefore, we speculate that those nitrate cluster genes may be
involved in nitrate uptake or transport, and the functional loss of those genes may prevent nitrate
entry into the DvH cell [18], which is consistent with our study, showing that nonsense and

frameshift mutations occurred in nitrate cluster (Fig. 4c).
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Third, altering membrane lipid composition is crucial for bacterial survival and adaptation
under environmental stresses [60]. Membrane fatty acid synthesis was shown to be involved in
heat stress, salt stress, and oxidative stress adaptation in E.coli [61]. Previous studies also indicated
that the percentage of unsaturated fatty acid in cell membrane was affected under salt stress, while
the formation of acyl-accepter was catalyzed by DVU1204 (fabF), a possible essential gene in
DvH [23, 62], and it was up-regulated under heat stress [63]. We found that the gene fabF was
high-frequently mutated in EN populations, which could increase unsaturated fatty acid
percentages in cell membrane, thus increasing nitrate tolerance possibly by relieving osmotic stress
(Fig. 4d).

Fourth, growth advantages at the stationary phase (GASP) could be beneficial for bacteria to
adapt to different stresses due to competitive ability conferred by GASP mutations (e.g., in the
gene rpoS) emerged during a long-term stationary phase [64]. A previous study with E. coli
indicated the transcriptional regulator RpoS exhibited GASP mutations and responded to multiple
stresses [65]. However, DvH does not have an annotated rpoS gene. Alternatively, iron
homeostasis maintained by DVU2571 (feoB) and up-regulation of DVU0598 and DVU0599
encoding carbon starvation proteins regulated by /y¢R/IytS, which suggested being involved in
stresses response as DvH cells transitioned into the stationary phase [66]. Furthermore, DVU2571
and [ytR/IytS were also mutated in serial transfers with or without salt stress [23]. Such an
experimental evolution may emerge mutations in those genes up-regulated at the stationary phase,
as evolved DvH populations were kept at the stationary phase for ~ 24 h in every transfer (48 h).
In this case, it is reasonable to assume that newly acquired mutations in those GASP-related genes
may increase nitrate tolerance through relieving possible environmental stresses like nutrient

depletion (Fig. 4e and 4f).
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Notably, some beneficial mutations occurred in evolved populations may just increase the
overall growth (e.g., shortened lag phase, increased growth rate, increased biomass) without direct
effects for a specific stress during an experimental evolution [67]. For example, our previous study
showed that a mutation in DVUO0597 was related to increased growth and biomass as well as
shortened lag phase while another mutation in DVU2472 was related to increased biomass and
shortened lag phase in salt-evolved populations (ES) of DvH [23]. In this study, we found
shortened lag phase and increased growth rate for EN populations with or without nitrate stress,
which is similar to a previous study, showing that both control-evolved populations (EC) and ES
had a shorter lag phase with or without salt stress compared to their ancestral populations (without
evolution) in DvH [37]. Also, a few shared mutated genes (DVU1204, DVU2571, and
DVU0596/DVU0597) were found in those populations (EN, EC and ES), which may confer an
increase of general stress tolerance [23, 60, 62-64, 66]. Furthermore, the fact that high
concentrations of iron could be regulated by DVU2571 during the lag phase emphasized the role
of iron accumulation in the early stage of bacterial growth [68]. Therefore, our results highlighted
potential roles of general stress response genes, especially GASP associated genes (DVU0597 and
DVU2571) in promoting the overall growth in EN populations.

In addition, parallel genetic changes were observed at the mutation, gene, and gene group
levels in independent populations. At the mutation level (identical mutations among EN
populations), identical mutations were observed in six gene groups and other less defined genes,
and they were nearly fixed or fixed. For example, identical nonsense and frameshift mutations
occurred in the NSR gene or the nitrate cluster of independent EN populations, resulting in
truncated proteins and increased nitrate resistance. Identical fixed or nearly fixed missense

mutations were also observed at the coordinate 1034711 in DVU0924 in EN4, EN5 and EN9
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(Tables S3 and S8). At the gene level (different mutations in the same gene across EN populations),
nonsense and frameshift mutations were observed for genes in the NSR, NRC, and nitrate cluster,
which may result in nonfunctional proteins and similar phenotypic changes that conferred nitrate
tolerance. Moreover, parallel genetic changes were also reflected at the gene group level (genetic
changes occurred in functional gene groups of independent populations), leading to similar
phenotypic shifts, especially in NSR, NRC and nitrate cluster. For example in the NRC group,
loss-of-function mutations were identified in DVU2394 (RR) in ENS and EN9, in DVU2395 (HK)
in EN5, EN9, EN10 and EN12, in DVU2396 in EN1, EN2 and EN6, indicating that these genetic
changes were similar and contributed to nitrate tolerance in independent populations. Notably, in
this study, parallel evolution was more likely to happen via loss-of-function mutations. Therefore,
such genetic parallelism involved in SNP/INDELSs coupled with their high allele frequencies under

elevated nitrate may be largely beneficial mutations in EN populations.

In summary, this study reveals nitrate tolerance mechanisms largely associated with six gene
groups by experimental evolution in DvH. When DvH was exposed to elevated nitrate for 1000
generations, a number of beneficial mutations occurred. Nonsense and frameshift mutations were
identified in NSR, NRC and nitrate clusters, resulting in increased nitrate tolerance through
regulating energy metabolism and barring entry of nitrate into DvH cells, while missense
mutations in fatty acid synthesis genes, iron regulatory genes and /y¢R/IytS may confer general
stress tolerance by experimental evolution under elevated nitrate through altering cell membrane
characteristics and conferring growth advantages at the stationary phase. Also, genetic parallelism
is reflected at the mutation, gene and gene group levels, allowing us to further understand DvH
responses to elevated nitrate. This study unravels genetic basis of evolutionary changes in nitrate-
evolved populations and provides a comprehensive understanding of nitrate tolerance mechanisms,
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which has important implications for linking genotypes with phenotypes in DvH. Future studies
may further understand possible indirect nitrate tolerance mechanisms using a coinciding evolved
control without additional nitrate and explore the contribution of important individual mutations

and other highly mutated genes to nitrate tolerance in EN populations.
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Figure titles and legends

Figure 1 Increased NaNOs tolerance in EN populations compared to AN populations. The lag
phase (a), growth rate (b), and biomass yield (c) of AN and EN populations in LS4D, LS4D + 30
mM NaNOs, and LS4D + 100 mM NaNOs for testing nitrate tolerance. Data are shown as mean +
standard deviation, and statistical significance was based on the pairwise ANOVA (*: p < 0.05).

No growth was detected for AN populations within 70 h under 100 mM NaNOs.

Figure 2 Growth of DvH parental strain (JZ001) and marker exchange mutants (ME2543,
ME2547 and ME2548) of nitrosative stress response genes (NSR) under (a) no stress (LS4D), (b)
nitrite stress (LS4D + 0.15 mM NaNO»), (¢) nitrate stress (LS4D + 30 mM NaNO3) and (d) the
growth phenotype of complemented mutants with extra 30 mM NaNO3 in the medium. JZ001P:
JZ001 with empty vector pMO719; ME2543(C): the complemented strain of ME2543;
ME2547(C): the complemented strain of ME2547. The complemented strain for ME2548 was not

obtained.

Figure 3 Growth of DvH parental strain (JZ001) and marker exchange mutants (ME2394,
ME2395, ME2396 and ME2405) of nitrogen regulatory protein family C genes (NRC) under (a)
no stress (LS4D), (b) salt stress (LS4D + 100 mM NacCl), (¢) nitrate stress (LS4D + 30 mM NaNOs3)
and (d) the growth phenotype of complemented mutants with extra 30 mM NaNOj in the medium.
JZ001P: JZ001 with empty vector pMO719; ME2394(C): the complemented strain of ME2394;
ME2395(C): the complemented strain of ME2395; ME2396(C): the complemented strain of

ME2396; ME2405(C): the complemented strain of ME2405.
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Figure 4 A schematic representation of possible nitrate tolerance mechanisms in DvH. Frequently
mutated genes were clustered into six groups (DVU#), including (a) nitrosative stress response
(NSR) genes, (b) nitrogen regulation protein C family (NRC) genes, (c) nitrate cluster, (d) fatty
acid synthesis genes, (e) iron regulatory genes, and (f) two component system LytR/LytS. Nonsense
and frameshift mutations were identified in the first three gene groups (a, b, and c), indicating that
a functional loss of some of those genes/groups conferred nitrate tolerance in DvH. Possible
mechanisms for increased nitrate tolerance may include a shift of energy metabolism through
derepression of sulfate reduction (a), lacking alcohol oxidation pathways catalyzed by alcohol
dehydrogenase (b), barring entry of nitrate into cell by (c) [18], altering overall membrane
characteristics (d) [23, 62], and conferring growth advantages by regulating iron homeostasis ()
and carbon metabolism (carbon starvation genes Cst4 and CstB) (f) at the stationary phase [66].
Dashed boxes represent possible nitrate tolerance mechanisms. Key genes were confirmed by
mutagenesis analysis for their contribution to nitrate tolerance (a, b), and arrows represent
processes demonstrated by previous studies [18, 23, 52, 56, 66]. ADH: alcohol dehydrogenase;

HK: sensor histidine kinase; RR: response regulator; ® : phosphoryl group; gene®. global

transcriptional regulator.
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Table 1 Strains and plasmids used in this study.

Strain/plasmid Genotype or relevant characteristics Source or reference

Escherichia coli ®80d/lacZAM15, A (lacZYA-argF ) U169, recAl, endAl, hsdR17 Crg, Bioline
a-select (silver efficiency)  mx") , phod, supE44, \", thi-1, gyr496, relAl
Desulfovibrio vulgaris

JZ001 Wild type (pDV1) Aupp; 5-FU* (Parent strain for marker exchange mutants) This study
ME2394 JZ001 ADVU2394 :: (npt upp); Km® 5-FUS This study
ME2395 JZ001 ADVU2395 :: (npt upp); Km® 5-FUS This study
ME2396 JZ001 ADVU2396 :: (npt upp); Km" 5-FU* This study
ME2405 JZ001 ADVU2405 :: (npt upp); Km® 5-FU* This study
ME2543 JZ001 ADVU2543 :: (npt upp); Km® 5-FU* This study
ME2547 JZ001 ADVU2547 :: (npt upp); Km® 5-FUS This study
ME2548 JZ001 ADVU2548 :: (npt upp); Km® 5-FUS This study
pMO719 pCR8/GW/TOPO containing SRB replicon (pBG1); Sp* [1]

pMO746 pCR4-TOPO containing P,,,~npt-upp;Km?"; [1]

pMO719-DVU2394 pMO719 containing DNA fragment 2500764-2500995::DVU2394: Sp* This study
pMO719-DVU2395 pMO719 containing DNA fragment 2500764-2500995::DVU2395: Sp* This study
pMO719-DVU2396 pMO719 containing DNA fragment 2500764-2500995::DVU2396: Sp* This study
pMO719-DVU2405 pMO719 containing DNA fragment 2511308-2511461::DVU2405: Sp* This study
pMO719-DVU2543 pMO719 containing DNA fragment 2653710-2653863::DVU2543; Sp* This study
pMO719-DVU2547 pMO719 containing DNA fragment 2661298-2661384::DVU2547; Sp* This study

€C 99, €C 9

Km: Kanamycin; Sp: spectinomycin; 5-Fu: 5-fluorouracil; superscript “r”: resistance; superscript “s”: sensitivity.



Table 2 The number of newly acquired mutations in 19 genes of six gene groups in the EN populations.

No. of EN populations

Gene groups Gene COGs Products bearing mutations
in gene in gene group
Nitrosative  stress DVU2543 C Hydroxylamine reductase (Acp) 2
response (NSR) DVU2547 T Transcriptional regulator (hcpR) 7 12
genes DVU2548 1 Acyl carrier protein phosphodiesterase (acpD) 3
DVU2394 T Sigma-54 dependent transcriptional regulator/response regulator (RR) 5
Nitrogen regulatory DVU2395 T Sensor histidine kinase (HK) 5
protein family C DVU2396 C Alcohol dehydrogenase, iron-containing (adh) 3 12
(NRC) genes DVU2402 C Heterodisulfide reductase, A subunit (sdr) 1
DvVU2405 C Alcohol dehydrogenase, iron-containing (adh) 2
DVU0246 S Pyruvate phosphate dikinase PEP/pyruvate binding subunit (ppdk) 5
DvU0247 T CheY-like superfamily, response regulator (RR) 1
Nitrate cluster DVU0248 T Signal transduction histidine kinase (HK) 6 12
DVU0249 P Probable phosphite transport system-binding protein, putative (ptxB) 1
DvVU0251 R Transmembrane protein TauE like 3
Fatty acid synthesis DVU1204 1IQ 3-oxoacyl-(acyl-carrier-protein) synthase II (fab) 7 9
genes DVUI1208 1 Putative glycerol-3-phosphate acyltransferase (p/sX) 2
Iron regulatory DVU0942 P FUR family transcriptional regulator (fur) 6 12
genes DvVU2571 P Ferrous iron transport protein B (feoB) 6
LytR/LytS two DVU0596 KT DNA-binding response regulator (/tR) 1 6
component system  DVU0597 T Histidine kinase (/y£S) 5




Table 3 Newly acquired mutations in nitrosative stress response (NSR) genes in the EN populations.

Gene Populations Mutation type gg(;lleency (%) Position  Nucleotide change Amino-acid change
DVU2543 EN4 SNP 99 2654808 G — A Trp — STOP
hep ENS5 SNP 79 2654808 G — A Trp — STOP
SNP 74 2660114 G—T Gly — Val
EN1 Deletion 13 2660166 -4: GGCG 27 amino acids changed
SNP 17 2660388 C—T Pro — Ser
T SNP 66 2660235 C—T Leu — Phe
DVU2547 SNP 36 2660404 C —A Phe — Leu
hcpR EN6 SNP 98 2660273 C—-T Ser — Leu
EN7 SNP 100 2660403 C—-T GIn — STOP
EN8 SNP 99 2660403 C—-T GIn — STOP
EN9 SNP 94 2660477 C—T Ser — Phe
EN10 Deletion 72 2660450 -15:GGCGCGAGGCCATCA five amino acids loss
T Deletion 93 2661113 GA— A Frameshift mutation
SNP 46 2661114 A —C Ser — Pro
ENS Deletion 21 2661089 -57 bp Frameshift mutation
DVU254
ac\;g 548 - . . 2661301  +4: CACT Zlérggnbases upstream of the start
62 2661319 +12: CTTGATATACAG i(l) df)’lfses upstream of the start
EN12 Deletion 100 2661182 CGG — CG Frameshift mutation




Table 4 Newly acquired mutations in nitrogen regulatory protein C family (NRC) genes in the EN populations.

Gene Populations Mutation type ggc;lli:ncy %) X)ﬁ;tézn Nucleotide change Amino-acid change
Deletion 16 2497229 -1: G 2 amino acids changed
EN3 SNP 59 2497736 C—T Glu — Lys
ENS5 SNP 16 2496979 T—C Tyr = Cys
DVU2394 EN6 Deletion 49 2497411 -1: G Frameshift mutation
EN7 Deletion 100 2497258 -18: GCAATTCACGCACGTTGC 6 amino acids loss
ENO Deletion 36 2497708 -19:GAACAGTTCGCTACGGGCC Frameshift mutation
Insertion 11 2497728 +12: GACCGCGGACAT 4 amino acids inserted
EN4 Deletion 100 2499096 -8: CGGCGAGC Frameshift mutation
. 46 2498544 +2: CG 4 amino acids changed
ENS Insertion . A
26 2499078 +14:CCTCATGCGCCACC Frameshift mutation
EN9 Deletion 54 2499384 -1: T Frameshift mutation
DVU2395 SNP 15 2498363 T—C Silent mutation
EN10 SNP 23 2498737  T—C Lys — Glu
SNP 45 2498935 G — A Gln — STOP
EN12 SNP 100 2499244 G— A GIn — STOP
NI SNP 20 2499926 G — A Pro — Ser
SNP 72 2500012 G—T Ser — STOP
DVU2396 EN2 Deletion 98 2499984 -1: C Frameshift mutation
EN6 Deletion 42 2499735 -1: C Frameshift mutation
DVU2402 EN2 SNP 96 2507986 G— A Arg —> Cys
ENS5 SNP 81 2510695 C— A Glu — STOP
DVU2405 il Deletion 100 2510695 -1: C Frameshift mutation
SNP 100 2510695 C—T Glu — Lys




Table 5 Newly acquired mutations in nitrate cluster in the EN populations.

Gene Populations 1\}/,[1131;at10n ggc;lleency (%) E/(I)lsl‘i[f:lit(ﬁn Nucleotide change Amino-acid change
EN1 Deletion 77 279997 AGG — AG Frameshift mutation
END Deletion 15 279123 CG—G Frameshift mutation
Deletion 53 279997 AGG — AG Frameshift mutation
DVU0246 EN7 Deletion 48 279074 -234 bp Frameshift mutation
ENS Deletion 21 280374 -11: TGTTGCCGTCG Frameshift mutation
ENO9 SNP 59 279507 C—A Gly — STOP
EN11 Deletion 48 279702 GT— G Frameshift mutation
Deletion 34 281155 AT — A Frameshift mutation
bvuo47 EN6 Insertion 50 281286 +4:ACGA Frameshift mutation
EN3 Deletion 14 281561 AGG — AG Frameshift mutation
EN4 SNP 63 283154 C—T Asp — Asn
ENS5 Deletion 18 281703 GT — G Nonsense mutation
DVU0248 ENS SNP 65 282788 C—-T Ala — Thr
ENO9 Deletion 14 293167 -63 bp Frameshift mutation
ENI10 SNP 18 283136 C—>T Gly — Arg
EN12 SNP 47 283204 G—T Ser — Tyr
DVU0249 EN3 SNP 17 283782 C—T Gly — Asp
SNP 13 285479 G—A Thr — Ile
EN3 SNP 19 285947 C—-G Gly — Ala
DVU0251 SNP 13 286439 C—-T 109 bases upstream of the start codon
EN7 SNP 33 285948 C—T Gly — Ser
EN12 SNP 23 285948 C—-T Gly — Ser
ENS5 28 279540 -9920 bp
DVU0246-0251 ENI10 Deletion 33 279032 -15883 bp ADVU0246-0251
EN12 32 272887 -38514 bp
DVU0250-0251 ENS5 Deletion 27 284766 -5814 bp ADVU0250-0251

5
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Figure S1 Determination of NaNOs concentrations for a long-term experimental evolution with ancestral populations AN2 (a), AN8 (b), and AN11
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Figure S2 Growth records of 12 ancestral (AN) populations under elevated nitrate. Nitrate-evolved (EN) populations were obtained by transferring
12 ancestral DvH populations under 10 mM nitrate for 500 generations, then under 30 mM for 500 generations. Statistical significance was
evaluated between biomass of first transfer and last transfer based on the Student's t-test (p < 0.001).
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Figure S3 Changes in the tertiary structure of HcpR protein in the nitrate-evolved populations predicted by Phyre2 using Jmol [1]. The site

surrounded by red lines presents the changes in the tertiary structure in HcpR.
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Figure S4 Growth of EN7, EN7P (EN7 with empty vector pMO719), and EN7N (EN7 with DVU2547 complement plasmid) under (a) no stress
(LS4D) and (b) nitrate stress (LS4D + 30 mM NaNO3).



Table S1 Primers used to validate the randomly chosen mutations.

Primers Sequences Length Populations' .
(filter score/allele frequency in the population)

0246L CCTCTCGACGACCTTCTCC 576 EN1 EN2 ENS8 ENI11

0246R GGTGTGGATGGCGATGAC (27.5/77.32%) (29.5/53.39%) (149/21.43%) (217/59.00%)

0248L CAAGATCGTCTCCGACCTG 520 EN3 ENS5S

0248R GGGGTTGATGGGTTCGAG (74.5/14.29%) (12.7/10.75%)

0251L GTGCTCGGCCTCTACCTCTT 587 EN3

0251R  TAGCCGAAGATGCGGTAGTT (44/13.33%)

1260L CGAGGGCTTTGCACTCTATG 601 EN1 EN4

1260R CTGGTCGTTGAGGCGATAAT (217/72.73%) (215/61.84%)

2394L ATCCAGTCGCTGGGCACT 508 EN6 EN7 EN9

2394R GTAACGCATGTTCGGTGATG (33.5/49.44%)  (214/100%) (107/35.63%)

2395  CGAGCCTCGACGATCTTATC 550 EN4 ENS8 EN12

2395R AAGCCGTTGATGGCTGTC (214/100%)  (217/46.21%) (222/100%)

2547L. GTGCAGCGTATCCTTGACCT 636 EN1 EN3 EN6 EN7 ENS8 EN9
2547R  TAGAGTTGCTCCGTCCCTTC (53.5/12.5%) (225/66.32%) (222/98.06%) (222/100%) (222/98.94%) (222/94.32%)
2571L GTGGCCTGTTCATCCACAC 604 EN1 EN2 EN3 EN6 EN8 ENI12
2571R GCCAGTACCGTGTTGAACG (222/100%) (214/100%)  (222/100%) (222/98.96%) (222/100%)  (222/100%)
2287L ACTCGACCCGGTGATGCT 150 AN2 AN7 EN2 EN6 EN9

2287R GGTAGAAGGTGAACGCCTGA (225/72.22%) (225/67.07%)  (222/100%)  (222/100%)  (222/100%)




Table S2 Mutations identified in 12 AN populations (MP*: the number of populations with
mutations).

Gene | COG Predicted function Position [Referencd] _Alter | Type |ANI|AN2|AN3|AN4|ANS|[ANG|[AN7|ANS[ANO[ANIO[ANII[ANI2] MP*
DVU0I29 [ T Sensory box protein 165841 C A Gene 0.15 1
DVU0I62 | _EF Carbamo synthase, large subunit 201043 C G Gene 0.50 0.23 2
DVU0281 s Exopolysaccharide biosynthesis protein, putative 326403 G A Gene [0.28 [0.33 [0.77 0.16 [0.23 [0.39 0.38 0.16 [ 0.27 9
DVU0448 | M GDP-mannose 4.6-dehydratase 508909 G C Gene 0.13 1
DVUO467| E A phosphori e 535249 G C Gene [0.26 [0.34 [0.57 [0.15 [0.15 [0.25 [0.22 0.35 0.14 | 0.31 10
DVU0564| S ISDvud, transposase, truncation 620034 | G GCTAC | Intergenic 0.16 1
DVU0564| S ISDvud, truncation 629934 | GA _|AGGGCTA( Intergenic 032 1
DVU0700 | NT Methyl ing chemotaxis protein 778393 A G Gene [0.17 1
DVUO788 | M Rod shape-determining protein MreC 874923 G C Gene 038 1
DVU0796 | E Histidinol dehydrogenase 882512 C G| Intergenic [0.38 [0.25 [0.50 |0.44 0.60 [0.20 | 0.40 0.75 3
DVUI0S7| S Hypothetical protein DVU1087 1191167] C T Gene 0.50 [0.50 0.50 0.40 [ 1.00 [0.33 6
DVUII04] S Baseplate assembly protein, putative 1210118 C G Gene 0.26 1
DVUI204| 1Q 3-oxoacyl-(acyl-carrier-protein) synthase II 1205051 G C Gene [0.14 1
DVUI238 | ET Amino acid ABC transporter, periplasmic amino acid-binding protein | 1327518 | G C Gene 0.13 1
DVUI272| NU General secretion pathway protein E, putative 1363430 C A Gene 025 0.49 0.79 [0.36 0.52 018 6
DVUI349| H Geranylgeranyl synthase 1426830 T G Gene [0.49 [0.66 [0.50 [0.38 [0.86 [0.80 [0.62 [0.24 [0.28 [ 0.99 | 0.30 | 0.58 12
DVUI360 | M UDP-glucose 4~ as 1439686 | CATA | _CA Gene 0.27 1
DVUI368| R R like domai protein 1447894 G A Gene 0.30 0.26 2
DVUI37I| R HAD family hydrolase 1449911 C G Gene 0.28 1
DVUIS30| J Metallo-bet family protein 1599469 C T Gene [0.35 [0.37 [0.61 [0.14 0.21 [0.37 0.43 0.17 [ 0.28 9
DVUI698 | S Hypothetical protein DVU1698 1773342 | CGG CcG Gene 1.00 1
DVUIG98 | S Hypothetical protein DVU1698 1773345 A G Gene 0.64 [0.33 [1.00 0.44 0.50 1.00 6
DVUI722| S Hypothetical protein DVU1722 1796665 | C A Gene 0.14 1
DVUI769| R Periplasmic hydA 1833244| C A Gene 0.25 1
DVUISI9 | U Preprotei 1 subunit SecD 1884277 G C Gene 0.35 1
DVUI988 | R Hypothetical protein DVU1988 2068188 T A Gene 025 0.45 0.80 [0.34 0.55 5
DVU2023| S I protein DVU2023 2104739 G C Gene [0.35 [0.64 [0.35 [0.28 [0.84 [0.76 [0.74 [0.15 [0.29 [ 0.99 [0.44 [0.60 | 12
DVU2063 L Hypothetical protein DVU2063 2142086 C G Gene |0.18 0.55 0.74 10.34 0.57 5
DVU2078 | NT Protei lesterase CheB 2162235 C A Gene 0.17 0.49 2
DVU2078 | NT Protei lesterase CheB 2163270 T C Gene [0.18 [0.13 0.52 0.73 [0.26 5
DVU2287 | C I CooK subunit, selenocystei ining, putative 2381876 T G Gene [0.24 [0.28 [0.64 [0.13 0.17 [0.33 0.41 0.39 8
DVU2287| C Hyd CooK subunit, selenocystei ining, putative 2381877 G C Gene [0.76 [0.72 [0.35 [0.87 [0.92 [0.83 [0.68 [0.94 [0.59 | 0.99 [0.89 |0.62 12
DVU2379| R M16 family peptidase putative 2477501 G T Gene 0.15 1
DVU2498 | S Hypothetical protein DVU2498 2609413 G A Gene 0.14 1
DVU2505| D Cell cycle protein FisW| 2616993| A T Gene 0.27 1
DVU2557| H BirA bifunctional protein 2669556 | A C Gene 027 [0.14 0.53 0.72 [0.48 0.64 | 0.16 7
DVU2617| P Sodiunvealci family protein 2738682| C G Gene 0.16 1
DVU2664| P Phosphate ABC transporter, ATP-binding protein, putative 2775672 C G Gene [0.45 [0.64 [0.37 [0.29 [0.86 [0.78 [0.79 [0.15 [0.31 [ 0.99 [0.32 | 0.73 12
DVU2802 | K Gn(R family transcriptional regulator 2005021 T G Gene 0.48 0.11 2
DVU2802| K GniR family transcriptional regulator 2905143 T G Gene [0.17 1
DVU2802 | K Gn(R family transcriptional regulator 2005203| G A Gene [0.24[0.39 [0.66 0.18 [0.30 039 0.28 7
DVU2802 | K GniR family transcriptional regulator 2905275 G C Gene 0.40 [0.45 0.29 3
DVU2059| s Hypothetical protein DVU2959 3066925 [CACACA| GCAC | Intergenic 1.00 1.00 2
DVU3022| T Sensory box histidine kinase/response regulator 3140578 | A T Gene [1.00 [1.00 [1.00 [1.00 [1.00 1.00 | 1.00 1.00 | 1.00 9
DVU3022| T Sensory box histidine kinase/response regulator 3140578 | A G Gene 1.00 [1.00 [1.00 [1.00 1.00 [1.00 1.00 7
DVU3022| T Sensory box histidine kinase/response regulator 3140597 T TAT | Gene [0.83 0.86 2
DVU3045| T Sensory box histidine kinase/response regulator 3169435 G C Gene 029 [0.24 [0.62 0.12 [0.23 [0.27 0.35 0.26 3
DVU3106 | T GGDEF domai ining protein 3254670] G C | intergenic 025 1
DVU3129] S Hypothetical protein DVU3129 3276860 G C Gene 0.17 0.13 2

Sits between DVU0645 (Methyl-accepting chemotaxis protein
and DVUO646 (brecorrine? CZ‘O_thyhmm';ﬂic) dmfacc(‘)’ppmillwaw 716874 A | Intergenic [0.42 |0.31 |0.18 |0.38 |0.61 |0.68 |0.72 [0.13 |0.25 0.32 | 0.36 11
*+216bp of DVU0978 (ABC transporter, periplasmic 1073326 ¢ T | Intergenic [0.22 0.63 0.83 [0.36 0.56 5
b: binding protein, putative)
Sits between DVUI 176 (Hypothetical protein DVUI176 .
and DVU1177 (1 pr(()\e??: DVUI 17;)) that face Upposn)e ways 1268170 G c Intergenic 1.00 0.18 2
. . . Sits between DVUI999 (Sulfate transporter family protein
Intergenic mm_a_l.mm and DVU2000 (F pl('mcm Dvuztfnn) that faci sppnsi(z ways 2082600 T A Intergenic 0.19 020 2
could not be assigned i 1 .
102 gene Sits between DVU2112 (Hypothetical protein DVU2112) and DVU2I13 | o oo A C | imergenic 028 lo.52 024 0.29 4
(Xanthine/uracil permease family protein) that face opposite ways
+ 198 bp of DVU2397_(Hypothetical protein DVU2397) 2502193 G C [ ntergenic [0.43 [0.65 [0.30 [0.40 [0.86 [0.84 [0.70 [0.16 [0.22 [ 1.00 [0.31 [0.56 [ 12
Sits between DVU2683 (L-lactate permease family protein )
and DVU2684 (1 i p(rolcm Dvrjzezm) that mf Epposilc) ways 2798285 c G Intergenic 0.22 !
+ 141 bp of DVU2885 _(Alcohol dehydrogenase, iron-containing ) 2982786 | C CTG | ntergenic 033 1
+ 138 bp of DVU2885_(Alcohol dehydrogenase, iron-containing ) | 2982789 | ¢ CCA | Intergenic 1.00 1
No. of mutations in each population 24 | 24 | 18 [ 22 | 16 | 15 | 18 | 22 | 25 8 22 26




Table S3 Mutations identified in 12 EN populations (MP*: the number of populations with

mutations)

Gene COoG Predicted function Position [Reference| Alter Type ENI[EN2[EN3| EN4| ENS| EN6 | EN7 [ EN8 | EN9|ENIO|ENI1|ENI2| MP*
DVU0126 CpP ABC transporter, ATP-binding protein 162600 C G Gene 1.00 [ 0.82 2
DVU0225 S Hy ical protein DVU0225 262421 C T Gene 0.43 1
DVU0246 S Pyruvate phosphate dikinase PEP/pyruvate binding subunit 279123 CG € Gene 0.15 1
DVU0246 S Pyruvate phospt dikinase PEP/pyruvate binding subunit 279507 C A Gene 0.59 1
DVU0246 S Pyruvate dikinase PEP/pyruvate binding subunit 279702 GT G Gene 0.47 1
DVU0246 S Pyruvate dikinase PEP/pyruvate binding subunit 279997 AGGGGGGY GGG Gene 10.77 | 0.53 2
DVU0246 S Pyruvate phosphate dikinase PEP/pyruvate binding subunit 280373 [GTTGCCGT , Gene 0.21 1
DVU0247 T Response regulator 281155 AT A Gene 0.34 1
DVU0247 T Response regulator 281286 TACGA [ACGAACGA  Gene 0.50 1
DVU0248 T Signal transduction histidine kinase 281561 AGGGG AGG Gene 0.14 1
DVU0248 T Signal ion histidine kinase 281703 GTT G Gene 0.18 1
DVU0248 T Signal ion histidine kinase 282788 C T Gene 0.65 1
DVU0248 T Signal ion histidine kinase 283136 Cc T Gene 0.18 1
DVU0248 T Signal transduction histidine kinase 283154 C T Gene 0.63 1
DVU0248 T Signal ion histidine kinase 283204 G T Gene 0.47 1
DVU0249 P PtxB, putative 283782 c T Gene 0.17 1
DVU0251 R Transmembrane protein TauE like 285479 G A Gene 0.13 1
DVU0251 R T I protein TauE like 285947 Cc G Gene 0.19 1
DVU0251 R T protein TauE like 285948 © T Gene 0.34 0.23 2
DVU0281 S Exopolysaccharide biosynthesis protein, putative 325822 GT G Gene 1.00 1
DVU0281 S Exopolysaccharide biosynthesis protein, putative 326403 G A Gene 1.00 1.00 [1.00 [0.76 1.00 5
DVU0408 M EAL d i ining protein 456487 A G Intergenic 0.19 1
DVU0467 E ilate phosphor 535249 G C Gene 1.00 1.00 | 1.00 [0.89 1.00 5
DVU0564 S ISDvu4, truncation 629931 C A Intergenic 0.48 022 | 2
DVU0564 S ISDvud, truncation 629934 GA iAGGGCTA( Intergenic 0.21 0.73 2
DVU0564 S ISDvu4, truncation 629934 G GCTAC | Intergenic 0.29 1
DVU059%| KT DNA-binding response regulator LytR 664509 C T Gene | 0.11 1
DVU0597 T regulatory protein LytS 665366 C T Intergenic 0.12 1
DVU0597 T Regulatory protein LytS 665986 C T Gene 0.42 1
DVU0s97| T Regulatory protein LytS 666383 C T Gene 0.11 0.12 2
DVU0597 T Regulatory protein LytS 666479 A © Gene 0.25 1
DVU0796 E Histidinol dehydrogenase 882512 C G Intergenic | 0.80 | 0.44 1.00 0.29 [0.38 0.40 [ 1.00 0.40 8
DVU0797 S H ical protein DVU0797 883424 C T Gene 0.38 1

GTCGGAA
DVU0T9| S Hypothetical protein DVU0799 885159 6 |Seaon ] Gene 0.55 1
ccG

DVU799 S H I protein DVU799 885499 G A Gene 0.48 1
DVU0847 C Adenylylsulfate reductase 934997 C T Gene 0.99 1
DVU0942 P FUR family transcriptional regulator 1034641 A C Gene 1.00 1
DVU0942 P FUR family transcriptional regulator 1034711 A T Gene 1.00 | 0.88 1.00 3
DVU0942 P FUR family transcriptional regulator 1034799 A T Gene 1.00 1
DVU0942 P FUR family transcriptional regulator 1034881 G A Gene 1.00 1
DVU2571 P Ferrous iron transport protein B 2685074 A © Gene 1.00 1
DVU2571 P Ferrous iron transport protein B 2685298 T C Gene 1.00 1

CTCAAGG

GCGGCCTC
pvu2s7i| P Ferrous iron transport protein B 2685402 |G ST CLARSS ] Gene 1.00 1

AAGGGCG

GC

DVU2571 P Ferrous iron transport protein B 2685709 G A Gene | 1.00 1
DVU2571 P Ferrous iron transport protein B 2685734 G A Gene 1.00 1
DVU2571 P Ferrous iron transport protein B 2685977 A T Gene 0.99 1
DVU1087 S Hypothetical protein DVU1087 1191167 C T Gene 0.40 0.50 0.75 0.57 1 0.33 B}
DVUI204 1Q 3-oxoacyl-(acyl-carrier-protein) synthase 11 1295686 c T Gene 1.00 1
DVUI204] _ 1Q 3-oxoacyl-(acyl-carrier-protein) synthase 11 1295951 G c Gene | 1.00 1
DVUI1204 1Q 3-oxoacyl-(acyl-carrier-protein) synthase I1 1296057 C G Gene 1.00 | 0.92 2
DVUI1204 1Q 3-oxoacyl-(acyl-carrier-protein) synthase II 1296081 T C Gene 0.99 1
DVUI1204 1Q 3-oxoacyl-(acyl-carrier-protein) synthase I 1296268 C T Gene 1.00 1
DVULR04|  1Q 3-oxoacyk(acyl-carrier-protein) synthase 11 1296277 C T Gene 1.00 1
DVUI1204 1Q 3-oxoacyl-(acyl-carrier-protein) synthase I1 1296453 T A Gene 0.96 1
DVUI1208 1 Putative glycerol-3-phospt fe PlsX 1299241 T G Gene 0.43 1.00 2
DVUI1260 1 Outer protein P1, putative 1346776 G TG Gene 0.16 1
DVUI1260 I Outer membrane protein P1, putative 1347079 C Gene 0.62 1
DVUI1260 I Outer protein P1, putative 1347740 CT C Gene 10.73 1
DVUI272 NU General secretion pathway protein E, putative 1363430 C A Gene 1.00 1
DVU1349 H Geranylgeranyl dij synthase 1426830 T G Gene 1.00 0.15 ]1.00 [1.00 1.00 | 1.00 1.00 ] 7
DVUI1371 R HAD family hydrolase 1449911 C G Gene 1.00 1
DVU1408 S H; ical protein DVU 1408 1477702 A G Gene |0.18 1
DVU1469 I 308 ribosomal protein S1 1551144 C T Gene 0.56 1
DVU1469 J 30S ribosomal protein S1 1551147 C T Gene 0.98 1.00 2
DVUI530 J Metallo-beta-lactamase family protein 1599469 C T Gene 1.00 0.99 |1.00 [0.83 1.00 5
DVU1545 S Hemolysin-type calcium-binding repeat/calx-beta domai ing protein 1620196 C T Gene 0.52 1
DVU1576 1 4-dipk idyl-2C-methyl-D-erythritol kinase 1658379 CG Gene 0.94 1
DVU1588 F H ine phosphoril 1671284 "GGGC Gene 0.59 1
DVU1634 S H: ical protein DVU1634 1717112 T Gene 0.13 1
DVUI1698 S Hypothetical protein DVU1698 1773345 G Gene 1.00 1.00 1.00 [1.00 [ 1.00 075 1100 ] 7
DVUI1785 U MarC it protein 1848460 A C Gene 0.97 1
DVU1785 U MarC protein 1848475 G A Gene 0.94 1
DVU1862 T GGDEF domait ining protein 1929597 CA C Gene 0.29 1
DVU1862 T GGDEF domait protein 1930141 C T Gene 0.57 0.16 2
DVU1862 T GGDEF domain-containing protein 1930239 CA C Gene 0.42 1
DVU1862 T GGDEF doma ining protein 1930258 A T Gene 0.31 1
DVUI1988 R Hypothetical protein DVU 1988 2068188 T A Gene 1.00 1
DVU2023 S Hypothetical protein DVU2023 2104739 G C Gene 1.00 0.24 10.99 | 1.00 1.00 | 1.00 1.00 7
DVU2063 L H: ical protein DVU2063 2142086 C G Gene 1.00 1
DVU2078 NT Protein-glutamate methylesterase CheB 2162235 C A Gene 1.00 1
DVU2078 NT Protein-glutamate methylesterase CheB 2163270 T C Gene 1.00 1
DVU2284 S H ical protein DVU2284 2374803 A C Gene 0.20 1
DVU2287 C Hydrog CooK subunit, i ining, putative 2381876 T G Gene 1.00 1.00 | 1.00 [0.82 0.99 S
DVU2287 C Hydrogenase, CooK subunit, selenocysteine-containing, putative 2381877 G C Gene 1.00 0.18 ] 1.00 | 1.00 1.00 | 1.00 | 1.00 | 1.00 8
DVU239%4 T Sigma-54 d dent transcriptional regulator/response regulator 2496979 T © Gene 0.16 1
DVU2394| T Sigma-54 transcriptional regulator/response regulator 2497229 TG T Gene 0.16 1

AGCACGT
pvuze| T Sigma-54 dependent transcriptional regulator/response regulator 2497258 | [ICACA | ACTACET] Gene 1.00 1

CGTTGC

pvU2394| T Sigma-54 dependent transcriptional regulator/response regulator 297411 | AOIGIEGIACCUAGE]  Gope 049 !

TGGCCGA
DVU2394 T Sigma-54 dependent transcriptional regulator/response regulator 2497708 éé_? i'ggé TGGCC Gene 0.36 1

GCe




Table S3 (Continued)

DVU2394| T Sigma-54 dependent transcriptional regulator/response regulator 29718 | 66 SR Gene 0.11 1
DVU239%4| T Sigma-54 transcriptional regulator/response regulator 2497736 C T Gene 0.59 1
DVU2395 T Sensor histidine kinase 2498363 T Cc Gene 0.16 1
DVU2395 T Sensor histidine kinase 2498544 TGCG TGCGCG Gene 0.46 1
DVU2395 T Sensor histidine kinase 2498737 T © Gene 0.23 1
DVU2395 T Sensor histidine kinase 2498935 G A Gene 0.45 1
DVU2395 T Sensor histidine kinase 2498936 TGA “TCATGC Gene 0.26 1
DVU2395 T Sensor histidine kinase 2499096 [FCGGCGAG G Gene 1.00 1
DVU2395 T Sensor histidine kinase 2499244 G A Gene 1.00 1
DVU2395 T Sensor histidine kinase 2499383 CTTT CTT Gene 0.54 1
DVU2396 C Alcohol dehydrogenase, iron-containing 2499736 TC T Gene 0.42 1
DVU2396 © Alcohol dehydrogenase, iron-containing 2499926 G A Gene 0.20 1
DVU2396 C Alcohol i ini 2499983 Geee GCC Gene 0.98 1
DVU2396 C Alcohol dehydrogenase, iron-containing 2500012 G T Gene 0.72 1
DVU2402 C Heterodisulfide reductase, A subunit 2507986 G A Gene 0.96 1
DVU2405 (© Alcohol dehydrogenase, iron-containing 2510694 TCC {IC) Gene 1.00 1
DVU2405 C Alcohol i ini 2510695 Cc A Gene 0.86 1
DVU2405 C Alcohol dehydrogenase, iron-containing 2510695 C T Gene 1.00 1
DVU2406 S H ical protein DVU2406 2511389 AGC A Gene 0.29 1
DVU2411 S EF hand domain-containing protein 2515114 |Geeecccceccccccd — Gene 0.42 1
DVU2505 D Cell cycle protein FtsW 2616993 A T Gene 1.00 1
DVU2543 C Hydroxylamine reductase 2654808 G A Gene 0.99 [0.79 2
DVU2547 T Transcriptional regulator, putative 2660114 © A Gene 0.74 1
DVU2547 T Transcriptional regulator, putative 2660166 [CCCGCCCGY CCCCGCC Gene [ 0.13 1
DVU2547 T Transcriptional regulator, putative 2660235 G A Gene 0.66 1
DVU2547 T Transcriptional regulator, putative 2660273 G A Gene 0.99 1
DVU2547 T Transcriptional regulator, putative 2660388 G A Gene | 0.17 1
DVU2547 T Transcriptional regulator, putative 2660403 G A Gene 1.00 | 0.99 2
DVU2547 T Transcriptional regulator, putative 2660404 T Gene 0.36 1
ATGATGG
DVU2547 T Transcriptional regulator, putative 2660450 |CCTCGCGC A Gene 0.72 1
@
DVU2547 T Transcriptional regulator, putative 2660477 G A Gene 0.94 1
DVU2548 I Acyl carrier protein i 2661113 GA G Gene 0.93 1
DVU2548 1 Acyl carrier protein 2661114 A G Gene 0.46 1
DVU2548 1 Acyl carrier protein phospt 2661182 CGG CG Gene 1.00 1
DVU2548 I Acyl carrier protein 2661301 A ACACT _| Intergenic 0.71 1
pvu2s4g| 1 Acyl carrier protein phosphodiesterase 2661319 | GGT || Intergenic 0.62 1
DVU2557 H BirA bifunctional protein 2669556 A C Gene 1.00 1
DVU2664| P Phosphate ABC transporter, ATP-binding protein, putative 2775672 C G Gene 1.00 022 [1.00 [ 1.00 1.00 [ 1.00 1.00 | 7
DVU2747 S H ical protein DVU2747 2853618 G A Gene 0.57 1
DVU2802 K GntR family transcriptional regulator 2905203 G A Gene 1.00 1.00 | 1.00 | 0.83 1.00 5
DVU2802 K GnitR family transcriptional regulator 2905275 G C Gene 1.00 1
DVU2894 T Sigma-54 transcriptional regulator 2991001 A G Gene 0.14 1
DVU2950 S Sensory box protein/GGDEF domain protein, authentic frameshift (TIGR) 3056210 GGA GGAGA Gene 1.00 1
DVU2959 S Hypothetical protein DVU2959 3066925 FCACACAQ GCAC | Intergenic | 1.00 [ 1.00 1.00 | 1.00 1.00 ] 5
DVU3022 T Sensory box histidine kinase/response regulator 3140578 A T Gene 1.00 ] 1.00 | 1.00 1.00 | 1.00 ] 1.00 | 1.00 | 1.00 1.00 | 1.00 | 10
DVU3022 T Sensory box histidine kinase/response regulator 3140578 A G Gene 1.00 | 1.00 | 1.00 1.00 | 1.00 1.00 6
DVU3022 T Sensory box histidine kinase/response regulator 3140595 GAT GATAT Gene 1.00 1.00 2
DVU3022 T Sensory box histidine kinase/response regulator 3140597 T TAT Gene 1.00 | 1.00 1.00 3
DVU3045 T Sensory box histidine kinase/response regulator 3169435 G C Gene 1.00 1.00 [ 1.00 [0.78 0.99 5
DVU3129 S H; ical protein DVU3129 3276860 G C Gene 1.00 1
DVU3190 S H: ical protein DVU3190 3350162 G A Gene 0.96 1
DVU3264 C Fumarate hydratase 3440138 C T Gene 0.19 1
DVU3304 S Hypothetical protein DVU3282 3481721 G A Gene 0.14 1
DVU3304 S Hypothetical protein DVU3283 3482319 G A Gene 10.23 1
[U_tRNA-A| E tRNA-Arg 3484653 C T Intergenic 0.20 1
+ 110 bp of DVU0251 (T protein TauE like) 286439 C T Intergenic 0.13 1
+ 309 bp of DVU0353 (Alcohol i ing ) 402212 A G Intergenic 0.29 1
+ 503 bp of DVU0360 ¢ synthase catalytic subunit ) 408888 G C Intergenic 0.14 0.16 2
Sits between DVU0645 (Methyl-accepting chemotaxis protein ) .
and DVU0646 (Precorrin-2 CZ()—me(gyhrans};eragse) that face I:)pposile ways 716874 T A | Intergenic 1.00 1,00 |1.00 1.00 100 |5
+ 216 bp of DVU0978_(ABC transporter, periplasmic substrate-binding protein, putative ) | 1073326 C T Intergenic 1.00 1
+ 133 bp of DVU1562 (HAMP domain-containing protein ) 1644297 C T Intergenic 0.90 1
Sits between DVU}] 999 (SuKa(e transporter family protein ) 2082582 A G Intergenic 030 |
intergenic mutations and DVU2000 (Hypothetical protein DVU2000) that face opposite ways
could not be assigned Sits between DVUv1999 (Suvlfmc transporter fur‘ni]y protein ) 2082589 G A Intergenic 038 |
to a gene and DVU2000 (Hypothetical protein DVU2000) that face opposite ways
Sits between DVU1999 (Sulfate transporter family protein ) .
and DVU2000 (Hypothetical protein DV UZO[I)O) that faz zppusiic ways 2082600 T A | Intergenic 053 !
Sits between DVU1999 (Sulfate transporter family protein ) .
and DVU2000 (Hypothetical protein DVU2000) that face opposite ways 2082602 ) TA T | Intergenic 046 !
Sits between DVU2112 (Hypothetical protein DVU2112)
and DVU2113 (Xanthine/uracil permease family protein) that face opposite ways 207959 G C | Intergenic 1,00 11,00 10.78 3
+ 198 bp of DVU2397 (Hypothetical protein DVU2397 ) 2502193 G C Intergenic 1.00 0.17 |1.00 [1.00 1.00 | 1.00 1.00 ] 7
+ 138 bp of DVU2885 (Alcohol dehydrogenase, iron-containing ) 2982789 C CCA Intergenic 1.00 1
+ 144 bp of DVU3047 (Ami class IV ) 3174094 |CGGGGGGH GGGGGG( Intergenic 0.54 1
Gene Description Position Junction
DVU0246-0253 Functional loss of DVU0246-0253 279540 9920 bp 0.28
DVU0250-0255 Functional loss of DVU0250-0255 284766 5814 bp 0.27
DVU0246 Frameshift mutation 279074 234 bp 0.48
DVU0248 Frameshift mutation 283167 A63 bp 0.14
DVU0246-0256 Functional loss of DVU0246-0256 279032 A15883 bp 0.33
DVU0240-0270 Functional loss of DVU0240-0270 272887 A38514 bp 0.32
DVUI1862 Frameshift mutation 1930123 A 146 bp 0.68
DVU1862 86 amino acid loss 1929985 A258 bp 0.25
DVU2548 Frameshift mutation 2661089 AS5T bp 0.21
No. of mutations in each populations 24 [ 23 [ 27 ] 19 ]33] 23 18 | 26 | 24 13 31 20

Mutations in green background are identified using breseq.




Table S4 Newly acquired mutations in 12 EN populations (MP*: the number of
populations with mutations)

Gene COG Predicted function Position Reference Alter Type ENI1 [ EN2| EN3 | EN4 [ EN5 | EN6| EN7 [ EN8 | EN9 [ EN10| EN11| ENI2| MP*
DVU0126 cp ABC transporter, ATP-binding protein 162600 c G Gene 1.00 | 0.82 2
DVU0225 S Hypothetical protein DVU0225 262421 C T Gene 043 1
DVU0246 S yruvate dikinase PEP/pyruvate binding subuni{ 279123 CG c Gene 0.15 1
DVU0246 S yruvate dikinase PEP/pyruvate binding subuni{ 279507 © A Gene 0.59 1
DVU0246 S yruvate dikinase PEP/pyruvate binding subuni{ 279702 GT G Gene 0.47 1
DVU0246 S yruvate dikinase PEP/pyruvate binding subuni{ 279997 AGGGGGGG AGGGGGG Gene 0.77 {0.53 2
DVU0246 S yruvate dikinase PEP/pyruvate binding subuni{ 280373 CTGTTGCCGTCG c Gene 0.21 1
DVU0247 T Response regulator 281155 AT A Gene 0.34 1
DVU0247 T Response regulator 281286 TACGA TACGAACGA Gene 0.50 1
DVU0248 T Signal d histidine kinase 281561 AGGGG AGG Gene 0.14 1
DVU0248 T Signal transduction histidine kinase 281703 GIT G Gene 0.18 1
DVU0248 T Signal d histidine kinase 282788 c T Gene 0.65 1
DVU0248 T Signal d histidine kinase 283136 c T Gene 0.18 1
DVU0248 T Signal transduction histidine kinase 283154 c T Gene 0.63 1
DVU0248 T Signal d histidine kinase 283204 G T Gene 0.47 1
DVU0249 P PtxB, putative 283782 c T Gene 0.17 1
DVU0251 R T b protein TauE like 285479 G A Gene 0.13 1
DVU0251 R T it protein TauE like 285947 C G Gene 0.19 1
DVU0251 R T I protein TauE like 285948 c T Gene 0.34 023 | 2
DVU0281 S Exopolysaccharide biosynthesis protein, putative 325822 GT G Gene 1.00 1
DVU0596 KT DNA-binding response regulator LytR 664509 c T Gene  [0.11 1
DVU0597 T regulatory protein LytS 665366 c T Intergenic 0.12° 1
DVU0597 T Regulatory protein LytS 665986 C T Gene 0.42 1
DVU0597 T Regulatory protein LytS 666383 C T Gene 0.11 0.12 2
DVU0597 T Regulatory protein LytS 666479 A C Gene 0.25 1
DVU0797 S Hypothetical protein DVU0797 883424 C T Gene 0.38 1
DVU0T9| S Hypothetical protein DVU0799 885158 G o | cene 0.55 1
DVU0847 C Adenylylsulfate reductase 934997 C T Gene 0.99 1
DVUI1204 1Q 3-oxoacyl-(acyl-carrier-protein) synthase 11 1295686 C T Gene 1.00 1
DVUI1204 1Q 3-oxoacyl-(acyl-carrier-protein) synthase 11 1296057 c G Gene 1.00 [ 0.92 2
DVUI1204 1Q 3-oxoacyl-(acyl-carrier-protein) synthase 11 1296081 T C Gene 0.99 1
DVUI1204 1Q 3-oxoacyl-(acyl-carrier-protein) synthase 11 1296268 C T Gene 1.00 1
DVUI1204 1Q 3-oxoacyl-(acyl-carrier-protein) synthase 11 1296277 C T Gene 1.00 1
DVUI1204 1Q 3-oxoacyl-(acyl-carrier-protein) synthase 11 1296453 T A Gene 0.96 1
DVUI1208 I Putative glycerol- f PIsX 1299241 T G Gene 0.43 1.00 2
DVUI1260 I Outer protein P1, putative 1346776 TGG TG Gene 0.16 1
DVUI1260 I Outer protein P1, putative 1347079 FATAATGICGGCATC( C Gene 0.62 1
DVUI1260 I Outer protein P1, putative 1347740 CT C Gene 0.73 1
DVU1408 S Hypothetical protein DVU 1408 1477702 A G Gene 0.18 1
DVU1469 J 308 ribosomal protein S1 1551144 C T Gene 0.56 1
DVU1469 J 308 ribosomal protein S1 1551147 C T Gene 0.98 1.00 2
DVU1545 S Hemolysin-type calcium-binding repeat 1620196 C T Gene 0.52 1
DVUI1576 I i ytidyl-2C-methyl-D-erythritol kinase 1658379 CGTATG CG Gene 0.94 1
DVUI1588 F H ine phosphoribo sferase 1671284 CGGGGGG CGGGGGGG Gene 0.59 1
DVU1634 S Hypothetical protein DVU1634 1717112 C T Gene 0.13 1
DVUI1785 U MarC protein 1848460 A C Gene 0.97 1
DVUI1785 U MarC protein 1848475 G A Gene 0.94 1
DVUI1862 T GGDEF domain-containing protein 1929597 CA C Gene 0.29 1
DVUI1862 T GGDEF domain-containing protein 1930141 C T Gene 0.57 10.16 2
DVUI1862 T GGDEF domain-containing protein 1930239 CA C Gene 0.42 1
DVUI1862 T GGDEF domain-containing protein 1930258 A T Gene 031 1
DVU2284 S Hypothetical protein DVU2284 2374803 A C Gene 0.20 1
DVU2394 T Sigma-54 transcriptional regulator 2496979 T C Gene 0.16 1
DVU2394 T Sigma-54 transcriptional regulator 2497229 TG T Gene 0.16 1
DVU2394| T Sigma-54 dependent transcriptional regulator 2497258 | fcaCal G aAA | AceacarTae Gene 1.00 1
DVU2394 T Sigma-54 d dent transcriptional regulator 2497411 AGGGGGGG AGGGGGGGG Gene 0.49 1
DVU239%4 T Sigma-54 dependent transcriptional regulator 2497708 :'((i‘ci‘cl‘;’l\(/(\;ﬁ? TGGCC Gene 0.36 1
DVU2394 T Sigma-54 d dent transcriptional regulator 2497728 GG GACCGCGGACATGG Gene 0.11 1
DVU2394 T Sigma-54 d dent transcriptional regulator 2497736 € T Gene 0.59 1
DVU2395 T Sensor histidine kinase 2498363 T C Gene 0.16 1
DVU2395 T Sensor histidine kinase 2498544 TGCG TGCGCG Gene 0.46 1
DVU2395 T Sensor histidine kinase 2498737 T C Gene 0.23 1
DVU2395 T Sensor histidine kinase 2498935 G A Gene 0.45 1
DVU2395 T Sensor histidine kinase 2498936 TGA TGACCTCATGCGCCACC| ~ Gene 0.26 1
DVU2395 T Sensor histidine kinase 2499096 GCGGCGAGC G Gene 1.00 1
DVU2395 T Sensor histidine kinase 2499244 G A Gene 100 | 1
DVU2395 T Sensor histidine kinase 2499383 CTTT CTT Gene 0.54 1
DVU2396 C Alcohol dehydrogenase, iron-containing 2499736 TC T Gene 0.42 1
DVU2396 € Alcohol dehydrogenase, iron-containing 2499926 G A Gene |0.20 1
DVU2396 C Alcohol dehydrogenase, iron-containing 2499983 GCee GCC Gene 0.98 1
DVU2396 € Alcohol dehydrogenase, iron-containing 2500012 G T Gene |0.72 1
DVU2402 € H, disulfide red A subunit 2507986 G A Gene 0.96 1
DVU2405 C Alcohol dehydrogenase, iron-containing 2510694 TCC TC Gene 1.00 1
DVU2405 C Alcohol dehydrogenase, iron-containing 2510695 C A Gene 0.86 1
DVU2405 C Alcohol dehydrogenase, iron-containing 2510695 c T Gene 1.00 1
DVU2406 S Hypothetical protein DVU2406 2511389 AGC A Gene 0.29 1
DVU2411 S EF hand domain-containing protein 2515114 Geeceecc Geeeccece Gene 0.42 1
DVU2543 C H i d 2654808 G A Gene 0.9910.79 2
DVU2547 T Transcriptional regulator, putative 2660114 c A Gene  [0.74 1
DVU2547 T Transcriptional regulator, putative 2660166 CCCCGCCCGEC CCCCGCC Gene | 0.13 1
DVU2547 T Transcriptional regulator, putative 2660235 G A Gene 0.66 1
DVU2547 T Transcriptional regulator, putative 2660273 G A Gene 0.99 1
DVU2547 T Transcriptional regulator, putative 2660388 G A Gene | 0.17 1
DVU2547 T Transcriptional regulator, putative 2660403 G A Gene 1.00 | 0.99 2
DVU2547 T Transcriptional regulator, putative 2660404 G T Gene 0.36 1
DVU2547 T Transcriptional regulator, putative 2660450 JATGATGGCCTCGCGC A Gene 0.72 1
DVU2547 T Transcriptional regulator, putative 2660477 G A Gene 0.94 1
DVU2548 I Acyl carrier protein phosphodi 2661113 GA G Gene 0.93 1
DVU2548 1 Acyl carrier protein phosphodi 2661114 A G Gene 0.46 1
DVU2548 I Acyl carrier protein phosphodi 2661182 CGG CG Gene 1.00 1
DVU2548 1 Acyl carrier protein phosphodiesterase 2661301 A ACACT Intergenic 0.71* 1
DVU2548 I Acyl carrier protein phosphodiesterase 2661319 GGT GCCTTGATATACAGT | Intergenic 0.62" 1




Table S4 (Continued)

DVU0942 P FUR family transcriptional regulator 1034641 A C Gene 1.00 1
DVU0942 P FUR family transcriptional regulator 1034711 A T Gene 1.00 | 0.88 1.00 3
DVU0942 P FUR family transcriptional regulator 1034799 A T Gene 1.00 1
DVU0942 P FUR family transcriptional regulator 1034881 G A Gene 1.00 1
DVU2571 P Ferrous iron transport protein B 2685074 A c Gene 1.00 1
DVU2571 P Ferrous iron transport protein B 2685298 T C Gene 1.00 1
CTCAAGGGCGGCCT
DVU2571 P Ferrous iron transport protein B 2685402 | CGGCCCGTTCGGC CTCAAGGGCGGC Gene 1.00 1
ATCAAGGGCGGC
DVU2571 P Ferrous iron transport protein B 2685709 G A Gene 1.00 1
DVU2571 P Ferrous iron transport protein B 2685734 G A Gene 1.00 1
DVU2571 P Ferrous iron transport protein B 2685977 A T Gene 0.99 1
DVU2747 S Hypothetical protein DVU2747 2853618 G A Gene 0.57 1
DVU289%4 T Sigma-54 d dent transcriptional regulator 2991001 A G Gene 0.14 1
DVU2950 S Sensory box protein/GGDEF domain protein 3056210 GGA GGAGA Gene 1.00 1
DVU3022 T Sensory box histidine kinase/response regulator 3140595 GAT GATAT Gene 1.00 1.00 2
DVU3190 S Hypothetical protein DVU3190 3350162 G A Gene 0.96 1
DVU3264 C Fumarate hydratase 3440138 C T Gene 0.19 1
DVU3304 S Hypothetical protein DVU3282 3481721 G A Gene 0.14 1
DVU3304 S Hypothetical protein DVU3283 3482319 G A Gene 0.23 1
Gene Description Position Junction
DVU0246-0253 Functional loss of DVU0246-0253 279540 29920 bp 0.28 1
DVU0250-0255 Functional loss of DVU0250-0255 284766 A5814 bp 0.27 1
DVU0246 Frameshift mutation 279074 A234 bp 0.48 1
DVU0248 Frameshift mutation 283167 63 bp 0.14 1
DVU0246-0256 Functional loss of DVU0246-0256 279032 A 15883 bp 0.33 1
DVU0240-0270 Functional loss of DVU0240-0270 272887 A38514 bp 0.32 1
DVU1862 Frameshift mutation 1930123 A146 bp 0.68 1
DVUI862 86 amino acid loss 1929985 A258 bp 0.25 1
DVU2548 Frameshift mutation 2661089 AS57 bp 0.21 1
No. of mutations in each populations 12 [ 11 13 10 13 14 8 12 9 8 11 8

intergenic mutation identified within 100 bp of the upstream of start codon of the gene
Mutations in green background are identified using breseq.




Table S5 Mutated functional genes with newly acquired mutations in EN populations (MP*:

the number of populations with mutations)

Gene COoG Predicted function MP* | EN1 | EN2 [ EN3 | EN4 [ EN5 | EN6 [ EN7 | EN8 [ EN9 | ENIO| EN11| EN12
DVU0126 CP ABC transporter, ATP-binding protein 2 1.00 | 0.82
DVU0225 S Hypothetical protein DVU0225 1 0.43
DVU0246 S Pyruvate phosphate dikinase PEP/pyruvate binding subunit 5 0.77 | 0.53 0.48 [ 0.21 | 0.59 0.47
DVU0247 T Response regulator 1 0.50
DVU0248 T Signal transduction histidine kinase 6 0.14 | 0.63 | 0.18 0.65 | 0.14 | 0.18 0.47
DVU0249 P PtxB, putative 1 0.17
DVU0251 R Transmembrane protein TauE like 3 0.19 0.34 0.23
ADVU0246-0253
ADVU0246-0256 Functional loss of DVU0246-0251 3 0.28 0.33 0.32
A DVU0240-0270
DVU0281 S Exopolysaccharide biosynthesis protein, putative 1 1.00
DVU0596 KT DNA-binding response regulator LytR 1 0.11
DVU0597 T regulatory protein LytS 5 0.12° [ 0:1L 0.42 | 0.12 0.25
DVU0797 S Hypothetical protein DVU0797 1 0.38
DVU0799 S Hypothetical protein DVU0799 1 0.55
DVU0847 C Adenylylsulfate reductase 1 0.99
DVU0942 P FUR family transcriptional regulator 6 1.00 | 0.88 1.00 1.00 | 1.00 | 1.00
DVU2571 P Ferrous iron transport protein B 6 1.00 | 1.00 | 1.00 0.99 1.00 1.00
DVU1204 1Q 3-oxoacyl-(acyl-carrier-protein) synthase 11 7 1.00 [ 0.96 | 1.00 | 0.92 1.00 0.99 1.00
DVUI1208 1 Putative glycerol-3-phosphate acyltransferase PlsX 2 0.43 1.00
DVU1260 1 Outer membrane protein P1, putative 2 0.73 0.62
DVU1408 S Hypothetical protein DVU1408 1 0.18
DVU1469 J 30S ribosomal protein S1 3 0.98 0.56 1.00
DVU1545 S Hemolysin-type calcium-binding repeat 1 0.52
DVU1576 1 4-diphosphocytidyl-2C-methyl-D-erythritol kinase 1 0.94
DVUI1588 F Hypoxanthine phosphoribosyltransferase 1 0.59
DVUI1634 S Hypothetical protein DVU 1634 1 0.13
DVU1785 U MarC membrane protein 2 0.97 0.94
DVUI1862 T GGDEF domain-containing protein 4 0.68 | 0.16 | 0.29 0.42
DVU2284 S Hypothetical protein DVU2284 1 0.20
DVU2394 T Sigma-54 dependent transcriptional regulator 5 0.59 0.16 | 0.49 | 1.00 0.36
DVU2395 T Sensor histidine kinase B 1.00 0.46 | 0.54 | 0.45 1.00
DVU2396 C Alcohol dehydrogenase, iron-containing 3 0.72 | 0.98 0.42
DVU2402 C Heterodisulfide reductase, A subunit 1 0.96
DVU2405 C Alcohol dehydrogenase, iron-containing 2 0.86 1.00
DVU2406 S Hypothetical protein DVU2406 1 0.29
DVU2411 S EF hand domain-containing protein 1 0.42
DVU2543 € Hydroxylamine reductase 2 0.99 | 0.79
DVU2547 T Transcriptional regulator, putative 7 0.74 0.66 0.99 | 1.00 | 0.99 | 0.94 | 0.72
DVU2548 I Acyl carrier protein phosphodiesterase 3 0.93 0.71* | 1.00
DVU2747 S Hypothetical protein DVU2747 1 0.57
DVU289%4 T Sigma-54 dependent transcriptional regulator 1 0.14
DVU2950 S Sensory box protein/GGDEF domain protein 1 1.00
DVU3022 T Sensory box histidine kinase/response regulator 2 1.00 1.00
DVU3190 S Hypothetical protein DVU3190 1 0.96
DVU3264 C Fumarate hydratase 1 0.19
DVU3304 S Hypothetical protein DVU3282 2 0.23 ] 0.14

intergenic mutation identified within 100 bp of the upstream of start codon of the gene




Table S6 Newly arising mutations occurred more than once in the EN populations in addition to those in six gene groups.

Gene Products COG Mutation position Nucleotide change Allele frequency Populations
100 EN4
DVUO0126 ABC transporter, ATP-binding protein CP 162600 C—G
100 ENS5S
1347740 CT — C 72.73 EN1
DVU1260 outer membrane protein P1, putative I 1346776 TGG — TG 16.28 o
1347080 -17:TATAATGTCGGCATCCA 61.84
1551144 C—-T 50.56 ENS
DVU1469 30S ribosomal protein S1 J 98.02 EN6
1551147 C—T
100 EN12
. 1848460 A — C 96.83 EN6
DVU1785 MarC membrane protein U
1848475 G — A 93.67 EN11
1929985 A258 bp 25.10 ENS
1930123 A146 bp 67.50 EN3
56.67 EN3
1930141 C—-T
DVU1862 . . . 16.36 EN4
GGDEF domain-containing protein
T 1930258 A—T 31.11 EN3
1929597 CA — C 28.99 ENS
1930239 CA — C 42.11 EN8
81.82 EN6
DVU3022 response regulator T 3140595 T— G
99.04 EN11
3482319 G— A 23.47 EN1
DVU3304 Signal transduction histidine kinase T

3481721 G — A 13.08 EN2




Table S7 Newly arising mutations (single nucleotide polymorphisms) in DVU1204 (fabF) and DVU1208 (plsX) of EN populations.

Gene Populations Allele frequency (%) h;;l:itil;;l Nucleotide change Amino-acid change
EN2 100 1296268 C—-T Ala — Thr
EN3 96 1296453 T— A Gln — Leu
DVU1204 EN4 100 1296057 C—-aG Gly — Ala
fubF ENS 90 1296057 C—-G Gly — Ala
EN7 100 1295686 C—-T Gly — Ser
ENO9 99 1296081 T—C His — Arg
ENI11 100 1296277 C—-T Ala — Thr

DVU1208 ENS 43 1299241 T—-G Silent mutation

plsX ENI10 100 1299241 T—-G Silent mutation




Table S8 Newly arising mutations in DVU0924 (fur) and DVU2571 (feoB) of EN populations.

Gene Populations Mutation Allele Mut.atflon Nucleotide change Amino-acid change
type frequency (%) position

EN4 SNP 100 1034711 A—T Glu — Asp
ENS5 SNP 88 1034711 A—T Glu — Asp
DVU0924 EN7 SNP 100 1034881 G— A Arg — GIn
fur EN9 SNP 100 1034711 A—T Glu — Asp
EN10 SNP 100 1034641 A — C Asp — Ala
EN11 SNP 100 1034799 A—-T Asn — Tyr
EN1 SNP 100 2685709 G— A Ser — Phe

EN2 Deletion 100 2685414 -27: CTCGGCCCGTTCGGCATCAAGGGCGGC nine amino acids loss
DVU2571 EN3 SNP 100 2685298 T—C Lys — Arg
feoB EN6 SNP 99 2685977 A—-T Phe — Ile
ENS SNP 100 2685734 G— A Arg — Cys
EN12 SNP 100 2685074 A — C Phe — Val




Table S9 Newly arising mutations in two component system LytR/LytS (DVU0596/DVU0597) of EN populations.

Mutati
Gene Populations Allele frequency (%) p(l)ls?[il(:)r? Nucleotide change Amino-acid change
DVU0596 EN1 11 664509 C—T Pro — Leu
IytR
EN3 15 665366 C — T four bases upstream of
the start codon
DVU0597 EN4 11 666383 C—-T Ala — Val
LytS EN6 40 665986 C—-T Leu — Phe
EN7 12 666383 C—-T Ala — Val

EN11 25 666479 A — C Asn — Thr
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