J AMERICAN mB' .
=8 socieTy For
MICROBIOLOGY

Key Metabolites and Mechanistic
Changes for Salt Tolerance in an
Experimentally Evolved Sulfate-Reducing
Bacterium, Desulfovibrio vulgaris

Aifen Zhou,? Rebecca Lau,® Richard Baran,” Jincai Ma,® Frederick von Netzer,<
Weiling Shi,» Drew Gorman-Lewis,4 Megan L. Kempher,? Zhili He,® Yujia Qin,?
Zhou Shi,2 Grant M. Zane,® Liyou Wu, Benjamin P. Bowen,” Trent R. Northen,?
Kristina L. Hillesland,f David A. Stahl,c Judy D. Wall,c Adam P. Arkin,9

Jizhong Zhouahi

Institute for Environmental Genomics, Department of Microbiology and Plant Biology, University of Oklahoma,
Norman, Oklahoma, USA2; Environmental Genomics and Systems Biology Division, Lawrence Berkeley National
Laboratory, Berkeley, California, USAP; Department of Civil and Environmental Engineering, University of
Washington, Seattle, Washington, USA<; Department of Earth and Space Sciences, University of Washington,
Seattle, Washington, USA9; Departments of Biochemistry and Molecular Microbiology and Immunology,
University of Missouri—Columbia, Columbia, Missouri, USA¢; School of Science, Technology, Engineering and
Mathematics, University of Washington Bothell, Bothell, Washington, USA'; Department of Bioengineering,
University of California Berkeley, Berkeley, California, USA9; Earth Sciences Division, Lawrence Berkeley National
Laboratory, Berkeley, California, USA"; State Key Joint Laboratory of Environment Simulation and Pollution
Control, School of Environment, Tsinghua University, Beijing, China'

ABSTRACT Rapid genetic and phenotypic adaptation of the sulfate-reducing bacte-
rium Desulfovibrio vulgaris Hildenborough to salt stress was observed during experi-
mental evolution. In order to identify key metabolites important for salt tolerance, a
clone, ES10-5, which was isolated from population ES10 and allowed to experimen-
tally evolve under salt stress for 5,000 generations, was analyzed and compared to
clone ES9-11, which was isolated from population ES9 and had evolved under the
same conditions for 1,200 generations. These two clones were chosen because they
represented the best-adapted clones among six independently evolved populations.
ES10-5 acquired new mutations in genes potentially involved in salt tolerance, in ad-
dition to the preexisting mutations and different mutations in the same genes as
in ES9-11. Most basal abundance changes of metabolites and phospholipid fatty
acids (PLFAs) were lower in ES10-5 than ES9-11, but an increase of glutamate and
branched PLFA i17:1w9c under high-salinity conditions was persistent. ES9-11 had
decreased cell motility compared to the ancestor; in contrast, ES10-5 showed higher
cell motility under both nonstress and high-salinity conditions. Both genotypes dis-
played better growth energy efficiencies than the ancestor under nonstress or high-
salinity conditions. Consistently, ES10-5 did not display most of the basal transcrip-
tional changes observed in ES9-11, but it showed increased expression of genes
involved in glutamate biosynthesis, cation efflux, and energy metabolism under high
salinity. These results demonstrated the role of glutamate as a key osmolyte and i17:
1w9c as the major PLFA for salt tolerance in D. vulgaris. The mechanistic changes in
evolved genotypes suggested that growth energy efficiency might be a key factor
for selection.

IMPORTANCE High salinity (e.g., elevated NaCl) is a stressor that affects many or-
ganisms. Salt tolerance, a complex trait involving multiple cellular pathways, is at-
tractive for experimental evolutionary studies. Desulfovibrio vulgaris Hildenborough is
a model sulfate-reducing bacterium (SRB) that is important in biogeochemical cy-
cling of sulfur, carbon, and nitrogen, potentially for bio-corrosion, and for bioreme-

November/December 2017 Volume 8 Issue 6 e01780-17

RESEARCH ARTICLE

L)

Check for
updates

Received 25 September 2017 Accepted 9
October 2017 Published 14 November 2017

Citation Zhou A, Lau R, Baran R, Ma J, von
Netzer F, Shi W, Gorman-Lewis D, Kempher ML,
He Z, Qin Y, Shi Z, Zane GM, Wu L, Bowen BP,
Northen TR, Hillesland KL, Stahl DA, Wall JD,
Arkin AP, Zhou J. 2017. Key metabolites and
mechanistic changes for salt tolerance in an
experimentally evolved sulfate-reducing
bacterium, Desulfovibrio vulgaris. mBio
8:e01780-17. https://doi.org/10.1128/mBio
.01780-17.

Editor Nicole Dubilier, Max Planck Institute for
Marine Microbiology

Copyright © 2017 Zhou et al. This is an open-
access article distributed under the terms of
the Creative Commons Attribution 4.0
International license.

Address correspondence to Jizhong Zhou,
jzhou@ou.edu.

mBio"  mbio.asm.org


https://doi.org/10.1128/mBio.01780-17
https://doi.org/10.1128/mBio.01780-17
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
mailto:jzhou@ou.edu
http://crossmark.crossref.org/dialog/?doi=10.1128/mBio.01780-17&domain=pdf&date_stamp=2017-11-14
http://mbio.asm.org

Zhou et al.

diation of toxic heavy metals and radionuclides. The coexistence of SRB and high sa-
linity in natural habitats and heavy metal-contaminated field sites laid the foundation for
the study of salt adaptation of D. vulgaris Hildenborough with experimental evolu-
tion. Here, we analyzed a clone that evolved under salt stress for 5000 generations
and compared it to a clone evolved under the same condition for 1,200 generations.
The results indicated the key roles of glutamate for osmoprotection and of i17:1w9c
for increasing membrane fluidity during salt adaptation. The findings provide valu-
able insights about the salt adaptation mechanism changes during long-term experi-
mental evolution.

KEYWORDS Desulfovibrio vulgaris, PLFA, cell motility, energy efficiency, genomic
mutations, organic solutes, transcriptomics

icrobial experimental evolution coupled with whole-genome sequencing has

been widely used to identify key functional genes involved in desired traits, to
improve the industrial efficiencies of microbes, and to address fundamental evolution-
ary questions (1-9). However, most evolutionary studies have focused on the endpoint
strains or temporal transcriptional changes in evolved microorganisms. Very little is
known about the changes of cellular components, such as metabolites and phospho-
lipid fatty acids (PLFAs) during long-term evolution. Metabolites and PLFAs, as the end
products of gene transcription, translation, and regulation, constitute the mechanistic
basis for natural selection. Study of the temporal changes of these end products in
experimentally evolved microorganisms may provide meaningful insights for the un-
derstanding of the adaptation mechanisms and also may inspire new theoretical
directions (10).

Salinity (e.g., elevated NaCl) is an environmental factor that affects many organisms.
The well-known strategies of microorganisms for coping with salt stress include intra-
cellular accumulation of organic solutes and changes of membrane PLFA composition
to compensate for the membrane fluidity decrease (11-13). Desulfovibrio vulgaris
Hildenborough has been used as a model sulfate-reducing bacterium (SRB) for studying
the complex physiology and stress responses (14) due to its importance in biogeo-
chemical cycling of sulfur, carbon, and nitrogen and its potential to remediate toxic
heavy metal contamination. Like Escherichia coli (15), D. vulgaris employs different
mechanisms to combat salt stress, namely, an acute (16) or chronic response (17),
depending on when the stress is encountered. In order to understand the salt adap-
tation mechanisms in D. vulgaris Hildenborough in an evolutionary context, six D.
vulgaris Hildenborough replicate populations (ES7 to ES12) have been propagated
under a mild salt stress condition. Analysis of the genotype of ES9-11, which was
isolated from a 1,200-generation (gen) population of ES9, demonstrated distinct basal
and salt stress response changes and genomic changes compared to the ancestor and
strains allowed to evolve under nonstress conditions as controls (18, 19). As evolution
of D. vulgaris Hildenborough reached 5,000 gen, we sought to explore the genomic and
transcriptional changes and the changes in metabolites and PLFAs for a genotype
isolated from 5,000 gen.

One mechanism of microbial adaptation to a stressful condition is a genetic change
that confers restoration of cellular function to a prestressed state (15). Restoration of
the global expression state or physiology back toward prestress levels has been
observed in experimental evolution of E. coli under conditions with new carbon sources
(20) or elevated temperature (21) and in evolution of genetically perturbed E. coli cells
(22, 23). In these cases, stressors or genetic modifications affected gene expression and
shifted the transcriptional and physiological states in the ancestors. The evolution time
scales ranged from 250 gen to 2,000 gen. In the experimental evolution of D. vulgaris
Hildenborough, mild salt stress stimulated very limited transcriptional changes in the
ancestor. However, evolved D. vulgaris displayed a significantly altered transcriptional
state under nonstress or transcriptional responses to high salinity (18). In this study, we
aimed to explore the physiological, transcriptional, and metabolic states under non-
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stress and high-salinity conditions in a representative 5,000-gen genotype. Comparison
between the representative genotypes at 5,000 gen and 1,200 gen, representing the
best adaptation to salt stress among all tested clones, allowed us to determine whether
a restorative mechanism was driving salt adaptation in D. vulgaris over a longer
evolutionary time scale.

We hypothesized that changes of the key cellular components for salt tolerance,
such as osmolytes and PLFAs, would remain as the number of generations increased
but that most of the physiological and transcriptional changes in earlier generations
would be restored. Whole-genome sequence analysis of a representative 5,000-gen
genotype, ES10-5, revealed 36 newly acquired mutations affecting single genes, includ-
ing three mutations located in the same genes as in the 1,200-gen representative
genotype, ES9-11. Comparison between ES10-5 and ES9-11 demonstrated the persis-
tent increase of basal abundance and responsiveness of glutamate and i17:1w9c to
high salinity, confirming their important roles in salt adaptation. Unique transcriptional
responses to high salinity in ES10-5 included increased amino acid biosynthesis and
transport, ion transport, and energy metabolism. The restorative trend of metabolic,
physiological, and transcriptional changes in ES10-5 suggested that energy saving
might be a major strategy for initial adaptation, and fine-tuned energy management
was achieved in the long-term-adapted D. vulgaris Hildenborough.

RESULTS

Improved salt tolerance in 5,000-gen D. vulgaris. We first evaluated the salt
tolerance of six D. vulgaris populations (ES7 to ES12) that had been allowed to evolve
for 5,000 gen under mild salt stress conditions. The growth phenotype was tested in a
defined lactate-sulfate (LS4D) medium with 250 mM NaCl, a condition that led to an
approximate 50% final biomass reduction in ancestral D. vulgaris Hildenborough (16,
17) and has been used as a high-salinity test condition (18, 19). The 5,000-gen ES
populations grew to stationary phase within 48 h (see Fig. S1A in the supplemental
material), in contrast to about 60 to 80 h for the 1,200-gen ES populations (18).
Although similar final biomass yields (final optical density at 600 nm [OD,,,] ranged
from 1.0 to 1.2) and average growth rates (~0.12 h—') were observed in the 5,000-gen
and 1,200-gen ES populations, the 5,000-gen ES populations had shorter lag phases and
less variance among populations. The results suggested that salt adaptation involved a
rapidly improved growth rate and growth efficiency and a gradual decrease in the lag
phase time.

Colony isolates were obtained by plating on a higher-salinity medium, LS4D plus
300 mM Nadl, since an extra 250 mM NaCl in LS4D did not represent a stringent
condition to distinguish the variance among the 5,000-gen ES populations. Clones were
obtained from ES10 only. A growth phenotype test of nine randomly selected clones
demonstrated very similar growth in LS4D plus 300 mM NacCl. Variations among clones
emerged when grown in LS4D plus 400 mM NaCl (Fig. S1B), a medium containing
approximately 600 mM Na™ in total. No growth was observed in LS4D plus 500 mM
NaCl. Due to its best growth performance with the shortest lag phase and the highest
growth rate in LS4D plus 400 mM NaCl, ES10-5 was chosen as a representative
5,000-gen genotype representing the best adaptation to salt stress, and this strain was
compared to the representative genotype ES9-11 strain, which was isolated from a
1,200-gen ES9 strain by similar means (18). Results of growth analysis of both clones
(Fig. 1) were consistent with the growth test results for populations. In LS4D plus
250 mM NaCl, ES10-5 reached stationary phase about 12 h earlier than ES9-11, with
similar final biomass yields; in LS4D plus 300 mM NaCl, ES10-5 had an approximate
2-fold-higher biomass yield than ES9-11. To better distinguish the differences between
the two genotypes, LS4D plus 300 mM NaCl was used as a high-salinity condition for
the subsequent metabolic, physiological, and transcriptional analyses.

Genetic changes in ES10-5. A total of 3,086,640 lllumina reads were obtained, and
36 mutations which affecte single genes (Table 1) were identified in ES10-5, with an
average coverage of 132X. The mutations included 30 coding sequence mutations, 1
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FIG 1 Growth curves of colony-based salt-evolved D. vulgaris Hildenborough strains ES10-5 and ES9-11
and the ancestral strain (An) grown in LS4D, LS4D plus 250 mM Nacl, or LS4D plus 300 mM NaCl.

tRNA sequence mutation, and 5 intergenic region mutations. Among these, five mu-
tations were derived from the preexisting polymorphisms and were present in both
1,200-gen ES9 and 1,200-gen ES10 (19). Most of the coding sequence mutations (25 out
of 30; 83%) were nonsynonymous mutations which led to an amino acid change(s) that
could potentially impact the function of the encoded protein. Among the 22 newly
arising nonsynonymous mutations, 3 mutations occurred in genes DVU0597, DVU1204,
and DVU2571 but at positions different from that of ES9-11, 3 mutations occurred in
genes with unknown function, and 16 mutations occurred in genes potentially affect-
ing amino acid transport, energy metabolism, or signal transduction. Occurrence of
different alleles in independently evolved populations of ES10 and ES9 hinted at the
importance of these genes in salt tolerance. In addition, a large deletion of 37,390 bp
in the chromosome resulted in the deletion of 49 genes which encode prophage-
related proteins or hypothetical proteins (Table S1). A large deletion of 105,758 bp in
the plasmid resulted in about a 52% loss of plasmid DNA and the elimination of 80
genes (Table S2), including type Ill secretion system genes that are typically horizontally
acquired. A 7,813-bp deletion in the chromosome was also found in ES9-11 (19),
suggesting that genome reduction might be a common phenomenon in adaptive
evolution.

Increased abundance of glutamate. Intracellular accumulation of organic solutes
is one of the major strategies to counteract external osmotic pressure. About 80
metabolites were detected by quadrupole time-of-flight (Q-TOF) analysis, and 13 were
identified (Table S4). Among these, glutamate and glutamine were the two most
abundant organic solutes in ancestor and evolved genotypes (Fig. 2). Under high
salinity, different sets of metabolites showed abundance changes. In contrast to the
overall decreased abundance of metabolites in the ancestor strain, we observed
increased abundance of glutamate and glutamine and decreased abundance of valine,
isoleucine, and leucine in ES9-11, and in ES10-5 we observed an increased abundance
of glutamate and glutamine. Increased basal abundance of glutamate and abundance
under high salinity in both ES10-5 and ES9-11 confirmed the key role of glutamate in
salt adaptation. Alanine was not responsive to high salinity in any of the strains.
Abundance levels of alanine, valine, and isoleucine were higher in ES9-11, while similar
abundances were observed in ES10-5 and the ancestor under nonstress and high-
salinity conditions. Alanine and these branched amino acids were effective in alleviat-
ing salt stress in a growth experiment (17). Branched amino acids could be potential
ammonium donors in biosynthesis of glutamate (24). Our results suggested that alanine
and branched amino acids might be important for early stages of salt adaptation.
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FIG 2 Accumulation of organic solutes in ES10-5, ES9-11, and the ancestral strain under nonstress
conditions (LS4D) or high-salinity conditions (LS4D plus 300 mM NacCl). *, significant changes were
induced under high-salinity conditions (LSD test, P < 0.05).

Abundance changes of PLFAs. Membrane PLFA composition changes, such as
increased percentages of unsaturated PLFAs or branched PLFAs, compensate for
decreases in membrane fluidity under high salinity. Analysis of the relatively abundant
(>5%) PLFAs demonstrated that different sets of PLFAs displayed abundance changes
under high-salinity conditions in the ancestor or the evolved strains (Fig. 3). An increase
of branched PLFA i17:1w9c was common in all strains, while an increase of i15:0 was
unique to ES10-5. The relative abundances of these two branched PLFAs were the
highest in ES10-5 under nonstress and high salinity, indicating their important roles
in salt tolerance. Relative abundances of the other branched PLFAs, such as i16:0,
16:1w7¢, and 18:1w7c, were similar in all strains under high salinity, although their basal
abundances were quite different under nonstress conditions (highest percentages were
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FIG 3 PLFA compositions in ES10-5, ES9-11, and the ancestral strain under nonstress conditions (LS4D)
or high-salinity conditions (LS4D plus 300 mM NaCl). *, significant change induced by high salinity (LSD
test, P < 0.05).

observed for 18:1w7c in the ancestor, i16:0 in ES9-11, and 16:1w7c in ES10-5) (least
significant difference [LSD] test, P < 0.05).

A higher unsaturation index (Ul) and increased percentages of branched PLFAs
indicate a more fluid membrane. Under nonstress conditions, ES10-5 had the highest Ul
and ES9-11 had the highest percentage of branched PLFAs. Under high salinity, all
strains had similar Uls, but ES10-5 had the highest percentage of branched PLFAs (LSD
test, P < 0.05) (Fig. S2). These results confirmed the importance of both unsaturated
PLFAs and branched PLFAs for salt tolerance, but branched PLFAs might play a more
important role.

Increased cell motility in ES10-5. Decreased cell motility was observed for ES9-11
(18). To determine whether the same trend remained in ES10-5, the cell motility of
ES10-5 was examined in LS4D medium supplemented with 250 or 300 mM NaCl
(Fig. 4A; Fig. S3). High salinity inhibited cell motility in all strains. In both LS4D and LS4D
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FIG 4 Physiological and transcriptional responses to high salinity for ES10-5, ES9-11, and the ancestral
strain (An). (A) Cell motility. (B) Heat generated per cell under nonstress conditions (LS4D) and after
transfer into high-salinity medium (LS4D plus 250 mM NaCl; transition). (C) DCA results for global

transcriptional profiles. A subscript C after a strain designation indicates cells were cultured in LS4D; a
subscript T after a strain designation indicates cells were cultured in LS4D plus 300 mM Nacl.

plus 250 mM NaCl, ES9-11 showed decreased cell motility compared to the ancestor,
which was consistent with previous results (18). However, ES10-5 had the highest cell
motility (t test, P < 0.01). An additional 300 mM NaCl in the medium almost completely
arrested cell motility. However, ES10-5 showed the best growth, as indicated by the
dark color of the colonies generally seen with D. vulgaris. The observed higher cell
motility of ES10-5 might be an indicator of better energy management, as cell motility
is a process with a high energy cost.

November/December 2017 Volume 8 Issue 6 e01780-17

mBio’

mbio.asm.org 9


http://mbio.asm.org

Zhou et al.

Improved growth energy efficiency. To assess overall growth energy efficiency,
the total energy usage in each strain was measured by tracking dissipated heat via
microcalorimetry, which employs the concept of describing the energy expense of
microbial growth in terms of increased enthalpy (25). In LS4D medium, the heat
released per cell was the lowest in ES10-5, intermediate in ES9-11, and the highest in
the ancestor. After transferring to LS4D plus 250 mM NaCl, the heat released per cell
was similar in ES10-5 and ES9-11 and much higher in the ancestor (Fig. 4B). The growth
energy efficiencies in LS4D plus 300 mM NaCl were not measured, due to the slow
growth. These data indicated that the improvement of growth energy efficiency in
evolved strains might provide an advantage for selection during evolution.

Overall transcriptional profile changes. To determine the transcriptional changes
associated with the physiological changes and improved salt tolerance, the transcrip-
tional profile of ES10-5 was examined and compared with those of ES9-11 and the
ancestor. Under nonstress conditions, the numbers of genes with significantly in-
creased or decreased expression, respectively, compared to the ancestor were 52 and
123 in ES10-5 and 62 and 88 in ES9-11. By eliminating the genes affected by deletion
(95 genes in ES10-5 and 8 genes in ES9-11 [Table S6]), the actual number of genes with
significant expression changes was lower in ES10-5. High salinity induced the smallest
transcriptional changes in ES10-5, an intermediate number of changes in ES9-11, and
the largest number of changes in the ancestor (Fig. 4C). The numbers of genes with
significantly increased or decreased expression were 71 and 128 in ES10-5 and 36 and
586 in ES9-11, and almost all the genes in the ancestor showed decreased expression.
The microarray data were validated by quantitative reverse transcription-PCR (qRT-PCR)
analysis of 36 genes which were differentially expressed in the ancestor and evolved
strains (Pearson coefficient r = 0.86, P < 0.001) (Fig. S4). Large-scale decreased gene
expression under high salinity in the ancestor might have been due to poor growth.
Here, we focused on the basal transcriptional changes under nonstress conditions and
transcriptional changes under high salinity to distinguish (i) the common changes in
ES10-5 and ES9-11, (ii) the novel changes in ES10-5, and (iii) the changes that occurred
only in ES9-11. The first two categories might represent the adaptive changes, and the
third category might be important for early-stage adaptation. We have reported here
genes in the format of operons which showed the same trend of expression changes
with at least one gene in the multigene operon showing more than a 3-fold change.

Basal transcriptional changes. Under nonstress conditions (Table 2), both ES10-5
and ES9-11 had increased expression of genes involved in glutamate and tryptophan
synthesis, iron uptake, and genetic material exchange, such as pilin genes. ES10-5 had
increased expression of acetolactate genes (ALS), which are involved in branched amino
acid biosynthesis (26), and ech hydrogenase genes. For cell motility-related genes,
ES9-11 had decreased expression of flagellar biosynthesis genes and increased expres-
sion of four methyl-accepting chemotaxis protein (MCP) genes. ES10-5 had in-
creased expression of one MCP gene, DVU0094. Increased expression of genes
involved in ion transport (e.g., operons DVU2378 to -2390, DVU0100 and -0101, and
DVUO0102 to -0104), energy metabolism (e.g., periplasmic [Ni-Fe] hydrogenase genes),
and transcriptional regulator genes were only observed in ES9-11. These transcriptional
changes might be important for early-stage adaptations.

Transcriptional changes under high salinity. Gene expression changes in the
following gene categories were examined (our findings are summarized in Table 3).

(i) Amino acid synthesis, transport, and metabolism. Both ES10-5 and ES9-11 had
increased expression of tryptophan synthesis genes and decreased expression of
methionine biosynthesis genes, solute-binding protein genes, and genes involved in
transport of glutamate or branched amino acids. ES10-5 had increased expression of
glutamate biosynthesis genes and branched amino acid transport genes. ES9-11 had
decreased expression of leucine biosynthesis genes. The results were consistent with
the increased abundance of glutamate in ES10-5 and the decreased abundance of
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TABLE 2 Basal gene expression changes relative to expression by the ancestor under nonstress conditions

ES9-11 ES10-5
Gene name? Annotation Log,R Zscore Log,R Z score
Amino acid biosynthesis and transport
DVU0465 (trpE) Anthranilate synthase, component | 1.23 1.08 1.78 1.45
DVU0466 (trpG) Anthranilate synthase, glutamine amidotransferase component  1.49 1.19 2.03 1.54
DVU0467 (trpD) Anthranilate phosphoribosyltransferase 1.52 1.15 2.09 1.51
DVU0468 (trpC) Indole-3-glycerol phosphate synthase 1.07 0.80 1.83 1.29
DVU0469 (trpF1) N-(5-Phospho-ribosyl)anthranilate isomerase 1.28 1.02 2.09 1.54
DVU0470 (trpB2) Tryptophan synthase, beta subunit 1.22 0.94 1.91 1.27
DVUO0471 (trpA) Tryptophan synthase, alpha subunit 0.87 0.57 1.83 1.09
DVU3290 Conserved domain protein 1.25 1.95 1.21 1.90
DVU3291 Glutamate synthase, [Fe-S] cluster-binding subunit, putative 0.81 1.40 1.16 1.94
DVU3292 Pyridine nucleotide-disulfide oxidoreductase 0.91 1.53 1.65 2.67
DVU0360 (ilvBT1) Acetolactate synthase, large subunit, biosynthetic type —043 —0.63 1.29 1.64
DVU0361 Acetolactate synthase lll, small subunit, putative —0.29 —0.42 1.78 2.46
DVU2615 Bacterial extracellular solute-binding protein, family 3 1.61 1.87 0.12 0.15
DVU2616 Sensory box histidine kinase/response regulator 1.19 1.25 —035 —038
DVU0724 Sodium/alanine symporter family protein -151 -1.27 0.53 0.40
DVU0758 Hypothetical protein -1.53 -1.76 0.17 0.19
DVUO0759 Peptidase, M29 family -150 -—2.02 0.02 0.03
Cell motility
DVU0094 MCP 0.17 0.28 1.24 2.02
DVU0700 MCP 1.85 2.32 —0.09 —0.12
DVU2585 MCP 2.08 2.85 0.48 0.68
DVUO0170 MCP 1.73 1.89 0.06 0.07
DVU3155 (dcrH) MCP DcrH 1.47 2.04 0.18 0.24
DVU0861 Glycosyl transferase, group 1 family protein -1.53 —2.44 0.56 0.85
DVU0862 Flagellar protein FliS/hypothetical protein, fusion -2.11  —-2.26 0.22 0.22
DVU0863 Flagellar hook-associated protein 2, putative —-2.72 -3.16 0.34 0.35
DVU1441 Flagellin —-232 -1.90 —0.21 —0.15
DVU1442 Flagellin FlaG, putative -1.52 -1.56 0.30 0.30
DVU1443 (figE) Flagellar hook protein FIgE —4.00 -—4.31 0.62 0.58
DVU1444 (figD) Basal body rod modification protein FlgD —4.22 —4.58 0.05 0.05
DVU1445 Flagellar hook length control domain protein —-2.76 —3.53 0.22 0.26
DVU2082 (flaD) Flagellin, putative -2.25 —-2.09 —-0.19 —-0.16
DVUO0512 Flagellar basal body rod protein, putative -1.16 —1.06 0.17 0.14
DVU0513 (figG) Flagellar basal body rod protein FIgG -1.04 -1.25 0.99 1.07
DVU0518 Hypothetical protein -1.76 —-1.97 0.34 0.34
DVUO0519 Flagellar hook-associated protein FIgK, putative -1.24 —1.56 0.49 0.58
Intracellular trafficking, secretion,
and vesicular transport
VIMSS-11399217 Pilin, gene 1.89 3.08 2.03 3.02
DVU2116 Pilin, putative 2.39 3.49 2.16 2,97
DvVU2117 Membrane protein, putative 1.67 2.21 0.60 0.77
DVU2118 Conserved hypothetical protein 1.51 2.19 0.56 0.80
DVU2119 Type II/lll secretion system protein 1.41 2.00 0.06 0.09
DVU2120 Hypothetical protein 1.59 2.24 0.01 0.02
DvU2121 Response regulator 1.42 2.10 0.13 0.21
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TABLE 2 (Continued)

mBio’

ES9-11 ES10-5
Effect of mutation and locus tag® Annotation Log,R Z score Log,R Z score
lon transport
DVU2571 (feoB) Ferrous iron transport protein B 1.59 1.63 1.94 1.69
DVU2378 Transcriptional regulator, AraC family 3.23 5.03 —0.04 —0.06
DVU2379 Peptidase, M16 family, putative 2.90 3.99 0.83 1.19
DVU2380 ABC transporter, ATP-binding protein 3.35 5.75 NA NA
DVU2381 Conserved hypothetical protein 3.20 5.76 0.60 1.12
DVU2382 Conserved domain protein 2.19 3.67 0.35 0.62
DVU2383 TonB-dependent receptor domain protein 291 5.08 0.71 1.31
DVU2384 ABC transporter, periplasmic substrate-binding protein 2.85 5.27 0.71 1.36
DVU2385 ABC transporter, permease protein 2.84 5.47 NA NA
DVU2386 ABC transporter, permease protein 0.94 1.69 0.62 1.09
DvU2387 ABC transporter, ATP-binding protein 2.62 4.70 0.45 0.85
DVU2389 Biopolymer transport protein, ExbD/TolR family 2.14 3.74 0.65 1.17
DVU2390 TonB domain protein 1.95 2.55 0.31 0.45
DVU0100 TonB-dependent receptor 1.47 2.30 —0.07 —0.11
DvUO0101 Methlytransferase, UbiE/COQ5 family 1.59 2.40 0.53 0.82
DVU0102 Cation ABC transporter, periplasmic binding protein 1.86 2.79 0.73 1.15
DVU0103 Cation ABC transporter, ATP-binding protein, putative 1.70 2.77 0.57 0.98
DvUO0104 Cation ABC transporter, permease protein, putative 1.55 2,22 0.05 0.08
Energy metabolism
DVU0429 Ech hydrogenase, subunit EchF, putative —-0.24 —0.36 2.84 3.03
DVU0430 Ech hydrogenase, subunit EchE, putative —0.12 —0.15 1.69 1.81
DVU0431 Ech hydrogenase, subunit EchD, putative —-0.18 —-0.24 1.96 2.12
DVU0432 Ech hydrogenase, subunit EchC, putative -0.23 -0.33 2.10 2.46
DVU0433 Ech hydrogenase, subunit EchB, putative —0.31 —0.48 2.52 2,75
DVU0434 Ech hydrogenase, subunit EchA, putative —0.04 —0.06 2.70 3.21
DVU2524 Cytochrome c;, putative 1.96 295 0.07 0.11
DVU2525 (hynB2) Periplasmic [Ni-Fe] hydrogenase, small subunit, isozyme 2 2.05 3.49 0.37 0.63
DVU2526 (hynA2) Periplasmic [Ni-Fe] hydrogenase, large subunit, isozyme 2 2.28 4.00 0.74 1.32
Signal transduction mechanisms
DVU2097 Transcriptional regulator, putative 1.63 1.87 0.34 0.41
DVU2281 (torS) Sensor histidine kinase/response regulator 1.80 2.24 0.26 0.33
DVU0330 Response regulator 1.64 2.16 —0.06 —0.09
DVU0976 Response regulator —3.54 —-3.72 0.47 0.46
DVU1805 GGDEF domain protein —-2.37 —-2.57 0.36 0.35

a0perons are grouped together. Expression levels that increased (positive values) or decreased (negative values) more than 2-fold are indicated in boldface. NA, no

data available.

leucine in ES9-11. In addition, ES9-11 had decreased expression of polyamine transport
genes, which have been shown to be important for stress tolerance in plants (27).

(ii) Cell motility. Both ES10-5 and ES9-11 had increased expression of MCP gene
DVU0094 and decreased expression of three MCP genes. ES9-11 had decreased expres-
sion of three additional MCP genes and a flagellum biosynthesis gene, flaB3 (DVU2444).
The results suggested that both MCP and flagellum biosynthesis genes might contrib-
ute to the cell motility decrease under salt stress but that decreased flagellum biosyn-
thesis is important for early-stage adaptation.

(iii) lon transport. Both ES10-5 and ES9-11 had increased expression of a TonB
domain-containing protein gene, DVU0099, that is potentially involved in uptake of
cobalamin and iron, as DVU0949 contains an ABC-type Co2* transport domain and
drug efflux pump genes DVU0525 to -0526 and shows decreased expression of
DVU0079, which is potentially involved in zinc transport, and DVU0567, which is
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TABLE 3 Gene expression changes stimulated by high salinity

mBio’

ES9-11 ES10-5
Gene name? Annotation Log,R Z score Log,R Z score
Amino acid biosynthesis and
transport
DVU2204 (tnaA) Tryptophanase 1.74 3.13 1.44 1.88
DVU0674 His/Glu/GIn/Arg/opine ABC transporter permease —1.66 —2.90 -1.74 —2.09
DVU0675 (fliY) Amino acid ABC transporter, periplasmic amino —-1.46 —-2.40 -1.36 —-1.72
acid-binding protein
DVU0676 His/Glu/GIn/Arg/opine ABC transporter permease —-2.05 —3.59 -1.29 -1.79
DVU3371 (metE) 5-Methyl-tetrahydropteroyl triglutamate-homocysteine —4.48 —6.37 —2.42 —2.02
methyltransferase
DVU0031 AzIC family protein —-2.07 —3.64 -1.75 —-2.77
DVU0032 Hypothetical protein DVU0032 —-2.09 —-3.98 -1.76 —3.01
DVU0089 Hypothetical protein —2.44 —4.25 -1.20 —2.05
DVU2615 Solute-binding family 1 protein —-2.91 —4.93 -1.57 —2.59
DVU2616 Sensory box histidine kinase/response regulator —2.80 —4.54 -1.00 -1.56
DVU3290 Hypothetical protein DVU3290 —0.48 —0.81 1.39 1.69
DVU3291 Glutamate synthase, [Fe-S] cluster-binding subunit, putative —0.31 —0.58 1.24 1.79
DVU3292 Pyridine nucleotide-disulfide oxidoreductase 0.23 0.41 1.34 1.69
DVU2740 (livF) High-affinity branched-chain amino acid ABC transporter, —0.68 —1.28 1.10 1.66
ATP-binding protein
DVU2741 (livG) High-affinity branched-chain amino acid ABC transporter, —0.86 —1.59 1.28 1.78
ATP-binding protein
DVU2742 (livM) High-affinity branched-chain amino acid ABC transporter, —-0.27 —0.50 1.64 2.23
permease protein
DVU2743 (livH) High-affinity branched-chain amino acid ABC transporter, 0.22 0.39 1.52 2.13
permease protein
DVU2744 (livK) High-affinity branched-chain amino acid ABC transporter, 0.32 0.55 1.53 1.41
periplasmic amino acid-binding protein
DVUO0085 (trpBT) Tryptophan synthase subunit beta 1.81 2.06 1.01 0.91
DVUO0758 Hypothetical protein DVU0758 1.75 2,73 0.81 0.80
DVUO0759 M29 family peptidase 1.24 2,13 0.86 0.94
DVU2981 (leuA) 2-Isopropylmalate synthase -1.24 -1.93 0.48 0.34
DVU2982 3-Isopropylmalate dehydratase, large subunit -1.33 —2.23 0.08 0.07
DVU2983 (leuD) 3-Isopropylmalate dehydratase, small subunit -1.64 —-2.79 -0.10 —0.09
DVU2984 Hypothetical protein DVU2984 -1.67 —2.88 0.52 0.44
DVU2985 (leuB) 3-Isopropylmalate dehydrogenase -1.36 —-2.30 0.42 0.33
DVU0095 (potDT) Polyamine ABC transporter, periplasmic polyamine-binding protein -1.39 —2.31 —0.34 -0.33
DVU0096 (potC) Spermidine/putrescine ABC transporter membrane protein -1.80 -3.09 —0.81 —0.89
DVU0097 (potB) Polyamine ABC transporter, permease protein -1.42 —2.45 —0.81 —0.98
DVUO0098 (potA) Putrescine/spermidine ABC transporter ATPase protein -1.16 —2.09 —0.53 —0.67
Cell motility
DVU0094 MCP 1.54 2.67 1.92 2.06
DVU0700 MCP —-3.74 —6.28 —2.25 —4.01
DVUO0170 MCP —-2.45 —4.25 —2.44 —4.05
DVU0608 MCP —2.29 -3.77 —-1.94 —2.66
DVU3155 (dcrH) MCP DcrH —-2.43 —4.36 —1.28 —2.04
DVU0652 (cheV2) Chemotaxis protein CheV -1.52 —-2.50 —-0.97 —-1.37
DVU0992 (cheV3) Chemotaxis protein CheV -1.61 —2.67 —0.80 —0.98

November/December 2017 Volume 8 Issue 6 e01780-17

(Continued on next page)

mbio.asm.org 13


http://mbio.asm.org

Zhou et al.

TABLE 3 (Continued)

mBio’

ES9-11 ES10-5

Gene name? Annotation Log,R Z score Log,R Z score
DVU2585 MCP —2.67 —4.51 —0.66 —1.08
DVU2444 (flaB3) Flagellin -1.47 —2.44 0.21 0.16

lon transport
DVU0099 TonB domain-containing protein 1.33 1.91 2.99 3.09
DVU0525 MarR family transcriptional regulator 1.17 1.94 1.39 1.51
DVUO0526 Drug resistance transporter, putative 1.39 2.47 1.85 2.25
DVU0948 Hypothetical protein 0.93 0.97 2.08 1.80
DVU0949 Hypothetical protein 1.66 1.74 2.29 2.18
DVUO0079 (gufA) ZIP zinc transporter family protein -1.99 —2.87 -1.84 —2.43
DVU0080 (fumC) Fumarate hydratase -2.10 —-3.22 -1.75 —2.42
DVUO0567 TerC family protein -1.97 —3.26 -1.79 —2.22
DVUO0100 TonB-dependent receptor 0.74 1.00 2.35 2.52
DVUO0101 UbiE/COQ5 family methlytransferase 0.91 1.33 2.54 2.65
DVU0102 Cation ABC transporter, periplasmic binding protein 0.69 1.00 2.56 2.40
DvVU0103 Cation ABC transporter, ATP-binding protein, putative 0.61 0.98 2.59 3.13
DVU0104 Cation ABC transporter, permease protein, putative 0.37 0.54 1.80 2.18
DVU1934 Phosphonate ABC transporter, permease protein -1.59 —-2.49 —0.72 —-0.77
DVU1935 Phosphonate ABC transporter, permease protein -1.78 —-3.04 —0.67 —0.74
DVU1936 Phosphonate ABC transporter, ATP-binding protein -1.78 —2.88 —0.95 —0.90
DVU2477 Phosphate ABC transporter, periplasmic phosphate-binding —-0.91 —1.57 0.20 0.17

protein, putative
DVU2478 (pstC) Phosphate ABC transporter, permease protein PstC -1.61 —2.99 0.24 0.30
DVU2479 Phosphate ABC transporter, permease protein, putative —1.48 —2.88 0.45 0.63
DVU3334 o>4-dependent DNA-binding response regulator -1.60 —2.90 -0.35 —0.54
DVU3335 Sensory box histidine kinase -1.91 -3.27 -1.15 —1.84
DVU3336 Potassium channel histidine kinase domain-containing -1.23 -2.11 -0.70 -1.10
protein/universal stress protein

DVU3337 (kdpC) K*-transporting ATPase, C subunit -1.77 —3.33 -0.23 -0.42
DVU3338 (kdpB) K*-transporting ATPase, B subunit -1.39 —2.63 0.44 0.75
DVU3339 (kdpA) K*-transporting ATPase, A subunit —0.92 —1.75 —-0.13 —-0.23

Energy metabolism
DvU3107 Cytochrome ¢ family protein —-2.31 -3.91 -3.97 —6.46
DVU1810 Hypothetical protein DVU1810 -1.38 -1.99 —0.60 -0.71
DVU1811 Protoheme IX farnesyltransferase, putative -1.21 -1.93 -1.04 —-1.43
DVU1812 Cytochrome ¢ oxidase, subunit I, putative -1.83 —-2.73 -1.04 —-1.41
DVU1813 Hypothetical protein DVU1813 —-1.43 —-2.35 -1.09 -1.50
DVU1814 Cytochrome ¢ oxidase, subunit ll, putative -1.13 —-1.95 —-0.97 —1.28
DVU1815 Cytochrome ¢ oxidase, subunit |, putative -1.54 —2.42 -1.06 -1.30
DVU1816 Hypothetical protein DVU1816 —1.08 -1.77 —0.44 —0.44
DVU3143 [Fe-S] cluster-binding protein —-2.61 —4.89 —0.89 —1.48
DVU3144 Cytochrome ¢ family protein —-2.85 —5.36 -1.20 -2.14
DVU3145 Hydrogenase, b-type cytochrome subunit, putative -1.86 —3.30 —0.43 -0.76
DVU2524 Cytochrome c;, putative —2.44 —4.24 —0.76 —-1.39
DVU2525 (hynB2) Periplasmic [Ni-Fe] hydrogenase, small subunit, isozyme 2 —-2.91 —5.31 —0.67 —1.22
DVU2526 (hynA2) Periplasmic [Ni-Fe] hydrogenase, large subunit, isozyme 2 —2.68 —4.96 —1.08 —2.02
DVUO0529 Transcriptional regulator, rrf2 protein, putative 0.11 0.21 1.80 2.73
DVUO0530 Response regulator, rrf1 protein —0.12 -0.23 2.28 293
DVUO0531 hmc operon protein 6 0.12 0.23 2.32 2.73
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TABLE 3 (Continued)

mBio’

ES9-11 ES10-5

Gene name? Annotation Log,R Z score Log,R Z score
DVUO0532 hmc operon protein 5 0.72 1.31 2.58 3.13
DVU0533 hmc operon protein 4 0.26 0.49 2.57 3.46
DVU0534 hmc operon protein 3 0.40 0.75 2.39 2.94
DVUO0535 (hmcB) 40.1 kDa protein in hmc operon 043 0.76 2.60 2.87
DVUO0536 (hmcA) High-molecular-weight cytochrome ¢ 0.63 1.15 2.82 2.96
DVU0429 Ech hydrogenase, subunit EchF, putative -1.05 -1.97 —0.78 —0.73
DVU0430 Ech hydrogenase, subunit EchE, putative -1.50 —2.72 0.13 0.11
DVU0431 Ech hydrogenase, subunit EchD, putative —-1.51 —-2.75 —=0.11 —0.11
DVU0432 Ech hydrogenase, subunit EchC, putative —1.08 —-1.94 -0.10 -0.10
DVU0433 Ech hydrogenase, subunit EchB, putative —-1.00 —1.80 —0.85 —0.82
DVU0434 Ech hydrogenase, subunit EchA, putative -139 —-2.59 —0.90 —0.95

Signal transduction mechanisms
DVU2086 GntR family transcriptional regulator 1.25 2.09 1.78 2.01
DVU2079 Sensory box histidine kinase —2.32 —3.72 —-2.73 —4.24
DVU2281 Sensor histidine kinase/response regulator —3.21 —5.27 —2.42 —4.12
DVU3269 Sensory box histidine kinase/response regulator -1.93 —3.32 —-1.53 -2.10
DVU0330 Response regulator —2.82 —4.60 -1.60 —2.87
DVU0331 Sensory box histidine kinase, putative -1.17 —1.80 -1.79 -2.10
DVU0598 Carbon starvation protein A, putative -1.76 —3.02 —-1.63 —-1.94
DVU0721 Sensory box histidine kinase —2.06 —3.43 —2.32 —3.00
DVU0722 Response regulator —2.91 —4.74 —2.08 —-3.27
DVU0742 Hypothetical protein DVU0742 -1.11 —-1.95 -0.80 -1.10
DVU0743 Sensory box histidine kinase -1.94 —3.42 —-1.44 —-2.16
DVU0744 o>4-dependent transcriptional regulator/response regulator —-1.84 —3.36 —-1.52 —-2.41
DVU3142 o°4-dependent transcriptional regulator 0.32 0.58 1.65 1.93
DVU2378 (foxR) AraC family transcriptional regulator —0.11 -0.15 2.16 3.13
DVU1760 TetR family transcriptional regulator 1.57 2.19 0.78 0.86
DVU0449 Sensor/response regulator -1.77 -3.27 —0.76 —1.33
DVU2114 o°>4-dependent transcriptional regulator/response regulator —-1.66 —2.42 —0.45 —0.53
DVUA0025 Response regulator receiver domain protein —2.44 —-3.73 —0.96 —1.35
DVU2950 Sensory box protein/GGDEF domain protein, authentic frameshift -1.72 —2.72 —0.39 —0.55

Intracellular trafficking, secretion,

and vesicular transport

DvU2117 Hypothetical protein DVU2117 —-2.14 —3.92 -1.34 —2.28
DVU2118 Hypothetical protein DVU2118 —2.48 —4.44 —-1.51 —2.56
DVU2119 Type I/l secretion system protein —-2.90 —4.82 -1.36 —-2.40
DVU2120 Hypothetical protein DVU2120 -3.30 —5.71 -1.76 —-3.25
DVU2121 Response regulator —2.86 —4.94 —0.96 —-1.72
DVU2122 (cpaF) Type Il/IV secretion system protein —-2.55 —4.71 -1.16 —2.13
DvU2123 Hypothetical protein DVU2123 —-2.27 —4.24 -1.92 —3.64
DVU2124 Hypothetical protein DVU2124 —2.98 —5.64 —-2.17 -4.10
DVU2125 TPR domain-containing protein —2.08 —3.89 —0.64 —-1.13
DVU2126 Hypothetical protein DVU2126 —2.97 —-5.30 -1.36 —-2.40
DvU2127 Von Willebrand factor type A domain-containing protein —2.08 —3.82 —0.70 —1.22
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TABLE 3 (Continued)

mBio’

ES9-11 ES10-5
Gene name? Annotation Log,R Z score Log,R Z score
Carbohydrate transport and
metabolism
DVU3131 Transcriptional regulator, putative -1.97 -3.10 -2.17 -3.10
DVU3132 Glycerol-3-phosphate dehydrogenase, FAD dependent -2.91 —4.84 —-2.70 —4.74
DVU3133 Glycerol uptake facilitator protein -1.97 —-3.02 —-2.70 —4.37
DVU3134 (glpK) Glycerol kinase —2.59 —4.65 —2.61 —3.67
DVUA0036 TPR domain protein 0.19 0.35 1.58 1.97

a0perons are grouped together. Expression levels that increased (positive values) or decreased (negative values) more than 2-fold are indicated in boldface.

potentially involved in efflux of tellurium ions. In addition, ES10-5 had increased
expression of a TonB-dependent receptor gene, DVU0100, and cation ABC transporter
genes DVUO0102 to -0104; higher basal expression of these genes was also found in
ES9-11, suggesting the importance of these genes at both early and later stages during
adaptation. Decreased expression of genes involved in transport of phosphate, phos-
phonate, or potassium was observed only in ES9-11.

(iv) Energy metabolism. Both ES10-5 and ES9-11 had decreased expression of
cytochrome ¢ genes and periplasmic [Ni-Fe] hydrogenase genes. ES10-5 had increased
expression of hmc genes, while ES9-11 had decreased expression of ech genes. As
ES10-5 had higher basal expression of ech genes, the results suggested that ES10-5 had
an overall higher expression of energy metabolism genes. Expression of [Ni-Fe] hydro-
genase genes DVU2525 and -2526 increased under nonstress conditions but decreased
under high-salinity conditions in ES9-11, suggesting that expression of these genes
might be unfavorable for overall energy efficiency.

(v) Signal transduction mechanisms. Both ES10-5 and ES9-11 had increased
expression of a GntR family transcriptional regulator gene, DVU2086, and decreased
expression of the two-component system genes DVU0330 and -0331, DVU0721 and
-0722, and DVU0743 and -0744. In addition, ES10-5 had increased expression of the
sigma-54-dependent transcriptional regulator gene DVU3142 and an AraC family tran-
scriptional regulator gene, DVU2378. AraC and GntR family transcriptional regulators
have been shown to be involved in stress responses in other microorganisms (28, 29).
ES9-11 had increased expression of the TetR family transcriptional regulator gene
DVU1760 and additional response regulators, such as DVU2114, which is involved in
regulating pili (30).

(vi) Genes involved in other cellular pathways. Both ES10-5 and ES9-11 had
decreased expression of genes involved in carbohydrate transport and metabolism or
in intracellular trafficking, secretion, and vesicular transport. Genes in the latter cate-
gory are involved in the salt stress response of other organisms (31, 32). Increased
expression of general stress response genes, such as phage shock protein genes
DVU2986 and DVU2988 and heat shock protein genes DVU2441 and DVU2442, was
only observed in ES9-11 (Table S7). Expression of general stress response genes was
also found after short-term adaptation to salt stress in the ancestral D. vulgaris Hilden-
borough (17), suggesting that the general stress response is involved in early-stage
adaptation.

DISCUSSION

Rapid phenotypic and genetic adaptations are common in experimental evolution
(1, 33). The aim of this study was to identify the key cellular components for salt
adaptation in D. vulgaris Hildenborough and reveal the mechanistic changes associated
with improved salt tolerance over an evolutionary time scale. Two genotypes, ES10-5
and ES9-11, representing the best salt adaptation phenotypes at 5,000 gen and
1,200 gen, respectively, were analyzed. Given the differences in the duration of evolu-
tion and salt tolerance phenotype and the presence of common mutations in ES10-5
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and ES9-11, comparison of the two genotypes shed light on the mechanistic changes
of salt adaptation over time. The results indicated the key roles of glutamate and the
branched PLFA i17:1w9c for salt tolerance in D. vulgaris Hildenborough.

The overall basal physiological and transcriptional changes and responses to high
salinity in ES10-5 were less dramatic than those in ES9-11. First, the basal abundance
levels of most organic solutes in ES10-5 were similar to those of the ancestor, and
glutamate and glutamine were the only two metabolites that were responsive to high
salinity in ES10-5 (Fig. 2). Second, the magnitudes of basal and responsive changes
(relative percentages) of PLFA were smaller in ES10-5 (Fig. 3). Third, the numbers of
genes with significant expression changes were lower in ES10-5. Basal transcriptional
changes, potentially important for the initial adaptation, have been observed also in
experimentally evolved yeast (Saccharomyces cerevisiae) (34). Diminished basal physi-
ological and transcriptional changes in ES10-5 might be indicative of adaptation via
optimization of transcriptional and physiological responses to salt stress, similar to the
observations in evolution of metabolically perturbed or stress-perturbed microorgan-
isms (15, 20-23).

The mechanistic differences between ES10-5 and ES9-11 suggested that growth
energy efficiency might be a key factor for selection during salt adaptation. Under
nonstress conditions, decreased expression of flagellum synthesis genes and increased
ion transport genes were only observed in ES9-11. Under high-salinity conditions,
ES9-11 had decreased expression of flagellar synthesis genes and phosphate or potas-
sium transport genes. ES10-5 had increased expression of genes involved in energy
metabolism, glutamate biosynthesis, and ion transport. Glutamate biosynthesis and
flagellar biosynthesis are processes with high energy costs (35). Decreased expression
of flagellum biosynthesis genes and decreased cell motility in ES9-11 might be indic-
ative of an energy-saving strategy. Decreased expression of flagellar biosynthesis genes
was also observed in the acute response of D. vulgaris to salt shock (16) and of
high-temperature-evolved E. coli (21), suggesting that decreased cell motility might be
a common immediate strategy under stress conditions. Higher expression of the energy
metabolism genes ech and hmc in ES10-5 (Table 2 and 3) might help to meet the
increased energy demand. In addition, genome reduction, resulting from large dele-
tions in the chromosome (7.8 kb from ES9-11 and 37.4 kb from ES10-5) and the plasmid
DNA (106 kb from ES10-5) might contribute to better energy efficiency management
(36). We speculate that energy-efficient individuals were selected during evolution,
possibly due to faster growth.

The results also demonstrated the complex relationship between a genotype and a
phenotype. ES10-5 had more mutations than ES9-11 (36 versus 10 mutations affecting
single genes). The two genotypes shared five preexisting polymorphism-derived mu-
tations and different alleles in three genes. Surprisingly, their growth performances were
similar, except that ES10-5 entered the stationary growth phase about 12 h earlier when
grown in LS4D plus 250 mM NaCl. The superior salt tolerance of ES10-5 became obvious
when tested in LS4D plus 300 mM NaCl (Fig. 1). The results confirmed the large contribution
of the early or first-step mutations in adaptation, as observed in evolution of other
microorganisms (1, 33). Despite new mutations in genes that potentially affect salt toler-
ance in ES10-5, such as ABC transporters, permeases, and membrane proteins (Table 1), it
is challenging to link these mutations to physiological changes and salt tolerance, possibly
due to the negative epistasis that occurs among beneficial mutations (37, 38).

In conclusion, comparison of D. vulgaris strains allowed to evolve for a different number
of generations revealed glutamate as the key osmolyte and i17:1w9c as a key PLFA for salt
tolerance and the mechanistic changes associated with improved salt tolerance. Future
studies will focus on analysis of gene function and gene regulatory networks in multiple
populations to dissect the molecular mechanisms of salt adaptation.

MATERIALS AND METHODS

Bacterial strains and growth conditions. Six replicate Desulfovibrio vulgaris Hildenborough popu-
lations (salt stress evolved, strains ES7 to -12) were allowed to experimentally evolve in defined LS4D
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medium (60 mM lactate as the electron donor and 50 mM sulfate as the electron acceptor) supplemented
with 100 mM Nacl (18) for 5,000 gen. Populations were archived at 100-gen intervals as glycerol stocks
(1-ml stationary-phase cultures mixed with 0.5 ml of 50% glycerol) and stored at —80°C. Single colonies
were obtained by plating on LS4D with 300 mM NaCl (1% agar). Randomly picked clones were
propagated in liquid LS4D plus 300 mM NaCl for 3 days before transferring to LS4D (10% inoculum) for
one more round of growth (48 h) to reduce the NaCl carryover in glycerol stocks. Strain ES9-11 was
isolated from the 1,200-gen population ES9 (18).

For subsequent experiments, glycerol stocks (150 wl) were revived in LS4D (10 ml). After 48 h of
growth, a 1% inoculum was transferred into production vessels or Hungate tubes for biomass production
or growth phenotype tests.

Whole-genome sequencing. Genomic DNA was isolated from ES10-5 by using a modified cetylt-
rimethylammonium bromide method (39). The sequencing library was prepared with the Nextera DNA
sample preparation kit (catalog number FC-121-1031; lllumina, San Diego, CA) and sequenced with a
MiSeq benchtop sequencer (lllumina) in a 2X 250-cycle format. Alignments to the D. vulgaris Hilden-
borough reference sequences (NC_002937.3 [chromosome] and NC_005863.1 [plasmid]) and mutation
calls (single nucleotide polymorphisms [SNP], insertions, or deletions) were performed with Geneious
9.1.5 (Biomatters Ltd.). Final calls of mutations were manually checked and confirmed by PCR and Sanger
sequencing (Table S3).

Metabolites assay. Metabolites were extracted from mid-exponential-phase culture pellets (five
replicates) with a cold methanol method (40) and analyzed using an Agilent 6550 Q-TOF apparatus
(Agilent Technologies, Santa Clara, CA). Liquid chromatography (LC) separation was conducted on an
Agilent 1290 ultrahigh-performance LC (UHPLC) system (Agilent Technologies, Santa Clara, CA) with a
150- by 2.1-mm, 5-pum, 200-A SeQuant ZIC-pHILIC column (EMD Millipore, Billerica, MA) and guard
column of 20 by 2.1 mm, 5 um (EMD Millipore, Billerica, MA) (41). MassHunter (Agilent) was used for
initial data analysis, and Metabolite Atlas was used for targeted data analysis. Compounds were
confirmed using authentic standards.

PLFA and motility assays. Late-exponential-phase cultures (four replicates) were harvested for PLFA
assays (Microbial ID Inc., Newark, DE) (18). Briefly, fatty acids were extracted, methylated, and then
analyzed on a gas chromatograph equipped with a flame ionization detector. Peaks were identified with
Sherlock software (Microbial ID Inc.).

To test cell motility, mid-exponential-phase cell cultures (5 ul, ODgy, of ~0.4) were applied to the
surfaces of 0.4% (wt/vol) soft agar LS4D plates supplemented with 0, 250 mM, or 300 mM NaCl. After
4 days at 37°C, the colony diameters were measured.

Microcalorimetric assay. The microcalorimetric measurements were performed on a TAM Ill nano-
calorimeter (TA Instruments, New Castle, DE), which measures the heat flow between a reaction cell and
reference cell (42-44). Prior to each experiment, the heat flow response of the calorimeter was calibrated
by electrical heating of 4 ml Hastelloy in the reaction cell and 3 ml of LS4D or LS4D plus 250 mM NacCl
in the reference cell at 37°C, and the response was verified by measuring the heat of protonation of
Tris-hydroxymethylaminomethane (Tris-THAM) at 25°C (45). After calibration, the precultures from LSD
medium were inoculated (10%) into Balch tubes, and 3 ml of culture was immediately dispensed into a
sterile reaction cell in an anoxic glove box and transferred into the calibrated microcalorimeter. After the
heat flow reached baseline, the reaction cell was removed and sampled for cell counts with Sybr green
(46, 47). Heat levels during growth were derived by integration of the heat flow curves. The total heat
was normalized to the total cell number in a vial.

Transcriptomics and real-time qRT-PCR analysis. Triplicate cultures grown in LS4D (ODg,,, ~0.4) or
LS4D plus 300 mM NaCl (ODg,, values of ~0.4 for ES10-5, ~0.3 for ES9-11, and ~0.15 for the ancestor)
were harvested by spinning 50-ml cell cultures at 6,000 X g for 10 min at 4°C. The pellets were frozen
in liquid nitrogen and stored at —80°C.

Total RNA was isolated with the NucleoSpin RNA Il system (catalog number 740955; Clontech).
Labeling of total RNA (2 ng per sample) with Cy3 and of genomic DNA (gDNA; 1.5 pg per labeling
reaction mixture) with Cy5 was conducted as described previously (48). Cy3-cDNA and Cy5-gDNA (1/12
of one labeling reaction product) were cohybridized to one array on custom 12-plex NimbleGen
oligonucleotide microarrays for 16 h at 42°C. The microarray consisted of 9,619 gene-specific 65-mer
probes (three probes per gene and six replicates per probe), negative controls (1,689 probes specific to
thermophiles), and positive controls (1,200 probes specific to 16S). After washing and drying, the arrays
were scanned with a NimbleGen MS200 microarray scanner (Roche NimbleGen, Madison, WI) at 100%
laser power and 100% PMT (photomultiplier tube) level. The transcript abundance was calculated as the
ratio of the signal intensities with Cy3 and Cy5. Gene expression changes with |Z|scores of =1.5
and |Iong|vaIues of =1.5 were considered significant. Genes detected in at least two out of three
biological replicates were kept for detrended correspondence analysis (DCA). gRT-PCR of 36 genes
(Table S4) was conducted (17) to validate the microarray data.

Accession number(s). The microarray data were deposited in the NCBI GEO database under
accession number GSE103797.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/mBio
.01780-17.

FIG S1, TIF file, 0.8 MB.

FIG S2, TIF file, 0.7 MB.
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