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Abstract

Inhibitors can be used to control the functionality of microbial communities by targeting specific metabolisms. The targeted
inhibition of dissimilatory sulfate reduction limits the generation of toxic and corrosive hydrogen sulfide across several industrial
systems. Sulfate-reducing microorganisms (SRM) are specifically inhibited by sulfate analogs, such as perchlorate. Previously,
we showed pure culture SRM adaptation to perchlorate stress through mutation of the sulfate adenylyltransferase, a central
enzyme in the sulfate reduction pathway. Here, we explored adaptation to perchlorate across unconstrained SRM on a
community scale. We followed natural and bio-augmented sulfidogenic communities through serial transfers in increasing
concentrations of perchlorate. Our results demonstrated that perchlorate stress altered community structure by initially selecting
for innately more resistant strains. Isolation, whole-genome sequencing, and molecular biology techniques allowed us to define
subsequent genetic mechanisms of adaptation that arose across the dominant adapting SRM. Changes in the regulation of
divalent anion:sodium symporter family transporters led to increased intracellular sulfate to perchlorate ratios, allowing SRM to
escape the effects of competitive inhibition. Thus, in contrast to pure-culture results, SRM in communities cope with perchlorate
stress via changes in anion transport and its regulation. This highlights the value of probing evolutionary questions in an
ecological framework, bridging the gap between ecology, evolution, genomics, and physiology.

Introduction

Specific inhibitors, targeting a particular metabolism in a
diverse community, represent a promising strategy for
controlling the generation of harmful microbial metabolic
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end-products [1-3]. One such harmful byproduct is the
toxic and corrosive compound hydrogen sulfide (HS),
which is primarily produced through the respiration of
sulfate (SO,>7) by dissimilatory sulfate-reducing micro-
organisms (SRM). SRM form a crucial link between the
carbon and sulfur cycles, and are prevalent in anoxic
environments [4]. Further, they pose significant economic,
environmental, and human health consequences, particu-
larly through corrosion of infrastructure used by the oil and
gas, and municipal wastewater treatment industries [5].
Efforts to develop potent and specific inhibitors of SRM
have identified strong inhibition by sulfate analogs such as
molybdate, nitrate, and more recently, perchlorate [2, 6-10].

The sulfate analog perchlorate (ClOy) is a specific inhibitor
of SRM which targets the central pathway for sulfate reduction,
competitively inhibiting sulfate turnover by the sulfate adeny-
lyltransferase (Sat) [7, 11-14]. Sat catalyzes the first step in
sulfate reduction, using ATP to activate sulfate to adenosine
phosphosulfate, which is subsequently reduced to sulfite and
sulfide. In the model SRM Desulfovibrio alaskensis G20,
perchlorate stress can be relieved through inactivation of the
rex gene, a redox-sensitive transcriptional regulator, that
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represses sat and other genes central to sulfate respiration
[9, 15, 16]. The de-repression of sar increases perchlorate
resistance by providing more enzymes for sulfate turnover
[9, 15, 16]. Non-intuitively, D. alaskensis G20 can also adapt
to 100 mM perchlorate via a single base pair substitution in sat
(sat(709T > G)) [17]. In vitro characterization of the wild type
and mutant sat reveals that this substitution decreases
perchlorate-mediated inhibition of sulfate turnover approxi-
mately threefold. While sar is a target of inhibition by per-
chlorate in pure culture, previous work has failed to detect
adaptation of sulfate-reducing communities to this inhibitor
[18]. Thus, the relevance of sa#(709T >G) in an ecological
context, where the cost/benefit balance of mutations in a key
respiratory gene may be shifted, remains unknown.

Adaptive laboratory evolution is an experimental
approach that can identify mechanisms of adaptation across
various contexts [19-23]. Recent studies highlight the
importance of integrating ecology and evolution by study-
ing adaptation in ecologically-relevant contexts; prediction
of evolutionary outcomes must consider the diversity and
composition of communities [24-27]. More recently,
Lenski outlined the ESENCE method—‘embedded species
evolving in a natural community’—as an approach for
expanding adaptive evolution studies to communities [28].
In the case of perchlorate, understanding both targets and
mechanisms of resistance in a community context is of
practical value, as perchlorate is an emerging treatment for
sulfide production in oil reservoirs [9, 11, 29]. Moreover,
understanding targets of adaptation to perchlorate stress in
new organisms provides basic insights into dissimilatory
sulfate reduction, its regulation, and control over its
specificity.

Here, we use adaptive evolution to probe the evolutionary
trajectories of both model and non-model SRM in communities
and under increasing perchlorate stress. We demonstrate the
importance of ecological sorting as an initial response. Isola-
tion, whole genome and metagenomic sequencing, and clas-
sical molecular biology techniques allow us to further identify
two anion transporters critical to the genetic mechanism of
adaptation in the dominant adapting SRM. In contrast to pre-
vious pure culture results, which emphasize sat as a primary
target of perchlorate, we find that in a community setting,
adaptation targeted anion transport and its regulation. This
work emphasizes the importance of anion transport in response
to sulfate analog stress in environmental systems.

Methods
Sequence data availability

All sequencing data are publicly available under the NCBI
BioProject ID PRINA560652.

Adaptive evolution in communities

Adaptive evolution experiments were performed using a
sulfate-reducing community enriched from San Francisco Bay
sediment in modified artificial pore water medium (APM) with
20mM sulfate and 2g/lL yeast extract [18]. Cultures
(3 replicates) were transferred into modified APM with 60 mM
lactate, 20 mM sulfate, and 10 mM perchlorate and growth of
SRM was monitored by quantifying sulfide production using
the Cline assay [30]. Upon reaching early log phase
(~3-5 days), cultures were transferred at a 10% inoculum to
sequentially higher concentrations of perchlorate (5-10 mM
increments) up to 100 mM. Control cultures were transferred in
parallel in the absence of perchlorate. A second set of com-
munity adaptations was augmented with D. alaskensis G20. At
each transfer, 1 mL. was pelleted (Smin at 13,000 x g) and
immediately stored at —20 °C for DNA extraction, and another
1 mL was archived in 25% glycerol, at —80 °C. Archived
communities were recovered in the absence of perchlorate, and
their resistance to the inhibitor was quantified using dose-
response curves [9, 10] (Supplemental Methods). DNA was
extracted using a PowerBiofilm DNA Isolation Kit (Qiagen)
modified to exclude bead beating, and used for 16s rRNA
community profiling, and amplicon sequencing of the sar gene
(Supplemental Methods).

Isolation, whole genome sequencing, and variant
calling

Adapted and/or control isolates of Desulfivibrio bizertensis
MKS and Desulfovibrio alaskensis G20 were obtained via
serial dilutions of 100 mM perchlorate-adapted or control
communities in 1.5% agar APM plugs [31], or by plating
communities on solid MOLS4 medium [32, 33]. Single-
colony isolates were purity-checked via Sanger sequencing
of the 16S rRNA gene. All isolates were grown in 100 mM
perchlorate-amended medium, prior to collecting 1 mL of
culture for DNA extraction. Due to the low abundance of D.
bizertensis MKS in the final control communities, single-
colony isolates could not be obtained, so community DNA
was used for shotgun metagenomics. DNA was extracted as
previously described and submitted to the QB3 Functional
Genomics Lab and Vincent J. Coates Genomics Sequencing
Lab (Berkeley, CA) for library preparation and 100PE
sequencing (genomic DNA) or 150PE sequencing (meta-
genomic DNA) on an Illumina HiSeq4000 lane. Sequencing
data were used for variant calling, as previously described
[17] (Supplemental Methods).

RT-qPCR and RNAseq

All primer sets used for RT-qPCR are listed in Table SI.
RNA extraction, cDNA synthesis, and RT-qPCR conditions
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are described in the Supplemental Methods. RNAseq libraries
of the Dde_0320::TN5 vs. wild-type G20 under no stress
conditions were constructed in house, using a modified
method from [34] (Supplemental Methods). A second round
of RNAseq was performed under “stress” conditions (100 mM
perchlorate), by the Functional Genomics Lab (QB3,
Berkeley). Analysis was done using RockHopper [35].

Pure-culture experiments

Adaptation in the community context was compared with
adaptation in pure culture. To this end, a pure-culture
laboratory evolution experiment was performed (as descri-
bed above) using the ancestral Desulfovibrio bizertensis
strain MKS (isolated as described above, prior to any
adaptive evolution experiments): five adapting populations
were compared with two control populations. For pure
culture experiments, growth was monitored via optical
density at 600 nm (Supplemental Methods).

Results from a previous pure-culture adaptation of G20
to perchlorate revealed the dominance of a mutation in the
sulfate adenylyltransferase (sa#(709T > G)). We compared
the relative fitness of the saf(709T > G) mutation and the
Dde_0320 null mutation in different media. Representative
strains for each mutation were also directly competed in
APM, with 100 mM perchlorate, both in the presence and in
the absence of the fermentative fraction of the community,
and the abundance of the Dde 0320:: TN mutant was
tracked through successive transfers via qPCR (Supple-
mental Methods).

Construction of overexpression strains

D. bizertensis MKS  strains overexpressing  TFp,
(Ga0134258_11426) or DASSp, (Ga0134258_11427) were
constructed as previously described [36, 37]. Complementa-
tion of sulfate uptake (via G20 genes Dde_0323-Dde_0328)
was done in the E. coli CysA knock-out strain JW2415 [38].
See Supplemental Methods for respective protocols. For a full
list of constructs and strains, see Table 1.

Intracellular sulfate and perchlorate measurements

Intracellular perchlorate and/or sulfate were compared
between D. bizertensis MKS strains overexpressing the TFp,
transporter vs. control (P24EV and P24.1), and between
wild-type G20 and the Dde_0320::TN5 mutant. In all cases,
triplicate cultures (1 L for MKS and 100 mL for G20) of
each strain were grown to OD = 0.6, pelleted and re-
suspended in 100 mM perchlorate-amended APM (10 mL,
MKS strains) or MOLS4 (40 mL, G20 strains). Cultures
were incubated at 30 °C for 1-2 h, then pelleted and washed
five times in PBS, before finally resuspending in 1 mL of DI
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water. OD600 was measured before lysing cells at 98 °C for
30 min. The soluble fraction was filtered (0.2 um), diluted
1:5 in DI water, and submitted to the Andrew Jackson
laboratory (Texas Tech University) for sulfate and per-
chlorate quantification (Supplemental Methods, [39]).
Results were normalized to OD, for a final value in terms of
concentration/OD.

Results

Sulfate-reducing communities initially adapted to
perchlorate through shifts in community structure

We investigated the adaptation of sulfate-reducing com-
munities to the sulfate analog perchlorate in terms of overall
community structure and the physiology and genetics of the
dominant taxa. Sulfate-reducing communities were adapted
via serial transfers into increasing concentrations of the
inhibitor (Fig. la). Parallel control communities were
transferred in the absence of perchlorate. The inoculum
consisted of a community enriched from estuary sediment
that subsequently was either unaltered (“native”) or biolo-
gically augmented with model SRM Desulfovibrio alas-
kensis G20 (“G20-augmented”). The mechanism of G20
adaptation to perchlorate has been characterized in pure
culture, and thus bio-augmentation allowed us to probe the
relevance of this known mechanism in a more ecologically
relevant setting [17].

All replicate independently adapted native and G20-
augmented communities showed significantly increased
resistance to perchlorate. The half maximal inhibitory
concentrations (IC50s) for native adapted communities
were between 90-180 mM (95% confidence interval of
77-224 mM) and 57-98 mM (95%CI: 48-121 mM) for the
G20-augmented condition, compared with 22-34 mM (95%
CI: 20-28 mM) and 20-26 mM (95%CI: 18-29 mM), for
control native and augmented communities, respectively
(Fig. 1b). Further, native adapted communities, unlike
controls, displayed robust sulfidogenesis during the final
transfer into 100 mM perchlorate (Fig. S1A). G20-
augmented adapted communities showed varying degrees
of sulfidogenesis in 100 mM perchlorate: replicate one
demonstrated no sulfide production, replicate two produced
sulfide robustly, and in replicate three, only slight sulfide
production occurred (Fig. S1B).

Community structure differed between native and aug-
mented conditions, and with increasing perchlorate con-
centration. Control communities, both native and G20-
augmented, consisted of ~85% Desulfovibrio spp. This
community structure was stable over time, with the excep-
tion of G20 (in augmented communities), which was
eventually outcompeted by native Desulfovibrio spp.
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Table 1 Plasmids/strains used in

this study Plasmid/

Strain Name

Description

Source

Plasmids
pBMK?7

pMS1
pMS2

pMS3

pOW107

pOW107.1
pOW107.2

Parental plasmid; used as overexpression vector for MKS;
Kan®

pBMK?7 with wild-type MKS CRP-like transcriptional
regulator (TFp,, Ga0134258_11426) on its native promoter
pBMK?7 with the P24 mutant TFp, (L209*) on its native
promoter

pBMK?7 with the MKS DASSp, (Ga0134258_11427) on a
separate constitutive promoter (promoter for
Ga0134258_10740).

Parental plasmid used for complementation of E. coli CysA
KO strain; AmpR; weak constitutive promoter BBa_J23103
(Chris Anderson, http://parts.igem.org/Promoters/Catalog/
Anderson)

pOW107 with wild-type G20 gene pcIT (Dde_0326)

pOW107 with wildtype G20 genes of the perchlorate
cluster, Dde_0323 to Dde_0328

Desulfovibrio bizertensis MKS strains

Adapted strain of MKS with a mutation in the HTH motif of

Wild type MKS with pPBMK7

Adapted MKS strain P24 with pBMK7

P24

the TFp, (L209%)
wtEV
wt.1 Wild type MKS with pMS1
wt.2 Wild type MKS with pMS2
P24EV
P24.1

Adapted MKS strain P24 with pMS3

Desulfovibrio alaskensis G20 strains

G20
Dde_0320::TN5
Dde_0321::TN5
Dde_0326::TN5
Pat3

Pgll
Pg33

Wild type D. alaskensis G20

G20 TNS5 mutant; transposon insertion in pclS (Dde_0320)
G20 TN5 mutant; transposon insertion in Dde_0321

G20 TN5 mutant; transposon insertion in pciT (Dde_0326)

G20 strain with sa#(709T > G) mutation; from previous pure-
culture adaptation

G20 community-adapted strain with sa#(709T > G) mutation

G20 community-adapted strain with transposon insertion in
pclS (Dde_0320)

E. coli JW241S5 strains (CysA KO)

JwEV
jw.1
jw.2

JW2415 with pOW107
JW2415 with pOW107.1
JW2415 with pOW107.2

From Arash Komeili;
[37, 62]

This study
This study

This study

From Ouwei Wang and
John Dueber

This study

This study

This study
This study
This study
This study
This study

from Adam Arkin
[15]

[15]
[15]
(17]

This study (Table S4)
This study (Table S4)

This study
This study
This study

(Fig. 1c). G20-augmentation also increased Desulfovibrio
bizertensis strain MKS abundance, as compared with native
controls. In contrast, adapting communities started with the
same structure but changed as perchlorate concentration
increased. In all three native adapting communities, at
20-40 mM perchlorate a population of Desulfocurvus
increased as most Desulfovibrio spp. decreased, and above
40 mM a population of MKS outcompeted Desulfocurvus,
ultimately expanding to cover the entire SRM niche. Aug-
mented communities also saw a decrease in various native
Desulfovibrio spp. and a concomitant increase in G20,

which came to occupy a majority of the SRM niche.
However, variability among independent replicates was
greater in augmented communities: in replicate one G20
was largely displaced by a non-sulfate-reducing gamma-
proteobacterium Psychromonas (explaining the lack of
sulfide production in the final 100 mM transfer). In repli-
cates two and three, G20 was sustained until the final
transfer. Replicate two, where sulfidogenesis was most
robust, most closely resembled native communities, show-
ing a similar expansion of Desulfocurvus and ultimate rise
of MKS.

SPRINGER NATURE
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Changes to community structure could be explained by
variability in the innate resistance to perchlorate of different
SRM. We compared the resistance of MKS and a pre-
viously isolated Desulfovibrio sp. from this community (D.
sp. BMSR) [18], both isolated prior to any adaptation on
perchlorate (Fig. 2, Fig. S2). Although the two strains did
not differ in their IC50 values, MKS had a significantly less
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steep hillslope (p =0.0044, Extra sum-of-squares F' test),
and was therefore less inhibited at higher concentrations of
perchlorate (>20 mM), growing slowly in even 50-100 mM
(Fig. S2). G20 was more resistant than BMSR (p = 0.04,
Extra sum-of-squares F test) and grew faster at <50 mM
perchlorate than both other Desulfovibrio sp. tested (Fig. 2,
Fig. S2). The Desulfocurvus spp. from this community was
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Fig. 1 a Experimental design: serial transfers of three native sulfate-
reducing communities (top panel) and three G20-augmented commu-
nities (bottom panel) in increasing concentrations of perchlorate, up to
100 mM. DNA was sampled at each transfer and used for 16s rRNA
amplicon sequencing. Post adaptation, 8 isolates of MKS and 13
isolates of G20 were obtained from adapted communities for whole-
genome sequencing. b IC50 values for control (patterned) and
adapting (solid) native communities (top panel) and G20-augmented
communities (bottom panel). Bars represent 95% confidence interval.
For native communities, all dose-response curves generate sig-
nificantly different IC50 values, except control 1 vs control 2 (p <
0.0001, extra sum-of-squares F test, Graphpad Prism). For G20-
augmented communities, all IC50s differ significantly from one
another (p < 0.0001), except control 1 vs. control 2/3 and control 2 vs.
control 3. ¢ Community profiles from 16S rRNA amplicon sequencing
for the independently transferred control and adapting replicate com-
munities, over the course of successive transfers in increasing per-
chlorate concentrations

not isolated but was previously shown to persist in che-
mostats treated with 50 mM perchlorate [18]. These results
suggested that initial adaptation of communities to per-
chlorate was through an ecological mechanism: the elim-
ination of less resistant taxa. We next explored beneficial
adaptations acquired by the ecologically successful SRM
(MKS and G20), allowing them to grow robustly in
100 mM perchlorate.

Mutation of the sulfate adenylyltransferase (sat)
was not a dominant mechanism of adaptation to
perchlorate

The most abundant strains in each sulfate-reducing com-
munity (MKS and G20) were isolated and whole-genome
sequenced to identify genetic mechanisms of adaptation.
Because genomes might contain both adaptive and non-
adaptive mutations, sequences from adapted and non-
adapted conditions were compared to determine muta-
tions specific to perchlorate adaptation. We hypothesized
that adaptation would target the sulfate adenylyltransferase
(sat), as had been observed previously in pure culture
experiments with D. alaskensis G20 [17].

Single-colony MKS isolates from adapted communities
(eight total) were whole-genome sequenced and compared
compared with total community sequencing reads from
controls (strain MKS could not be isolated from control
communities) and the reference genome. Of the small set of
mutations that occurred in adapted but not control MKS
(Table S2), no mutations were detected in sat.

In D. alaskensis G20, we initially used previously pub-
lished methods to determine the frequency of the sa#(709T
> ) variant that had arisen repeatedly during previous
adaptation experiments [17]. This analysis revealed that
only in the first community did sa#(709T > G) arise, and as
of the 100 mM transfer, it constituted only 0.5% of all sat

o100 a—

-}

< o

o

g 50 =

8

I

o

0 . .
1 10 100

log[perchlorate] (M)

Fig. 2 Dose-response curves for MKS (black squares), D. sp. BMSR
(gray triangles) and G20 (light gray circles). Error bars represent SD
from four replicates. AUC = area under the curve. IC50 values do not
differ significantly between D. sp. BMSR and MKS (p = 0.1179, Extra
sum-of-squares F test); hillslope values do (p = 0.0044, Extra sum-of-
squares F test). IC50 of G20 vs. BMSR is significantly different at p =
0.04 (Extra sum-of-squares F test)

amplicons. Isolates of G20 from control and recovered
adapted communities were also whole-genome sequenced
and compared. Only three of thirteen isolates, all from
community one, contained the mutation in sat (Table S3).
All other G20 isolates contained a mutation in either
Dde_0320 or Dde_0321, predicted signaling components.

The predominance of mutations in the signaling com-
ponents over the sat(709T > G) mutation previously
observed might be explained by medium composition or by
community effects. A comparison of the isolated D. alas-
kensis strain Pgl1 containing the sa#(709T > G) mutation to
strain Pg33, with an inactivation of the Dde_0320 gene,
revealed that Pgl1 was less competitive in the medium used
in this study (APM) than that used in previous studies
(MOLS4) [17] (Fig. S3AB). Two additional representative
strains (Pat3 and Dde_0320::TN5, Table 1) showed the
same pattern (Fig. S4). Direct competition of the SRM
strains Pgll and Pg33 in 100 mM perchlorate-amended
APM revealed that Pg33 outcompeted Pgl1 and its dom-
ination was stable (Fig. S3C). In co-culture with fermenta-
tive organisms, Pg33 took longer to dominate, and did so
less stably. Thus, it seems that both community and medium
effects shift the cost/benefit of adaptive mechanisms.
Regardless of the cause, in our community adaptations
neither of the dominant SRM adapted primarily via muta-
tions in the sat.

Adaptation by decreasing perchlorate import

The most common mutations in D. bizertensis MKS
occurred in a locus containing a transcription factor, a
transporter, and accessory genes (Fig. 3a). Six of eight
isolates had mutations in the DNA-binding helix-turn-helix
(HTH) motif of a cAMP receptor protein-like transcription

SPRINGER NATURE
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Fig. 3 a Genomic context of TFp,. Orange color indicates genes that
are mutated in adapted strains. TFp. = transcriptional regulator,
Ga0134258_11426; DASSp, = divalent-anion:sodium symporter,
Ga0134258_11427; TrxR = thioredoxin reductase; Trx 1 = thior-
edoxin 1. b Growth of overexpression strains with (open symbols) and
without (closed symbols) 100 mM perchlorate. P24EV = adapted
MKS strain P24 empty vector control; wt.1 = wild-type MKS over-
expressing wt TFp; wt.2 = wild-type MKS overexpressing mutant
(L209%*) TFp;; WtEV = wild-type MKS empty vector control. Values
are average of three biological replicates; SD bars smaller than sym-
bols. ¢ Fold change in expression of DASSp, relative to gyrB across
overexpression strains. Error bars represent SD of three biological
replicates

factor (TFp,, Ga0134258_11426), and all other isolates
contained a nonsense mutation in the divalent anion:sodium
symporter  (DASS)  family transporter  (DASSp,
Ga0134258_11427) gene directly upstream of TFp. A
mutation in TFp, was also detected in the only sequenced
MKS strain from the G20-augmented community two (the
augmented community where MKS persisted) (Table S2).
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To determine if mutations in this operon occur in pure
culture adaptations, the ancestral MKS strain was inde-
pendently adapted to 100 mM perchlorate. All five adapted
populations showed increased resistance to perchlorate
compared with the two control populations (Fig. S5). Five
single-colony adapted isolates across the populations were
sequenced and all revealed mutations in either TFp, or
DASSp, (Table S2). Therefore, in all biological conditions
tested (pure culture, native community, G20-augmented
community), mutations in TFp, or DASSp, were correlated
with perchlorate resistance in MKS.

Comparative genomics suggested that TFp, regulates
expression of the downstream operon. The operon is con-
served across four other SRM: Desulfovibrio bizertensis
DSM 18034, Desulfofustis glycolicus DSM 9705, Mailhella
massiliensis Marseille-P3199, and Desulfobulbus sp. ORNL
(Fig. S6, Table S4). In three of these organisms (MKS,
DSM 9705 and Marseille-P3199) there is an inverted repeat
upstream of the operon, which may serve as a TF binding
site. Each respective genome was scanned for the presence
of additional respective TF binding sites, and none were
found. Thus, TFp, likely regulates expression only of the
downstream operon.

We hypothesized that increased resistance to per-
chlorate was caused by inactivation of the DNA-binding
ability of TFp,, thereby changing expression of the
downstream operon. In agreement with this, one of the
adapted strains containing a mutation in the HTH domain
of TFp,, strain P24 (Table 1), had significantly lower
expression of DASSp, as compared with wild-type MKS
(»<0.0001, Mann—Whitney test) (Fig. S7). Because
decreasing transcription initiation by the TFp, correlated
with increased fitness in 100 mM perchlorate, we tested
whether increasing TFp, expression harmed the fitness of
MKS in these conditions. The following strains were
constructed (Table 1): overexpression of wild-type TFp,
(wt.1), overexpression of P24 mutant TFp, (wt.2), and an
empty vector control (wWtEV) in the wild-type MKS
background, and also an empty vector control in the P24
background (P24EV). Under our growth conditions,
without perchlorate, all strains grew similarly (Fig. 3b).
With 100 mM perchlorate, the greatest growth occurred in
the P24 control (P24EV), followed by the wild-type
control (wtEV) and the overexpression of the mutant TFp,
(wt.2); the strain overexpressing the wild-type TFp, did
not grow. RT-qPCR indicated that expression of DASSp,
matched the gradient of “intact” TFp, levels in each strain:
from lowest to highest, P24EV, wtEV, wt.2, and wt.1
(Fig. 3c). The degree of resistance to perchlorate was
strongly inversely correlated with expression of the
DASSp, transporter.

A simple explanation for the inverse correlation
between DASSp, expression and perchlorate resistance is
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Fig. 4 a Growth of strains P24EV (black, adapted MKS strain P24
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overexpressing DASSp,) with (open symbols) and without (closed
symbols) 100 mM perchlorate. Values are average of three biological
replicates; SD bars smaller than symbols. b Average normalized
intracellular perchlorate concentration of P24EV and P24.1. Error bars
are SD of three biological replicates

that DASSp, is permeable to perchlorate. If true,
decreasing expression of the transporter would decrease
perchlorate import into cells and thus reduce competitive
inhibition of Sat. Direct overexpression of DASSp, in
adapted strain P24 (P24.1) rendered the strain sensitive to
perchlorate compared with the empty vector control
(Fig. 4a). When incubated in the presence of 100 mM
perchlorate, P24.1 showed significantly more intracellular
perchlorate than P24EV (p =0.046, Unpaired ¢ test)
(Fig. 4b). In addition, overexpression of the transporter in
the wild-type MKS background also increased sensitivity
of that strain (data not shown). These data indicate that
DASSp, is detrimental to fitness under high concentrations
of perchlorate because it transports perchlorate into cells.
In summary, strain MKS adapted to perchlorate by inac-
tivating this transporter, via a nonsense mutation directly
in the transporter or by mutating TFp,, responsible for its
expression, thereby decreasing perchlorate import into
cells (Fig. 7a).

Adaptation by increasing sulfate import

All sequenced perchlorate-adapted D. alaskensis G20 isolates
that did not contain mutations in the sat, contained a mutation
in the signaling proteins Dde_0320 (seven isolates) or
Dde_0321 (three isolates) (Table S3). Dde_0320 encodes a
histidine kinase with a cytoplasmic kinase domain and an
extracellular sensory domain. Dde_0321 encodes a protein
with a predicted response regulator receiver domain. The
resistance phenotype for the histidine kinase null mutation
was confirmed by comparing the growth of wild-type G20,
adapted strain Pg33 (Table 1) and strain Dde_0320:TN5
(Table 1, courtesy of Adam Arkin). Disruption of the histidine
kinase was sufficient for growth with 100 mM perchlorate
(Fig. 5b). We predicted that the genes regulated by the his-
tidine kinase were responsible for adaptation to perchlorate.

The Dde_0320 histidine kinase is part of an operon,
which includes genes encoding ¢>*-dependent Fis family
transcriptional regulator Dde_0318, hypothetical protein
Dde_0319, protein Dde_0321 with a response-regulator
receiver domain, and histidine kinase-like protein
Dde_0322 (Fig. 5a). The operon has a predicted o°*
dependent promoter, as does the downstream Dde_0323-
Dde_0328 operon, which contains genes encoding DASS
family transporter Dde_0326, CBS domain protein
Dde_0325, and four proteins putatively involved in signal
transduction [40]. Dde_0319, Dde_0320, and Dde_0321
have been previously identified as detrimental under per-
chlorate and fluorophosphate stress (another specific inhi-
bitor of SRM) [9, 41]. Thus, as this locus is consistently
associated with perchlorate stress, we term genes
Dde_0318-Dde_0328 the “perchlorate cluster” and hence-
forth refer to the transcriptional regulator (Dde_0318) as
PcIR; the histidine kinase (Dde_0320) as PclS; and the
transporter (Dde_0326) as PclT.

Comparative genomics suggested that PcIR controls
expression of both its own and the downstream operon.
Orthologs of PclIS were identified in Desulfovibrio vulgaris
Hildenborough (DvH) and Desulfovibrio vulgaris Miyazaki
(DvM) (Fig. 5a) [40, 42]; in DvM, as in G20, the ortholog
was detrimental to fitness under perchlorate stress [43].
Both DvH and DvM operons are regulated by Fis family
6>*~dependent transcriptional regulators DVU2956 in DvH
and DvMF_1763 in DvM [42]. G20 lacks an ortholog to
DVU2956/DvMF_1763 and the entire locus contains only
one gene encoding a regulatory DNA-binding protein, pcIR
(Fig. 5a). Conserved binding sites for PcIR were identified
upstream of both operons in the perchlorate cluster (Sup-
plemental Methods and Table S5.1). A whole-genome scan
revealed three additional putative binding sites: upstream of
Dde_0191, Dde_0218, and Dde_0683/Dde_0685, encoding
a kinase, a methyl-accepting chemotaxis sensory transducer,
and a cytochrome c family protein/ formylmethanofuran
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Fig. 5 a The “perchlorate cluster” and homologous operons in closely
related SRM. pclR :054—dependent Fis family transcriptional reg-
ulator (Dde_0318); pclS = histidine kinase (Dde_0320); pclT =
divalent-anion:sodium  symporter (DASS) family transporter
(Dde_0326); gray = 6°*-dependent Fis family transcriptional regulator,
similarly patterned are orthologous; yellow = histidine kinase; orange
= protein with response regulator receiver domain; dark blue = DASS
family transporters; light blue = TSUP family transporter. Asterisk

dehydrogenase subunit, respectively (Table S5.1). From this
analysis, we conclude that PcIR is the regulatory protein
necessary for activation of both 6>*-dependent promoters in
the perchlorate cluster, and, possibly of some other genes.

In order to determine how PclS fits into this regulatory
network, we compared transcriptional profiles of wild-type
G20 vs. the Dde_0320::TNS5 strain, both in the absence (no
stress) and presence of 100 mM perchlorate (stress), using
RNAseq. In both stress and no stress conditions, the region
upstream of PcIR had significantly greater expression (213x
and 300x, respectively) in Dde_0320::TNS5 compared with
wild type (Table S5.2 and S5.3). The downstream genes of
the perchlorate cluster (Dde_0318-Dde_0319 and
Dde_0323-Dde_0326) were also overexpressed (~two to
four-fold). From the computationally identified targets of
PcIR described above, only Dde_0218 was differentially
expressed both under stress and no stress conditions (~9x
up-regulated in Dde_0320::TN5) (Table S5.4). Additional
sets of genes with differential expression (Table S5.5) are
not discussed here (see: Discussion). We propose that PclS
senses a signal and directly or via a regulatory cascade
modulates the activity of PcIR, thereby repressing tran-
scription of the perchlorate cluster. Inactivation of PclS,
hence, increases transcription of all gene targets (Fig. 7b).

The regulon of PcIR contains only one gene with puta-
tive activity towards sulfate or sulfate analogs: PclT,
another DASS family transporter. The closest studied
homolog of PcIT, HRM2_40290 from Desulfobacterium
autotrophicum HRM2, is a putative sulfate symporter
expressed under high sulfate conditions and co-localized
with regulatory elements [44]. We hypothesized that PcIT is
also a tightly regulated sulfate symporter. Direct measure-
ments of intracellular sulfate and perchlorate in strain
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indicates genes which sustained mutations during adaptation to per-
chlorate. Operons (in order, top to bottom): Dde_0318-Dde_0328,
DVU2956-DVU2967,  DvMF_1763-DvMF_1773,  Dbac_2263-
Dbac_2272, DP1487-DP1492, and Desti_4439-Desti_4447. b Growth
in MOLS4 medium of wild- type G20 (black), the Dde_0320::
TNS strain (yellow) and the Pg33 adapted strain (gray) with (open
symbols) and without (closed symbols) 100 mM perchlorate. Bars
represent SD of three replicates. For description of strains, see Table 1

Dde_0320::TN5 vs. wild type found that although intra-
cellular perchlorate did not differ (p = 0.32), sulfate was
above detection in the Dde_0320::TNS5 strain and below
detection in wild type (Table S6) suggesting a highly spe-
cific transport function. Even with a conservative estimate
of sulfate in wild type, placing it at the detection limit, this
difference is significant (p =0.004). To confirm sulfate
transport by PclT, we heterologously expressed either PclT
alone, or the entire operon (Dde_0323-Dde_0328) in E. coli
strain  JW2415 (deficient in sulfate uptake (AcysA))
(Table 1) [38]. Both constructs complemented the sulfate
uptake deficiency phenotype (Fig. 6). Thus, PclT can
transport sulfate; other genes in its operon may modulate
this transport activity. In summary, G20 adapted to per-
chlorate by inactivating PclS, thus increasing transcription
of the perchlorate cluster and specifically sulfate import via
PclT. Increased intracellular sulfate, relative to perchlorate,
can overcome the competitive effects of perchlorate on Sat-
mediated sulfate turnover (Fig. 7b).

Discussion

The experiments outlined above describe community-wide
and species-specific responses to increased perchlorate
concentrations. Both native and G20-augmented commu-
nities initially adapted to the inhibitor via changes in
community structure. Using a combination of isolation,
whole genome sequencing, and genetics we show that
across the two dominant adapting SRM, adaptation to per-
chlorate targets regulatory elements controlling anion
transport systems, thereby modulating the intracellular
concentrations of sulfate and perchlorate.
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Fig. 6 Growth of strains jwEV A
(black, E. coli IW2415 empty 06
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E. coli JIW2415 expressing
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entire perchlorate cluster) in
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Selection initially acted on species abundances (ecolo-
gical sorting), allowing for the expansion of innately more
resistant SRM [45]. Initially dominant Desulfovibrio spp.
made way to a Desulfocurvus sp., which in turn made way
to MKS or G20. In our community, the sulfate-reducing
niche was consistently around 85%; thus, SRM had to
compete for this niche during adaptation. G20 was only
competitive in perchlorate-adapting conditions. In control
communities G20 was outcompeted, but strikingly, caused
an increase in MKS; this is indicative of a possible synergy
between the two, or else G20 negatively affected other
Desulfovibrio which otherwise outcompete MKS. In con-
trast to the consistency observed across replicate native
adapting communities, the added competition from G20
created variability in augmented communities. G20 has a
slight advantage at low perchlorate concentrations, and
eliminated much of its competition early on in the adapta-
tion. However, this early advantage was tightly balanced by
slower growth in the APM medium and at higher per-
chlorate concentrations. Stochasticity may have played a
larger role under these conditions: any minimally-present
populations with a slight advantage at >40 mM perchlorate
would have had a chance for rampant outgrowth.

Genomic adaptation ultimately allowed for robust sulfate
reduction at 100 mM perchlorate. In Desulfovibrio bizer-
tensis MKS, adaptation decreased the transcription initiation
ability of TFp,, which decreased expression of the DASSp,
transporter and consequently, non-specific perchlorate
transport into cells. In Desulfovibrio alaskensis G20,
adaptation targeted PclS, a histidine kinase, leading to
increased transcription of the perchlorate cluster, including
PclT, a sulfate symporter. Inactivation of PclS led to
increased intracellular sulfate, via PclT. Both decreased
perchlorate transport and increased sulfate transport
increased the intracellular sulfate:perchlorate ratio, thus
overcoming the effects of competitive inhibition (Fig. 7).

Previous work suggested that SRM adapt to perchlorate
by mutating the conserved sat, responsible for catalyzing
the first step of sulfate reduction [17]. In contrast, this study
finds that SRM in an ecological context adapt to perchlorate
via mutations in transport systems or the regulatory systems
controlling them: targets that are less conserved and much

20 30 "0 10 20 30
time (h)

more redundant. Model SRM DvH, for example, has 72
response regulators, the majority of which lack a DNA-
binding domain and instead likely act via protein—protein
interactions [46, 47]. The diversity of regulatory systems in
SRM reflect how these organisms cope with stress [46];
unsurprisingly, they represent an easy target for adaptation.

Sulfate transport in SRM is similarly complex and
redundant: G20 has 11 putative sulfate transporters, whose
exact function and relative importance remain unchar-
acterized [48]. Transport systems have been previously
defined as targets of various stressors: in G20, DvH, and
DvM, nitrate stress targets genes of the “nitrate cluster”,
which include a CysZ-type permease (Dde_0598)
[9, 43, 49]. Nitrate resistance is attributed to the loss of this
permease and decreased nitrate entry into cells. Similarly,
the TunR2 regulator in DvH and other SRM was predicted
to protect against inhibition by molybdate/tungstate by
putatively increasing sulfate uptake via TSUP and SulP
family transporters [50].

SRM genomes contain on average three DASS family
transporters [48]. Few transporters of this family have been
experimentally characterized. An exception is the PerO
anion permease of Rhodobacter capsulatus, which when
inactivated increases resistance to molybdate, tungstate, and
vanadate [51]. Moreover, sulfate transport and increased
resistance were confirmed for five homologous permeases
across the Proteobacteria [52]. PerO is a general, low-
affinity anion transporter—i.e. promiscuous—setting a
precedent for the non-specific transport observed by
DASSgp,. In Desulfobacterium autotrophicum, DASS family
transporters are either expressed constitutively, or are
tightly regulated [44]. PcIT is homologous to HRM2_40290
from D. autotrophicum, which is expressed only in “high”
sulfate (~15 mM). Collectively, our study and others cited
above define sulfate/anion transport as a critical, highly
redundant and poorly understood function in SRM.

The native function of the targeted operon in MKS remains
unknown. Operons regulated by CRP-like transcription factors
and encoding transporters, and thioredoxin/thioredoxin
reductases are implicated in nitrate and oxidative stress and in
UAV)/Cr(VI) reduction [53-55]. It is possible that in MKS
this operon is involved in cytoplasmic redox balance. The
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Fig. 7 Adaptation to perchlorate targets anion transport in both Desul-
Sovibrio bizertensis MKS and Desulfovibrio alaskensis G20, increasing
intracellular sulfate:perchlorate ratios and alleviating effects of compe-
titive inhibition. a In MKS, TFp, regulates expression of the downstream
DASSp,, which is leaky towards perchlorate. Inactivation of the trans-
porter or TF leads to decreased perchlorate entry into cells. b In G20,
PclS represses the activity of PcIR (directly or via a regulatory cascade);

native function of the perchlorate cluster may be related to
sulfate uptake via PcIT. Recently, the homologous operon in
DvH was linked to biofilm formation via another o>*-depen-
dent regulator, DVU2956, which is absent in G20 [56].
Results from our study do not support an obvious role related
to biofilm formation, and comparison to the described targets
of DVU2956 yields minimum overlap [56]. RNAseq data,
however, identified several additional loci/regulons sig-
nificantly up-regulated in the Dde_0320::TNS strain
(Table S5.5). The first consisted of genes involved in fumarate
reduction, and critical for growth on malate or fumarate, and
by pyruvate fermentation (Dde_1250-Dde_1258) [32, 33, 57].
G20 grown in pyruvate/sulfate medium was previously shown
to display increased resistance against perchlorate, perhaps as
a result of partial fermentation of pyruvate, consuming redu-
cing equivalents which have built up by the perchlorate-
mediated inhibition of sulfate reduction [9, 18]. It is possible
that the up-regulation of fumarate reduction genes (and the
downregulation of the pyruvate ferredoxin oxidoreductase)
allow for a similar process in the Dde_0320::TN5 strain.

The ZraR and HcpR regulons are also up-regulated in the
Dde_0320::TNS strain. In DvM and DvH, ZraR is impor-
tant for chlorate and oxidative stress [58]; in G20, this
regulon is induced upon exposure to molybdenum, sug-
gesting its involvement in molybdenum tolerance [59]. The
HcpR regulon consists of genes putatively involved in
energy production/conversion. Across G20, DvH, DvM,
and Desulfovibrio gigas, these genes are important under
nitrosative and perchlorate stress [53, 60, 61]. Whether or
not there is true cross-regulation between PclS and the
transcriptional regulators controlling the above regulons
remains to be addressed; however, cross or branched reg-
ulation are not uncommon [42, 53, 62].

Recent studies have highlighted the importance of a com-
munity context or ‘“natural” environment in determining
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PcIR activates transcription of the perchlorate cluster, including sulfate
transporter, PcIT. Inactivation of pclS thus causes increased sulfate entry
into cells. Other genes in the cluster, or elsewhere in the genome may
modulate the transport activity of PclT. Asterisk indicates genes in which
mutations were sustained over the course of adaptation to perchlorate;
red dot = 054-depdendent promoters

evolutionary outcomes, via mechanisms such as increasing
costs of adaptive mutations or decreasing niche availabilities
[26, 27]. Previous work in G20 has shown that the saf(709T >
G) mutation arises across all independently adapted populations
[17]. Here, we saw this mutation arise only in one community,
and this community showed the lowest level of sulfidogenesis
in 100 mM perchlorate and a concomitant crash of the G20
population. We have shown that in the APM medium used for
community adaptations, strains with an inactivation of PclS
have increased relative fitness compared to strains with sat
(709T > G). It is possible that the community context changes
the adaptive landscape in additional ways: supplying different
donors, altering the pH, or modulating population sizes [24].
Indeed, G20, MKS, and other SRM competed for the sulfate-
reducing niche throughout the adaptation. This tight competi-
tion may have limited the rise of more costly mutations, and
may explain why we failed to see adaptation of sulfidogenic
communities in previous studies [18]. Finally, the specificity
and regulation of two DASS family transporters examined
herein emphasize the importance of anion transport as a con-
served mechanism used by SRM in communities, when faced
with sulfate analog stress. Future work will need to address the
paucity of information on this subject for a predictive under-
standing of long-term SRM inhibition in natural environments.
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