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Chlorine redox chemistry is widespread in microbiology
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Chlorine is abundant in cells and biomolecules, yet the biology of chlorine oxidation and reduction is poorly understood. Some
bacteria encode the enzyme chlorite dismutase (Cld), which detoxifies chlorite (CIO,™) by converting it to chloride (ClI™) and
molecular oxygen (O,). Cld is highly specific for chlorite and aside from low hydrogen peroxide activity has no known alternative
substrate. Here, we reasoned that because chlorite is an intermediate oxidation state of chlorine, Cld can be used as a biomarker for
oxidized chlorine species. Cld was abundant in metagenomes from various terrestrial habitats. About 5% of bacterial and archaeal
genera contain a microorganism encoding Cld in its genome, and within some genera Cld is highly conserved. Cld has been
subjected to extensive horizontal gene transfer. Genes found to have a genetic association with Cld include known genes for
responding to reactive chlorine species and uncharacterized genes for transporters, regulatory elements, and putative
oxidoreductases that present targets for future research. Cld was repeatedly co-located in genomes with genes for enzymes that
can inadvertently reduce perchlorate (ClO,4 ") or chlorate (ClO3™), indicating that in situ (per)chlorate reduction does not only occur
through specialized anaerobic respiratory metabolisms. The presence of Cld in genomes of obligate aerobes without such enzymes
suggested that chlorite, like hypochlorous acid (HOCI), might be formed by oxidative processes within natural habitats. In summary,
the comparative genomics of Cld has provided an atlas for a deeper understanding of chlorine oxidation and reduction reactions

that are an underrecognized feature of biology.
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INTRODUCTION

Chlorine is converted between organic and inorganic forms in a
biogeochemical cycle [1]. Oxidation and reduction of chlorine
produces different inorganic species, including the chlorine
oxyanions hypochlorite (CIO™) (and its conjugate acid hypochlor-
ous acid, HOCI), chlorite (CIO, ™), chlorate (ClIO3™), and perchlorate
(CI047) [2-71. In biology, oxidized chlorine is presently understood
to be a source of energy (ClIO,~, ClO37), an intermediate in
chlorination (HOCI), a chemical weapon (HOCI), and a source of
oxidative stress (ClOs~, ClO,~, HOCI) [2, 6, 8, 9]. This biology
reflects the high reduction potential of oxidized chlorine and the
higher reactivity of its lower oxidation states: perchlorate is stable
in aqueous solution, but hypochlorous acid is very reactive.
Compared to other elements, less is known about the processes
that produce and consume oxidized chlorine and how oxidized
chlorine interacts with biology.

The production of oxidized chlorine species within biological
habitats depends on oxidation state. Hypochlorous acid can be
produced intracellularly and extracellularly from chemical or
biochemical oxidation of chloride by enzymes like chloroperox-
idase [4, 5, 9-11]. However, no biological oxidation of chlorine to
chlorite has been observed, likely due to the high reduction
potential of the redox half-reactions involved (E% > 1V) [7]. While
(photo)chemical oxidation of aqueous hypochlorous acid to
chlorate and perchlorate has been observed experimentally [12],
production of perchlorate and chlorate is thought to occur
predominantly in the atmosphere [7, 13, 14]. The degree of
oxidation that occurs within biological habitats could be clarified

by identifying the chlorine species encountered by microorgan-
isms from different habitats.

The consumption of oxidized chlorine species, aside from the
highly reactive hypochlorous acid, is thought to occur predomi-
nantly through dissimilatory (per)chlorate reduction, a specialized
anaerobic respiratory pathway wherein high-affinity perchlorate
reductases (Pcr) or chlorate reductases (Clr) reduce perchlorate or
chlorate to provide energy in anoxic habitats [7, 15, 16]. Reduction
may instead occur through co-metabolism: due to the structural
and chemical similarity between oxyanions like nitrate and
chlorate and perchlorate, enzymes such as nitrate reductase can
reduce perchlorate or chlorate [17-21]. Laboratory studies have
shown this inadvertent reduction of perchlorate or chlorate
produces chlorite and damages cells unless chlorite is degraded
[22]. An unanswered question is if co-metabolic (per)chlorate
reduction occurs at a meaningful extent at the low concentrations
of perchlorate and chlorate found in natural environments. If so,
many more organisms would contribute to perchlorate and
chlorate reduction than presently understood.

A promising approach to answer these questions is to use a
biomarker for oxidized chlorine molecules. Chlorite dismutase
(Cld) is a heme-containing enzyme that catalyzes a chlorite:
oxygen lyase reaction wherein a single molecule of chlorite is
cleaved into chloride and molecular oxygen, which detoxifies
chlorite and yields oxygen [23-25]. First identified as necessary
enzyme in canonical dissimilatory (per)chlorate-reducing bacteria
[26, 27], Cld has since been found in bacteria not known to
produce chlorite as part of their metabolism [28]. Subsequent
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investigations have defined the amino acids required for Cld
activity [29] and found that aside from low hydrogen peroxidase
activity, Cld has no activity towards other compounds, including
nitrite, nitric oxide, hydroxylamine, and thiocyanate [28, 30]. These
properties make the gene cld a useful, specific biomarker for
chlorite. Because chlorite is an intermediate oxidation state of
chlorine, microorganisms encoding Cld in their genomes have
likely experienced not only chlorite but also more-oxidized
chlorine species that can be reduced to chlorite and more-
reduced chlorine oxyanion species to which chlorite is reduced.
Here, we use cld as a biomarker for chlorite in microbial
genomes to expand what is known about the biology of chlorine
oxyanions and redox chemistry. This comparative genomics
approach adopts only two assumptions: that microorganisms
encoding Cld experienced chlorite, and that genetic proximity to
cld means a gene is more likely to be functionally related to c/d
[31, 32]. Beyond expanding the biology of chlorine oxidation and
reduction, these results provide an extensive catalogue of genes
potentially involved in chlorine biology for future research.

RESULTS AND DISCUSSION

Distribution of Cid

Cld proteins belong to the protein family Pfam 06778 [33]. Non-Cld
proteins in Pfam 06778, from which Cld evolved [34], are mostly
iron-coproporphyrin oxidative decarboxylases (HemQ) required for
heme biosynthesis in monoderm bacteria [35]. The use of chlorite
dismutase (Cld) as a biomarker requires an accurate definition of
proteins with Cld activity, as non-Cld proteins are often incorrectly
annotated as Cld or Cld-like proteins in public databases. Here, Cld
was defined as proteins in Pfam 06778 that contain the key residues
required for Cld activity [23, 29]. Cld proteins formed a mono-
phyletic clade (Fig. TA), consisting of two major lineages, confirming
previous analyses with smaller datasets [22, 34, 36, 37]. Cld proteins
were primarily found in diderm phyla (Fig. 1A) and were sparsely
distributed across the tree of life (Fig. 1B).

An expansive search for Cld identified 2411 Cld proteins in 2297
genomes/metagenome-assembled genomes and 6469 Cld in
1575 metagenomes (Fig. 1C, Supplementary Data). Cld was
identified in 14 phyla and 143 genera, including the bacterial
phyla Actinobacteria, Verrucomicrobia, Firmicutes, Chlorofiexi, and
Spirochaetes in which Cld has not previously been reported
(Supplementary Data). For the first time, Cld was identified in the
Archaea and Eukarya. The low percent identity to bacterial Cld
sequences and the similarity of neighboring genes to non-
bacterial genes corroborated their assignment to these taxa. The
eukaryote with Cld was the unicellular green alga Monoraphidium
neglectum [38]. Cld was previously reported in a different
eukaryote, the poplar tree (Populus) [37], but this was later
determined to be contamination by bacterial genomic DNA and
removed (personal communication, Joint Genome Institute).

Overall, Cld was observed in approximately 1% of genomes, 5%
of genera and 15% of phyla in the NCBI taxonomy among the
prokaryotes sampled. Genomes from the phyla Nitrospirae,
Planctomycetes, and Nitrospinae are most likely to contain Cld,
followed by Proteobacteria and Cyanobacteria (Fig. 1D). At the
genus level, typically only a fraction of genomes had Cld, although
Cld could be highly conserved within a genus (Fig. 1E). The
widespread nature of Cld was further supported by its distribution
across a dataset of 6961 IMG/M metagenomes encoding 10.8
billion genes. cld were a very low proportion of genes in host-
associated systems and a greater proportion in freshwater and soil
systems (Fig. 1F). Comparing metagenomes with greater than 10
million genes with this metric indicated that c/d was most
enriched in environments such as oligotrophic rocks, sediment,
and ice followed by oxic wastewater, surface freshwater, and
dryland soils. Within aquatic environments, cld appears least
frequently where chlorine is most concentrated: estuary, ocean,

SPRINGER NATURE

and hypersaline waters. The shared features of environments
where cld is the highest proportion of coding genes is that they
are predominantly oxic; many are also exposed to high amounts
of sunlight [39, 40]. The broad distribution of the cld gene in
genomes and metagenomes indicates chlorite is experienced by
diverse microorganisms in various habitats.

Evolution of Cld

After its initial evolution from non-Cld proteins (Fig. 1A), Cld has
continued to evolve. To better understand the history of Cld, a
phylogeny was built from 8924 total Cld proteins, summarized as
60 clades formed by branch distance (Fig. 2). About half the
diversity of Cld (29 clades) was constituted entirely of metage-
nomic sequences (Fig. 2A). Just one clade contains all Cld found in
previously described bacteria that perform dissimilatory perchlo-
rate or chlorate reduction (clade 4). Many of the largest clades
include Cld proteins with biochemically verified chlorite: O, lyase
activity, and the key residues for activity were conserved in all
clades except clade 38 (n =21) and the under-sampled clades 10
(n=2) and 32 (n=1) (Fig. 2B), indicating the conservation of
activity through geologic time.

The expanded phylogeny revises the previous understanding of
the vertical evolution of Cld, wherein lineage 1 Cld are larger,
periplasmic proteins and lineage 2 Cld are smaller, cytoplasmic
proteins [23, 41]. First, tree topology showed two distinct, diverse,
strongly supported (>99% bootstraps) sublineages within lineage
2 Cld, which we term lineage 2a and 2b. The only cultivated
microorganism with lineage 2b Cld is Nitrospina gracilis [42].
Lineage 2b proteins are an intermediate length of 229 amino
acids, and considerable variation in protein size was observed
within the shorter lineage 2a Cld (Fig. 2B): 4% of Cld had larger
(>20 aa) N- and C-terminal extensions that could either be artifacts
of protein prediction or fusion proteins that augment the function
of Cld [43]. Second, signal peptide prediction suggested that the
more basal branching clades of group 1 Cld are not periplasmic,
while two clades of lineage 2b Cld are periplasmic and a small
number of Cld from various lineage 2a clades are periplasmic
(Fig. 2B). The acquisition of peptide signals for export by Cld in
many lineages indicates periodic selection for the degradation of
extracellular chlorite.

Horizontal gene transfer of Cld across evolutionary time is evident
from its taxonomic distribution. A single Cld clade can be found in
taxonomic groups spanning phyla or even domains of life. (Fig. 2C).
Cld has also been subject to recent transfer between genera:
multiple Cld clades consisted of Cld from different genera (Fig. 2D).
Alone, this metric reflects the combined signal of vertical and
horizontal inheritance, but a detailed view shows that horizontal
inheritance is a large component. For example, within clade 4, there
are two instances where Cld from (per)chlorate-reducing proteo-
bacteria appeared to have been acquired by nitrite-oxidizing
Nitrotoga (Supplemental Fig. 2) [44]. Representing the most recent
horizontal gene transfer: genomes from different genera possessed
identical Cld proteins (Fig. 2D). In one case the same Cld protein
(WP_011514928.1) was found in genomes from 18 genera.
Anthropogenic sources of chlorine now appear to contribute to
Cld's evolution, evidenced by the first acquisition of Cld by an
ammonia-oxidizing microorganism, Nitrosomonas mobilis Ms1,
isolated from a wastewater treatment plant that used chlorine-
based disinfectants (personal communication, Hirotsugu Fujitani)
[45, 46]. The pattern of horizontal gene transfer suggests occasional
yet strong selection for the ability to degrade chlorite. That can be
reconciled with the rare conservation of Cld within phylogenetic
groups (Fig. 1) by invoking a selective pressure for loss of Cld,
possibly related to the heme requirement for this enzyme.

Comparative genomics of Cld

Diverse microorganisms have experienced enough chlorite to select
for the cld gene. Genes co-located with cld might be involved in
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Fig. 1

The distribution of Cld across genomes and metagenomes. A A maximum-likelihood phylogenetic tree of Pfam 06778, rooted to

match Zamocky, Hofbauer [34]. Color indicates the number of the 4 key residues for Cld activity in each protein. The number of proteins with
each fraction of key residues, and the phylogenetic distribution of those proteins, is summarized at right. B A tree of all bacterial genomes
annotated with the presence Pfam 06778 proteins, comparing the distribution of non-Cld proteins (left, gray) and Cld proteins (right, blue).

Other domains are not shown because Cld is sparsely distributed.

C The total number of each Cld lineage detected in genomes and

metagenomes. D, E The number (left) and percent (right) genomes within a given RefSeq phylum or genus. For simplicity, only genera with
more than one genome encoding Cld and either 204+ genomes or >20% genomes encoding Cld are shown. Groups with low number and
high percent of genomes with Cld likely have an overestimated percentage. The frequency of Cld in Nitrospirae and Nitrospinae may be

underestimated due to the large number of incomplete metagenom

e-derived genomes in these phyla; these taxa are denoted by asterisks.

F The number of Cld (left) and fraction of c/d per million genes (right) in different environments. Only environments with a sample size of

more than 10 million genes are shown. Assuming an average of 50
roughly 0.5% of bacterial genomes in a habitat encode Cld.

chlorine redox biology. To identify genes correlated with cld, 61 215
proteins encoded in 8751 genomic neighborhoods of Cld (defined
as the set of genes within 10 genes upstream or downstream of cld)
were clustered into 11 081 protein subfamilies, whose distribution
relative to each other can be described by the clustering coefficient
(Methods, Fig. 3A). Subfamilies with a low clustering coefficient are
found in many different types of genomic neighborhoods with Cld
and, therefore, are more likely to have a function related to chlorine
redox biology, rather than be co-located by chance. Only a small
fraction of protein subfamilies in Cld genomic neighborhoods had a
very low clustering coefficient (Fig. 3B, Table 1). Many of these
proteins were already known to be related to chlorine redox
biology, such as (per)chlorate reductases, oxidative stress response,
signaling, and genetic mobility (e.g. tRNA as an insertion site)
[47-49]. Additionally, since this work began, an alkylhydroperox-
idase AhpD-like protein (subfamily 84), identified here as having a
low clustering coefficient, was found to be the enzyme RcsA
involved in hypochlorous acid degradation in Pseudomonas
aeruginosa [50]. Therefore, this method identified true genetic
associations with Cld.

Groups of highly similar genomic neighborhoods were defined
by unsupervised clustering of neighborhoods with at least 10
genes (Fig. 3A). Neighborhood groups were distinguished by
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00 genes per bacterial genome, 1 cld per 1,000,000 genes means that

their most abundant non-Cld protein subfamilies (Fig. 3C) and
recapitulated known differences (e.g. lineage 1 vs. 2 Cld, presence
or absence of perchlorate and chlorate reductases, taxonomy)
(Fig. 3D). (Lineage 1 and 2 Cld were only found together in the
genomes of dissimilatory chlorate-reducing bacteria). Cld is found
in a diverse set of genomic contexts: among the 20 neighborhood
groups produced with this method, one single group contained all
known genomic islands and composite transposons for respiratory
perchlorate and chlorate reduction — the only natural pathways
Cld has been confirmed participating in (Clark et al 2013, Melnyk
and Coates 2015).

Clustering coefficients for protein subfamilies and grouping of
neighborhoods were used to consider different aspects of chlorine
biology: redox reactions, oxidative stress response, cellular
transport, and chlorination. Because of their biochemistry, putative
oxidoreductases with unknown function were among the most
interesting proteins with genetic associations to Cld. Such
oxidoreductases accounted for many of the subfamilies with the
lowest clustering coefficients (Table 1): cupin domain-containing
protein (subfamily 3), NADPH: quinone reductase-like Zn-depen-
dent oxidoreductase (subfamily 85), and SDR family NAD(P)-
dependent oxidoreductase (subfamily 8). Neighborhood-group 2
contained the SDR family NAD(P)-dependent oxidoreductase [51]
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Fig.2 The phylogeny of Cld proteins and attributes of each lineage. A A maximum likelihood phylogenetic tree of Cld, with clades formed
by phylogenetic distance and node support values indicated by color. Clades containing biochemically verified Cld proteins are indicated by a
checkmark, and clades containing sequences used in the initial search are indicated by a magnifying glass. Major lineages of Cld are
demarcated by dashed lines. The number of Cld per clade is listed at right and represented in a barplot by whether the source is genomic and
metagenomic. B The primary structure of each clade. The proportion of each Cld clade computationally identified to have each key residue
from 0% (white) to 100% (black) (left); the proportion of the clade computationally predicted to have a signal peptide (black) for export to the
periplasm (center); and length of proteins in the clade represented as a boxplot where the box represents the interquartile range, whiskers
represent maximum and minimum values, and the gray line represents the mean of all Cld (right). C Detection of Cld in each taxonomic class
indicated by filled squares (left). Stacked barplots represent the proportion of each Cld clade in each environment (left) or each taxonomic
class (right). D A measure of recent horizontal gene transfer: the number of genera found in each clade, with genera that can share an
identical copy of Cld colored orange.

as well as reactive chlorine-sensing regulatory elements that also with Cld in 1487 genomes among 40 genera. In fact, encoded
had low clustering coefficients (subfamilies 37 and 62), further with transposases in neighborhood groups 12, 15, and 21, the
implicating a role this subfamily in reactive chlorine stress cupin domain protein could be found in 90% of genomic
response. Fitness data for a protein in Sphingomonas koreensis neighborhoods with the most extreme form of horizontal gene
DSMZ 15582 with 47% amino acid identity to a related SDR family transfer: encoding Cld proteins that are identical across different
NAD(P)-dependent oxidoreductase (subfamily 827, clustering genera. The cupin domain protein had been suspected to have a
coefficient 0.15) showed a deleterious effect when this protein role in reactive chlorine species response in (per)chlorate-
was disrupted only in chlorite stress conditions or when glutamic reducing bacteria [53]. These data point to a far more common
acid was the carbon source [52]. The cupin domain protein was and important role for the cupin domain protein and other
one of the most common subfamilies in the dataset, being found oxidoreductases in chlorine redox biology.

SPRINGER NATURE The ISME Journal



T.P. Barnum and J.D. Coates

A. Methods C. Cld gene neighborhoods grouped by similar protein subfamily content
Genomic Neighborhoods Dimensional Reduction Al loci with 10+ genes
1 Hypothetical
A | ] A * = 15 1526 family transposase
B O . B  More similar i’ ’ 3 Cupin domain protein Most common non-Cld genes
C PP CI —_ g e -t 60 ' 4 .Qo Group# 50 FGAM synthase, PurS
D PP C1 3 .2 oD ! . 4 28FGAM synthase, PurQ
E »P Je B . . . - 9 SAICAR synthase
E 3 Cupin domain protein 202 Ribosomal protein L1
cld Lt 12 33Integrase zg DNA photo-lyase Phr! .
- N 34 Integrase 58 Antibiotic resistance protein
. 23Recombinase 20 6 tRNA_Ala_GGC
40 1! 15 3Cupindomain protein .- g & Histidine kinase
1, 59 Hypothetical —_— 8; Response regulator
i ici Lo . RCS-sensing anti-sigma factor
Cooccurrence Network Clustering Coefficient L e : 2 B Rcesendng antisgma factor
™Y R Y . . 8 SDR family NAD{P)-dependent oxr.
° B
20 [ \od 19 Indolepyruvate:Fd oxr. lorB
D \Cld/ m— D . s 3 o ° .19 %23 Indolegyruvate:Fd oxr. lorA
| 3 —_— | — . o - DR family NAD(P)-dependent oxr.
N c .-
//(:I [ . S P 16 tRNA_Ala_GGC
. 2 -9 s% Histidine kinase
-2 cid B T 88 Response regulator
£ O (Poorly sorted) .
£ 7 - 42 Metalloprotease PmbA
0.0 1.0 [a) 1 Hypotheti
4 43 Hypothetical
% K " 4 . 47 Fé2+/Mn2+ transporter (VIT)
wv
. ope . . d ;7 DMSO reductase sub. delta
B. Protein subfamilies associated with - ; °.. - 3 8 DM3O reductase sub. alpha
. . 201 17 I o 64 DMSO reductase sub. beta
Cld genomic neighborhoods et \ e «— All loci for dissimilatory
;_‘é%}-;yrgoqt it N CI0,” and CIO;" reduction
72 FNT transporter -
10000 - . . ‘ . ‘o e i
° <— More linked to c/d 1078 NCP amidase B h ° . * _ 179 Hypothetical
é650WXothetical 18 - . i | ] 1 37RCS-sensing antl-sléma factor
3 -40 9 polymerase 13 2 RCS-sensing sigma factor, ECF
s}
w O | 158 Tryptophan synthase beta 182 Pyridoxamine 5-phosphate oxidase
8 < 1000 1 0% decarboxylase 5 20 ranscriptiongl rpegulgtor AraC
S o 204 PRA isomerasé .o . 252DUF983
g9 .o 6 213 %}tﬂlme dehydrogenase .
= L 16 222 1330 . 11 107 ABC transporter permease
2 %D 100 4 . 358 Response regulator PilH n 123 ABC transgorter gubsgr. bindingP[ot.
3 S -60 B 100 Anti-sigma factor RsiW. 19 ABC transporter ATP-binding protein
= 10 18 Transcrlgnonal regulator AraC
5 121 NAD(P)/FAD-dependent oxr.
£ 5 10 A Tl 10 LysE family translocator
5 b0 oo 8 1 ATPase
a3z 14 N-formylglutamate amidohydrolase
O -80
£
L -50 -25 o 25 50 75 100 125
0.0 0.2 0.4 0.6 0.8 1.0 D t-SNE Dimension 1
Clustering coefficient Cld Type +/- Pcr-like reductase Organism Phylum
10000 - 75 1 1
50 7 g ]
8000 - \ ] ]
25 1 4 & . . *
0 ] oy
£ 6000 - 2 o ®» 1 2 1 '§ o ¢
= 0 [ 4 o®
£ N ° | ° | e
a -25
3 4000 %
-50 1 1 1 .
20001 _75 1 T T T L T T T i T T T
-50 o 50 -50 o 50 -50 o 50
o TSNE1 TSNE1 TSNE1
00 02 04 06 08 10 ® Cld 1Present - Pcr/Clr/Nar-like reductase Metagenomic

Clustering coefficient Only Cld 2

Bacteroidetes
Planctomycetes
Firmicutes
Other Genomic

Proteobacteria

Nitrospirae

Actinobacteria
@ Cyanobacteria

® +Pcr/Clr/Nar-like reductase

Fig. 3 Statistical analysis of Cld genomic neighborhoods. A Schematic diagram explaining analyses. Genomic neighborhoods are
compared using proteins clustered into protein subfamilies. In the gene-centric analysis, the co-occurrence of genes in different
neighborhoods is used to construct a network, from which a clustering coefficient for each gene is derived. In the neighborhood-centric
analysis, neighborhoods with more similar gene content are plotted through several dimensional reduction steps and clustered. B The

distribution of protein subfamilies by their clustering coefficient, a m
indicated. € Cld genomic neighborhoods colored by group, indicating
Genomic neighborhoods that did not cluster into distinct groups are

easure of linkage to c/d. The threshold value for defining “hits” is
thee top three most common proteins subfamilies in each group.
found in neighborhood group 7. D Cld genomic neighborhoods

colored by the presence of group 1 Cld (left), by the presence or absence of reductases closely related to Pcr, Clr, and Nar (center), or by

the phylum of the host microorganism (right).

Cld genomic neighborhoods were searched for genes known to
participate in the response to reactive chlorine species: methio-
nine sulfoxide reductases, sulfur homeostasis proteins, protein
chaperones, regulatory systems, and scavenging of reactive
byproducts like peroxides, aldehydes, and glyoxals [6, 53, 54].
One or more of these genes could indeed be found in Cld
neighborhood groups (Supplemental Data), and Cld was routinely
found with methionine sulfoxide reductase systems (Supplemen-
tal Fig. 3). Responses to reactive chlorine species have largely been
studied in laboratories; this is supporting evidence that use of
these genes by microorganisms to respond to reactive chlorine
species is not an experimental artifact but a natural phenomenon.
Additionally, it provides evidence that chlorite is produced at a

The ISME Journal

sufficient flux in the environment to contribute to oxidative
damage in microorganisms.

The transport of chlorine oxyanions across the cellular membrane
appeared to be a defining feature of two types of Cld genomic
neighborhoods (Fig. 3C). No specific transporters for chlorine
oxyanions are known. Neighborhood group 11 contained ABC
transporter subunits, some of which are annotated as ATP-driven
nitrate transporters. Such transporters could be involved in the
transport of chlorate, a structural analogue of nitrate, an activity
previously identified for nitrate transporters by genetic selection for
chlorate resistance ((for example, see: [55])). Neighborhood group
17 was distinguished by a formate-nitrite transporter (FNT) family
protein, an MsrP protein involved periplasmic reactive chlorine
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stress response (see below), and cytoplasmic Cld. As with nitrate
and chlorate, formate (HCO, ) and nitrite (NO,") are structural
analogues of chlorite (ClO,7), and the potential for FNT family
proteins to transport chlorite as well has been shown by the
deleterious nature of FocA formate transporters and NirC nitrite
transporters in chlorite stress conditions [52]. Curiously, the FNT-Cld-
MsrP gene cluster belonged to metagenomic Mycobacteria found in
seasonally low-oxygen lakes [56, 57]. The combination of a chlorite-
permeable transporter and cytoplasmic Cld might act to import
extracellular chlorite to be converted to oxygen inside the cell.
Microorganisms benefitting from the production of oxygen by Cld is
a trait thus far observed only in (per)chlorate-reducing bacteria or
engineered strains [7, 58].

Chlorination and dechlorination are only known to be related to
hypochlorous acid, not higher oxidation states of chlorine like
chlorite. Relatively low clustering coefficients with Cld for two
protein subfamilies suggested otherwise: non-heme chloroperox-
idase (subfamily 122), which chlorinates organic molecules by
producing hypochlorous acid, and a putative subfamily of haloacid
dehalogenases (subfamily 172), which removes chlorine from
organic molecules. Chlorite produces and may be produced by
hypochlorous acid, which generates stable chlorinated products like
chlorotyrosine [59]; perhaps microorganisms use dehalogenases to
reverse that chlorination.

Chlorite from chlorine reduction

One source of chlorite experienced by microorganisms could be
the co-metabolic reduction of perchlorate and chlorate. Compara-
tive genomics can be used to evaluate this hypothesis: if an
enzyme reduces perchlorate or chlorate to chlorite, Cld can
provide a benefit by degrading chlorite, and the selective pressure
to co-express the Cld with would lead to its genetic co-location
with the reductase in some genomes (Fig. 4A). To test this
hypothesis, Cld genomic neighborhoods were searched for
enzymes in the DMSO reductase family of molybdopterin
enzymes (Pfam 00384), which contains both the specialized
perchlorate and chlorate reductases (Pcr, Clr) and the enzymes
that inadvertently reduce perchlorate and chlorate [17].

A total of 105 proteins in the DMSO reductase family were
found in Cld genomic neighborhoods. Many genomic neighbor-
hoods contained cytoplasmic Cld and enzymes with documented
in vitro (per)chlorate reductase activity (Fig. 4B—E): assimilatory
nitrate reductases (NasA), a cytoplasmic dissimilatory nitrate
reductase (NarG) [60], and a tetrathionate reductase (TtrA) [61].
Cld was also found on soil metagenome contigs with unchar-
acterized enzymes most similar to periplasmic nitrite oxidoreduc-
tases (pNxr) of nitrite-oxidizing bacteria (Nitrospira and Nitrotoga),
anammox bacteria, and other microorganisms [44]. As it is found
with either periplasmic or cytoplasmic Cld, this uncharacterized
reductase is not likely to function in dissimilatory (per)chlorate
reduction pathways, which are only known to occur in the
periplasm [8]. The co-occurrence of Cld with formate dehydro-
genase (FdhN) and an uncharacterized Fdh-like protein (YdeP)
was unexpected but could be related to the structural similarity
of chlorite and formate. The genetic association of Cld with
diverse enzymes with co-metabolic (per)chlorate reductase
activity indicates that co-metabolism contributes to perchlorate
and chlorate reduction.

Most commonly, the reductases detected with Cld in metagen-
omes were not co-metabolic reductases but Pcr and the newly
characterized group 3 Clr [62] (Fig. 4D, E). Most reductases were
closely related to reductases from organisms selected for the
ability to respire perchlorate or chlorate. The search also identified
a metagenome-assembled genome, GWC2_42_11, assembled
from a groundwater sediment metagenome [63], encoding
phylogenetically divergent copies of both Pcr and group 3 Clr
(Fig. 4C). Two genes for Cld from this microorganism are found in
Cld clade 6, which share a more recent ancestor with nitrite-

SPRINGER NATURE

oxidizing Nitrospira (clade 5, clades 7-9) than perchlorate-reducing
bacteria (clade 4) (Fig. 2). As a member of the class Deltaproteo-
bacteria (phylum GWC2-55-46 in GTDB taxonomy), GWC2_42_11
is the most evolutionary distinct (per)chlorate-reducing bacterium
identified to date, and its equally divergent reductases and Cld
might help in understanding the earliest forms of perchlorate and
chlorate respiration.

The ancient form of dissimilatory (per)chlorate reduction may
have resembled co-metabolic (per)chlorate reduction by a
microorganism with Cld. Cld has been shown to be inessential
for removing any chlorite produced if habitats with sufficient
amounts of reduced iron or inorganic sulfur species [64-66] (or
with large populations of other microorganisms that can degrade
chlorate or chlorite [16, 58]), allowing a scenario where chlorite
dismutase could evolve after specialized (per)chlorate reductases.
Yet the above results show that chlorite stress from co-metabolic
(per)chlorate reduction is a common enough phenomenon that
Cld has repeatedly evolved to be co-located with co-metabolic
reductase in genomes. This is a contemporary example of how
respiratory metabolisms for oxidized chlorine could have first
arose from the association between chlorite dismutase and a co-
metabolic reductase followed by specialization for respiratory
perchlorate or chlorate reduction [67]. In that scenario, chlorite
dismutase would have evolved before specialized (per)chlorate
reductases.

Chlorite from chlorine oxidation

The oxidation of chlorine to chlorite is another possible source,
other than co-metabolic reduction of (per)chlorate or chemical
reduction of chlorate [68], of chlorite in oxic habitats. If it
occurs, Cld should be present in microorganisms unable to co-
metabolically reduce (per)chlorate. Using profile-HMMs represent-
ing the broad parts of the DMSO reductase family phylogeny that
have perchlorate or chlorate reductase activity (PCRA) (Fig. 4A), we
identified genomes with Cld that do not have enzymes that
reduce perchlorate or chlorate (Fig. 5A). Despite the commonality
of such enzymes as assimilatory nitrate reductases, this search
identified 27 putative “non-(per)chlorate reducers” among isolate
genomes (Supplementary Table 1). These strains represent 6 of
the 19 phyla with Cld and 15 of 151 genera (Fig. 5B). All were
reported aerobes (Fig. 5B). They were isolated from diverse
habitats, often characterized by high sunlight (lakes and ponds,
desert rocks and sediments, growing with diatoms, cyanobacteria,
or mosses) or by high amounts of reactive chlorine species
(human body, wastewater treatment plant, swimming pool,
showerhead biofilm) (Fig. 5B). Therefore, the known mechanisms
for the enzymatic reduction of chlorate and perchlorate appeared
insufficient to explain the prevalence of chlorite and chlorite-
degrading microorganisms.

One plausible mechanism of oxidative chlorite formation is
oxidative chemistry (Fig. 5C). Habitats with high sunlight are very
oxidizing due to the combined effects of oxygenic phototrophy
and UV photochemistry [69, 70]. Several non-(per)chlorate
reducers were isolated from high sunlight habitats. UV tolerance
genes were present in Cld genomic neighborhoods from several
bacteria from high sunlight habitats. A putative deoxyribodipyr-
imidine photo-lyase, which is a light-activated protein that repairs
UV-damaged DNA, is encoded in 21 Cld genomic neighborhoods
and several different neighborhood groups (groups 2, 20, and 7),
such as one in a betaprotebacterium in culture with Leptolyngbya
glacialis TM1FOS73 (GCA_003242045.1) [71]. In a sunlight
photobioreactor metagenome, cld is found in four of 34 MAGs
(UBA7691, UBA7681, UBA7678, UBA7677), including a Plancto-
mycetaceae bacterium that has periplasmic group 2a Cld encoded
near carotenoid biosynthesis genes for limiting UV photodamage
[72]. The production of chlorite from oxidative chemistry
might also explain the presence of Cld in the nitrite-oxidizing
bacteria (Fig. 5C). Like the products of photochemistry such as

The ISME Journal
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C. Phylogeny of Cld-associated oxidoreductases
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o

2722016688 PcrA Deltaproteobacteria bacterium GWC2_42_11
— Ga0209212_100538115 PcrA Subsurface freshwater
Gao075012_100002535 PcrA Surface freshwater
1 Ga0209066_1000062950 PcrA Surface freshwater
2508534229 PcrA Magnetospirillum sp. WD
2546886176 PcrA Magnetospirillum bellicus VDY
~ 2508503824 PcrA Dechlorobacter hydro%enoph\'\us LT-1
TVO§5905.w PcrA Denitromonas halophilus
TV063319.1 PcrA Denitromonas halophilus
TVO76134.1 PcrA Denitromonas halophilus
TVT47616.1 PcrA Denitromonas halophilus
TVT77521.1 PcrA Denitromonas halophilus
TVT70049.1 PcrA Denitromonas halophilus
WP_011288314.1 PcrA Dechloromonas aromatica RCB
WP_014235273.1 PcrA Dechlorosoma suillum PS
2510564261 PcrA Propionivibrio militaris MP
PKO89337.1 PcrA HGW-Betaproteobacteria-12

1 Gao119870_10004812 PcrA Oxic wastewater

Ga0209099_100246712 PcrA Anoxic wastewater
Ga0209098_100271313 PcrA Anoxic wastewater
Gao116142_100138983 PcrA Anoxic wastewater
Gao116171_100061433 PcrA Anoxic wastewater
2506669053 PcrA Dechloromonas agitata CKB
Gao116143 100144573 PcrA Anoxic wastewater

Gao069611_1000094213 PcrA Oxic wastewater
Ga0209096_10113075 PcrA Anoxic wastewater
WP_085375483.1 PcrA Magnetospirillum sp. ME-1
2508534219 PcrA Magnetospirillum sp. W
2546886166 PcrA Magnetospirillum bellicus VDY
Gao075012_1000025313 PcrA Surface freshwater
Ga0209066_1000062942 PcrA Surface freshwater
WP_111355592.1 PcrA Rhodoplanes elegans
WP_129611707.1 PcrA Rhodoplanes piscinae
2546910711 PcrA Azospirillum sp. TTI
2546910695 PcrA Azospirillum sp. TTI
WP_109121382.1 PcrA Azospirillum sp. TSO22-1
WP_052435423.1 PcrA Sulfurospirillum cavolei NBRC 109482
2515089144 PcrA Sedimenticola sp. CUZ
WP_058341146.1 PcrA Marinobacter sp. P4B1
2508518480 PcrA Arcobacter sp. CAB
PLY04029.1 PcrA Arcobacter sp.
“— WP_037375984.1 PcrA Sed. selenatireducens DSM 17993
TVO68312.1 PcrA Sedimenticola selenatireducens
TVT60911.1 PcrA Sedimenticola selenatireducens
TVT51502.1 PcrA Sedimenticola thiotaurini
GPB-2_03488 PcrA Sedimenticola MAG
WP_052761143.1 PcrA Sedimenticola thiotaurini
GPB-1-03573 PcrA Sedimenticola MAG
Gao070728.1000253018 PcrA Marine sediment
Gao070729_1000264718 PcrA Marine sediment
Ga0209692_100000212 PcrA Marine sediment
Ga0209475_100000192 PcrA Marine sediment
Gao118733_1000115001 PcrA Marine sediment

Fig. 4 The distribution of Cld among possible perchlorate and chlorate reductases in the DMSO reductase family. Proteins with “++" have
empirically described perchlorate or chlorate reductase activity. A The pathways by which a reductase can produce chlorite, which Cld degrades.
Dissimilatory reduction occurs through perchlorate reductase (red, Pcr) or chlorate reductase (orange, Clr). Co-metabolic reduction (green) does
not occur through a reductase specialized for perchlorate or chlorate reduction. An example is shown for nitrate reductase (Nar). B An unrooted
maximum likelihood phylogenetic tree of representative proteins from the DMSO reductase family. Clades containing proteins from Cld genomic
neighborhoods are highlighted in blue. C The same phylogenetic tree omitting all proteins not found with Cld. The arrow points to the same node
as the arrow in panel B. Colors indicate their source (genomic or metagenomic). Labels at right indicate the type of protein and the lineages of Cld
present in their genomic neighborhood. D The number of genomes per genus or other taxon with proteins from PcrA, ClrA1, CIrA2, or CIrA3, and
whether or not the microorganisms were subjected to selection for those genes (i.e. providing perchlorate or chlorate as a sole respiratory electron
acceptor). Metagenomic proteins were assigned to the closest genomic relative’s taxon. E The number of Cld-associated proteins in each clade of
the DMSO reductase tree and whether they were obtained from genomes and metagenome-assembled genomes (black) or metagenomes (blue).

hydrogen peroxide (H,0,, E + 1.32 V) [73], the reactive nitrogen
species peroxynitrite (ONOO~, E”+1.3V) has a high enough
reduction potential to oxidize hypochlorous acid to chlorite
(E”+1.26V) [74, 75).

The ISME Journal

Another plausible mechanism of chlorine oxidation is the
biochemical oxidation of hypochlorous acid to chlorite (Fig. 5C).
An enzyme that oxidizes hypochlorous acid to chlorite would
be a major fitness benefit to microorganisms with Cld, ultimately
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Fig. 5 Genomes without respiratory and co-metabolic perchlorate/chlorate reductase activity (PCRA). A Profile-HMMs were used to find
isolated microorganisms without enzymes from the broad parts of the DMSO reductase family that might have (per)chlorate reductase
activity. These microorganisms may experience chlorite produced from oxidative chemistry. B The number of isolate genomes with respiratory
or co-metabolic reductases grouped by phylum, relationship with oxygen, and the habitat they were isolated from. C Pathways discussed in
the text as having the potential to generate chlorite from lower oxidation states of chlorine. D Several microorganisms without PCRA were
isolated from a showerhead biofilm communities exposed to chlorine residuals present in drinking water. Bars indicate the number of
microorganisms isolated from that community with or without Cld or enzymes with putative (per)chlorate reductase activity.

yielding harmless chloride and oxygen. Oxidation of hypochlorous
acid to chlorite only requires transfer of 2 electrons and produces
a less reactive product. An analogous system would be nitric oxide
dioxygenase, which uses oxygen to oxidize nitric oxide to less-
toxic nitrate [76]. Instead of spending cellular reducing equivalents
to reduce hypochlorous acid or repair oxidative damage, the
enzymatic oxidation of hypochlorous acid might produce redu-
cing equivalents. Furthermore, the removal of hypochlorous acid
would limit the inhibition of Cld by hypochlorous acid [77]. Thus,
the enzymatic oxidation of hypochlorous acid to chlorite would
pose major selective benefits.

Experimental support for this capability would be the enrich-
ment of microorganisms with Cld in habitats with high
hypochlorous acid. One such real-word setting appeared to be a
drinking water distribution system in which 47 of 89 strains
isolated from a showerhead biofilm encoded Cld, and 10 were
non-(per)chlorate reducers (Fig. 5D) [78, 79]. This demonstrates a
strong selection for Cld within the microbial community by the
chlorine residuals present in the water. The water distribution
system was expected to contain 0.8 mg/liter free residual chlorine
form of hypochlorous acid and hypochlorite residuals; however, it
is unclear if chlorine dioxide (ClO,) was used in water treatment
and produced chlorite residuals (personal communication, Jorge
Santo-Domingo). Except for this uncertainty, this system would
meet the criteria of a habitat that selects for the ability to degrade
chlorite due to only high hypochlorous acid exposure. Enzymatic
oxidation of hypochlorous acid to chlorite remains an unproven
hypothesis.

A holistic model for chlorine redox biology

The different biological processes that involve Cld suggest
that the biology of chlorine reduction and oxidation should
be considered as a single, bidirectional pathway (Fig. 6).
In this model, based on the above data and previous studies,
microorganisms in many habitats can experience any chlorine
oxyanion and some anthropogenic oxidized chlorine species
(Cl,, ClO,, NH,CI, NHCI,, and NCls) [80, 81]. Transporters allow
oxidized chlorine species to enter cells, where the molecules or
their byproducts may be sensed and lead to changes in gene
regulation. Oxidized chlorine species have a propensity to be
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reduced in cells to the next lower oxidation state. Chlorite is
produced in microorganisms with enzymes that can reduce
perchlorate and chlorate through metabolism or co-metabolism.
Cld can be considered a shunt in the reductive pathway that,
when present, prevents the formation of hypochlorous acid and
produces beneficial oxygen. Any hypochlorous acid formed
reacts rapidly with biomolecules, producing a combination
of chloride, chlorinated carbon and nitrogen, and oxidized
byproducts [2, 3, 5, 82]. Cells degrade hypochlorous acid and
respond to damage caused by it. A hypothetical possibility is
that microorganisms detoxify hypochlorous acid by oxidizing
hypochlorous acid to chlorite and using the chlorite dismutase
shunt to degrade chlorite. In oxidizing settings, chlorite can be
further oxidized (photo)chemically to chlorate or perchlorate,
which are also deposited into habitats from atmosphere. The
relatively stable end products of this bidirectional cycle are
perchlorate and chloride. These compounds are only as inert,
however, as the surrounding chemistry and biology allow.

CONCLUSIONS

Cld, a biomarker for chlorite once thought unique to anaerobic
perchlorate- and chlorate-reducing bacteria, is found in various
microorganisms from both oxic and anoxic microbial habitats. This
distribution suggests microorganisms experience significant
enough amounts of chlorite in the environment to acquire Cld.
The sources of chlorite are the dissimilatory reduction of (per)
chlorate but also the co-metabolic reduction of (per)chlorate and,
genomics suggests, the oxidation of chlorine’s lower oxidation
states. That Cld participates in these pathways and in general
response to reactive chlorine species justifies a model wherein
oxidized chlorine species are part of a continuous, bidirectional
biological pathway. Cld is subject to intermittent selection for its
gain and loss, highlighting how much remains to be learned about
the concentrations and fluxes of oxidized chlorine species
in different environments. The expansive inventory of genes
associated with Cld-encoding loci identified here provides targets
for subsequent research in the biology of oxidized chlorine from
regulation, transport, and repair to direct enzymatic action on
chlorine-containing molecules.

The ISME Journal
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METHODS

Identification of chlorite dismutase (Cid)

A maximum likelihood phylogenetic tree of the protein family containing
Cld was constructed using FastTree v. 2.1.9 with default settings from
the Pfam 06778 alignment of representative proteomes, at the 15%
comembership threshold to limit the number of redundant proteins
[83-85]. The presence of key residues for Cld activity were identified by
comparing the positions in the alignment corresponding to the distal
heme arginine (R127) and proximal heme lysine (K92), histidine (H114), and
glutamic acid (E167) in Nitrobacter winogradskyii Nb-255 [29]. Cld and non-
Cld proteins were annotated on a precomputed bacterial tree of life [86].
Cld was identified through BLASTP search of genomes deposited in NCBI
and genomes and metagenomes deposited in JGI [87-89] and confirmed

The ISME Journal

with profile-hidden Markov models built from the two major lineages of
Cld from Pfam 06778 [90]. All data were acquired prior to 2020. See
supplementary information for additional methods.

Phylogenetics

For the phylogeny of Cld, proteins were aligned using MUSCLE v3.8.1551
with default settings [91] and built into a maximum likelihood
phylogenetic tree using FastTree with default settings [85]. The Python
package ETE v. 3 was used to plot trees and to form clades of proteins at
trees nodes in which the average distance to a protein was less than a
selected value [92]. N-terminal and C-terminal extensions were defined
as amino acids in the alignment beyond the positions within which the
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average Cld protein had amino acids. Signal peptides were assigned
using SignalP v. 5 with default settings, accepting a positive result from
any type of organism [93]. See supplementary information for additional
methods.

Comparative genomics

Genes within 4+/— 10 positions of c/d on the same contig were defined as
part of the Cld genomic neighborhood. Proteins from Cld genomic
neighborhoods were clustered into subfamilies using MMSEQs v.7-4e23d
set to a coverage of 0.5 and an E-value of 0.001 [94]. The Python package
networkx was used to compute the clustering coefficient for each node.
This is a simple statistic for gene linkage to cld obtained by representing
each subfamily as a node and each connection between subfamilies
found in the same genomic neighborhood as edges in a network.
The clustering coefficient for a node equals the number of edges between
a node’s neighbors divided by the total number of edges possible
between a node’s neighbors (for more information, see supplementary
information).

Genomic neighborhoods with 10+ genes were grouped by similar gene
content using unsupervised machine learning methods in the Python
package SciKit-learn. The features were the presence [1] or absence (0) of
each subfamily in the neighborhood. An initial dimensional reduction was
performed with Principle Components Analysis, and the resulting 50
dimensions were subjected to t-Distributed Stochastic Neighbor Embed-
ding (t-SNE) with a perplexity of 50 and 5000 iterations. Neighborhoods
were then grouped by proximity (maximum distance of 4 units in the two
t-SNE dimensions) with the Density-Based Spatial Clustering of Applica-
tions with Noise (DBSCAN) algorithm.

DATA AVAILABILITY

Supplementary data are available on FigShare and include: Supplementary Data 1,
information on genes and genomes used in this work including accessions, taxonomy,
subfamily assignments, etc. (https://doi.org/10.6084/m9.figshare.16978561); Supple-
mentary Data 2, information on subfamilies and their clustering coefficients (https:/
doi.org/10.6084/m9 figshare.16980601); protein sequences found in Cld genomic
neighborhoods (https://doi.org/10.6084/m9.figshare.16980613); a phylogenetic tree
and alignments for Cld (https://doi.org/10.6084/m9.figshare.16982077); and profile-
HMM:s to identify key proteins for perchlorate, chlorate, and chlorite biology (https://
doi.org/10.6084/m9 figshare.19836151).
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