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in land plants and in oomycetes, a group of agronomically important plant
pathogens, which prompted us to hypothesize that plant and pathogen
ABCGs coevolved. Supporting this hypothesis, full-size ABCGs in host
plants (Arabidopsis thaliana and Clycine max) and their pathogens (Hyalo-
peronospora arabidopsidis and Phytophthora sojae, respectively) had sim-
ilar divergence times and patterns. Furthermore, generalist pathogens with
broad ranges of host plants have diversified more ABCGs than their spe-
cialist counterparts. The hypothesis was further tested using an example
pair of ABCGs that first diverged during multiplication in a host plant and
it pathogen: AtABCG31 of A. thaliana and HpaP802307 of
H. arabidopsidis. AtABCG31 expression was activated following infection
with H. arabidopsidis, and disrupting AtABCG31 led to increased suscep-
tibility to H. arabidopsidis. Together, our results suggest that ABCG genes
in plants and their oomycete pathogens coevolved in an arms race, to
extrude secondary metabolites involved in the plant’s defense response
against pathogens.
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Introduction . A
chemicals across biological membranes, and also by per-

ABC proteins contain ATP-binding cassettes, which bind ~ forming biochemical functions unrelated to transport
and hydrolyze ATP. They carry out diverse physiological (Theodoulou and Kerr 2015, Yu et al. 2015, Locher
functions by transporting a large number of different ~ 2016). An interesting characteristic of ABC transporters
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is that, as a group, they transport vastly different types of
chemicals, and some individual ABC proteins transport
diverse substrates. Despite some progress in determining
the structures of ABC proteins (Lee et al. 2016, Khun-
weeraphong et al. 2017, Taylor et al. 2017, Kim and
Chen 2018, Manolaridis et al. 2018, Alam et al. 2019),
the structural basis for substrate specificity is unclear
in the proteins, and consequently, it is not possible to
predict the substrates of ABC proteins that have not yet
been functionally studied. Identifying the substrate
and function of an ABC protein usually requires obtain-
ing the corresponding mutants, followed by extensive
functional studies. Thus, determining the functions of
newly discovered ABC genes requires much time and
effort. However, a systematic analysis of recent suc-
cesses in determining the structures and functions of
many ABC proteins (Thomas and Tampé 2018, Srikant
and Gaudet 2019) might provide some clues as to the
relationship between the structure and function of
ABC proteins.

Another interesting aspect of ABC proteins is their evo-
lution (Dean and Annilo 2005, Kovalchuk and Driessen
2010, Xiong et al. 2015, Ofori et al. 2018). ABC proteins
are of ancient origin, since they exist in all organisms
studied to date. They have undergone a wide range of
changes throughout the history of life, as evidenced by
the existence of many different types of ABC proteins
with different structures and functions. Moreover, ABC
protein domains were fused, modified and multiplied
during evolution, and prokaryotes tend to have simpler
and smaller ABC proteins than those found in eukaryotes
(Xiong et al. 2015). Bioinformatic analysis of over a thou-
sand plant transcriptomes found that simple organisms
such as microalgae possess fewer unique ABC proteins
than vascular land plants (Lane et al. 2016). Evolutionary
studies of ABC genes are interesting not only because
they reveal the evolutionary history of genes, but also
because they imply the functions and substrates of many
uncharacterized ABC proteins; it is reasonable to assume
that ABC proteins that are closely related in the phyloge-
netic tree are more likely to perform similar functions
than distantly related ones. Thus, we can speculate about
the potential functions of unidentified ABC proteins by
assessing their phylogenetic relationships with well-
characterized ABC proteins.

Terrestrial plants generally have more ABC trans-
porters than animals or aquatic photosynthetic organisms
(Andolfo et al. 2015, Hwang et al. 2016, Lane et al.
2016). A comparison of the different ABC protein sub-
families revealed that members of the G subfamily dupli-
cated and proliferated substantially more than other
subfamily members in plants (Andolfo et al. 2015,
Hwang et al. 2016). We previously reported that many

ABCG subfamily transporters allow plants to adapt to
dry land environments, by secreting a surface coating,
mediating a defense response, or facilitating the long-
distance hormonal control of growth and development
(Hwang et al. 2016). In the same report, we presented
evidence for the explosive multiplication of genes similar
to the stress hormone ABA transporter, AtABCG40, dur-
ing the evolution of terrestrial plants from unicellular
green algae. Thus, the multiplication and diversification
of ABCG transporters might have contributed substan-
tially to the colonization of land by photosynthetic
organisms.

To further examine this possibility and to better under-
stand how these transporters evolved in the green plant
lineage, we constructed phylogenetic trees of all ABCG
subfamily genes of Arabidopsis thaliana and their homo-
logs from a broad range of organisms, including Opisto-
konta (e.g. animals, fungi), Amoebozoa, Viridiplantae
(e.g. green algae, land plants) and Chromalveolata
(e.g. Stramenopiles, Alveolata, Haptophyta, Crypto-
phyta). Our phylogenetic analysis revealed several inter-
esting insights. First, A. thaliana ABCG subfamily proteins
and their homologs in land plants are clearly separated
from those of other organisms, suggesting that they differ-
entiated after the evolution of land plants. Second,
A. thaliana ABCG subfamily proteins and their homologs
in land plants diversified to seven different groups, with
each group comprising multiple genes with similar phys-
iological functions. Third, full-size ABCGs rapidly diver-
sified not only in land plants but also in oomycetes
(e.g. Phytophthora). Since many oomycetes are plant
pathogens (Kamoun et al. 2015) and some plant ABC
transporters transport secondary metabolites important
for pathogen defense (Stukkens et al. 2005, Yazaki
2006, Crouzet et al. 2013), we hypothesized that the
ABCGs in plants and oomycetes might have coevolved
in an evolutionary arms race. We report several lines of
evidence that support this possibility.

Materials and methods

Phylogenetic tree analysis and collection of novel
ABCGs

The protein sequences of ABCG family members were
collected from NCBI (National Center of Biotechnology
Information) and transcriptome database (e.g. MMESTP)
to avoid a biased taxon sampling (Keeling et al. 2014).
For Figs 1, 2 and S1, AtABCG homologous genes were
gathered using BLASTp (top matches count: 500, e-value
cutoff: Te-5). Instead of using raw data from a non-
redundant (nr) database, taxon selection in a local data-
base (based on NCBI RefSeq database; summarized in
Tables 1, S2 and S3) was performed to avoid saturation
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Fig. 1. Phylogenetic tree of the G subfamily of the ATP-Binding Cassette (ABCG) protein family. The phylogenetic tree was constructed using the
maximum likelihood (ML) method. Taxon and gene IDs are summarized in Table S2. Blue and red circles indicate the bootstrap values between
70 and 80%, and >80%, respectively. ‘Group 1’ through ‘Group 7' marked on the periphery are for the land plant lineage based on AtABCGs, and
the numbers below the group numbers indicate the numbers of the A. thaliana ABCG proteins. The ABCGs under the blue curve on top are full-size,
while the others are half-size. The scale bar indicates the branch length measured in the number of amino acid substitutions per site. NBD,

nucleotide-binding domain; TMD, transmembrane domain.

of certain lineages. In addition, Ginkgo and Chara ABCG
genes were included in the phylogenetic analyses to
broaden taxon sampling. CD-Search (Marchler-Bauer
et al. 2011) and UniProtDB were used to predict the
domain region of ABCGs.

The ABCG sequences used in Figs 1, 2 and S1-S3 were
basically aligned using MAFFT v7 (Katoh and Standley
2013). The resulting alignment of entire ABCGs (Fig. 1)
was trimmed to remove gaps using automated trimming
options in trimAl (Capella-Gutierrez et al. 2009). The
maximum likelihood (ML) analysis was conducted in
IQ-TREE (Nguyen et al. 2015) with 1000 ultrafast boot-
strap replications. The evolutionary model used in the
phylogenetic analyses was selected by ModelFinder,
which is incorporated in IQ-TREE (Kalyaanamoorthy
et al. 2017). The phylogeneic analysis results from 1Q-
TREE are visualized by FigTree v1.4.4 (https:/github.
com/rambaut/figtree/) and bootstrap supporting values
of less than 50% were removed.

Physiol. Plant. 0, 2020

Unannotated ABCGs from published genomes in an
available database (e.g. Ginkgo genome from GIGA"
DB [http:/gigadb.org/dataset/100209]) were collected
based on annotated ABCGs by homologous search and
chosen as putative ABCGs. The ABCGs were confirmed
by phylogenetic analysis using previously known
ABCGs. To filter out ABCG paralogs from putative
ABCGs, only ABCGs that formed a monophyletic clade
with other ABCGs were selected. In addition, short pro-
teins (<100 amino acids) were removed from the
analysis.

Relative molecular clock analysis

The full-size ABCG transporters used in constructing the
phylogenetic trees (Table S2) were included in the diver-
gence time estimation. To calculate relative divergence
time, a Markov Chain Monte Carlo (MCMC) Bayesian
approach implemented on the program Bayesian
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Evolutionary Analysis Sampling Trees (BEAST) v1.10.4
(Drummond et al. 2012) was used under LG + G4 + |
and a strict clock model. Based on the tree topology of
full-size ABCG transporters (Fig. S1), the most widely
used Yule process in speciation model and the simple
birth—death process for speciation (Gernhard 2008) was
applied for the tree prior as an operator option. More
detailed options are available in Data S1, which was gen-
erated by Bayesian Evolutionary Analysis Utility (BEAULi)
program. MCMC chains were run with 10 million gener-
ations, and 10% of the total number of iterations (1 mil-
lion states) was used as the burn-in for an analysis.

Ks and Ka distributions

Full-size ABCG transporter sequences of four species
(two host species: A. thaliana and Glycine max; two
pathogen species: P. sojae and Hyaloperonospora

arabidopsidis) were collected from their genome data.
The number of nonsynonymous substitutions per non-
synonymous site (Ka) of gene pairs from each species
was esitimated using ‘KaKs_Calculator’” implemented in
ParaAT (Parallel Alignment and back-Translation; Zhang
etal. 2006, Zhang et al. 2012). Synonymous substitutions
per synonymous site (Ks) were calculated in the
same way.

Comparative analysis of evolutionary rates
between plants and pathogens

To quantify the difference of evolutionary rates, log-fold
changes of non-synonymous over synonymous alterations
(dN/dS) between pairs of full-size ABCGs in plant hosts
and those in plant pathogenic oomycetes were calculated
using the equation logFC(dN/dS) =|log(dNdSawm — Gmax) —
log(dNdSipa — psojac)|- To test the statistical significance

Physiol. Plant. 0, 2020



Table 1. Taxon list of oomycete full-size ABCG transporters used in the phylogenetic analysis shown in Fig. S2.

Taxonomic group

Host infection type

Species hame

Number of
full-size ABCGs References

Oomycetes — Saprolegniales — Saprolegniaceae
Oomycetes — Saprolegniales — Saprolegniaceae
Oomycetes — Saprolegniales — Leptolegniaceae
Oomycetes — Saprolegniales — Leptolegniaceae
Oomycetes — Peronosporales — Peronosporaceae

Animal pathogen

Animal pathogen

Animal pathogen

Animal pathogen

Generalist pathogen
(Plant)

Oomycetes — Peronosporales — Peronosporaceae  Generalist pathogen
(Plant)
Oomycetes — Peronosporales — Peronosporaceae  Generalist pathogen
(Plant)
Oomycetes — Pythiales Generalist pathogen
(Plant)
Oomycetes — Pythiales Generalist pathogen
(Plant)
Oomycetes — Albuginales Generalist pathogen
(Plant)
Oomycetes — Peronosporales — Peronosporaceae  Specialist pathogen
(Plant)
Oomycetes — Albuginales Specialist pathogen
(Plant)

Saprolegnia diclina 21 Diéguez-Uribeondo et al. 2007

Saprolegnia parasitica 21 Diéguez-Uribeondo et al. 2007

Aphanomyces invadans 8 Diéguez-Uribeondo et al. 2009

Aphanomyces astaci 7 Makkonen et al. 2012

Phytophthora infestans 49 Kamoun et al. 2015

Phytophthora parasitica 60 Meng et al. 2014

Phytophthora sojae 61 Erwin and Ribeiro 1996

Pythium aphanidermatum 42 Chen et al. 1992

Pythium ultimum 56 Kamoun et al. 2015

Albugo candida 10 McMullan et al. 2015

Hyaloperonospora 9 Thines et al. 2009
arabidopsidis

Albugo laibachii 7 Kamoun et al. 2015

of the evolutionary-rate difference, logFC(dN/dS) of the
ABCG31 homologs from the two plant-pathogen pairs
(Plants: AtABCG31 of A. thaliana and dxK7M810 of
G. max; Pathogens: HpaP802307 of H. arabidopsidis
and dxG5ADX0 of P. sojae) were compared with those
from random pairs. Sequences of random pairs
(n = 1225) were taken from ABCG31 homologs in 50 dif-
ferent land plants in representative genomic databases
(Goodstein et al. 2011). The P-value was calculated with
the percentage of random pairs that have lower
logFC(dN/dS) than the observed value.

The difference of divergence time, logFC(dS) = |log
(dSath — Gmax) — 108(dStipa — psojac)|, Was used as an inde-
pendent variable to control the intrinsic difference in
divergence time-scales between plant and pathogen
pairs. To calculate P-value taken account for the diver-
gence time-scale, we tested the random pairs whose
logFC(dS) values approximate to that of the observed
value. Multiple tests by differentiating the criteria for the
dispersion of logFC(dS) were conducted and the mini-
mum p-value was chosen. Evolutionary rate (dN/dS)
and divergence time (dS) were calculated using codeml
implemented in the PAML package (Yang 1997).

Plant growth and pathogen inoculation

Arabidopsis thaliana ecotype Col-0 and mutants derived
from the Col-0 background, eds7-2, abcg31-2
(GK064C11), abcg31-3 (GK242G07), were used. Seeds
were sown in pots (diameter 10 cm, height 8.7 cm) of soil
and grown for 10 days (22/18°C, 14/10 h day-night

Physiol. Plant. 0, 2020

cycles). Hyaloperonospora arabidopsidis isolate Noco2
was maintained on the A. thaliana Col-0. For inoculation,
infected cotyledons were harvested and suspended in
sterilized water containing 0.05% (w/v) Tween-20. The
resuspension was filtered using Miracloth (Millipore
Corp.), and conidiosporangia that passed through the
cloth were diluted with water containing 0.05% (w/v)
Tween-20 to a final concentration of 5 x 10*
spores ml™".

The 10-day-old Arabidopsis seedlings were inoculated
with the conidiosporangia of H. arabidopsidis following
the method described previously (Asai et al. 2015). The
inoculated seedlings were then covered with a transpar-
ent cover (Cleanwrap) to maintain high humidity (above
80%), and kept at 17°C, 14/10 h day-night conditions.
The degree of infection was estimated by counting the
number of spores per cotyledon.

RNA extraction and assay of gene expression level

Total RNA was extracted using homemade Trizol
reagent. To obtain cDNA to use as the template for quan-
titative RT-PCR (qRT-PCR), 4 pg of RNA was subjected to
reverse transcription with SuperiorScriptlll Reverse Tran-
scriptase (Enzynomics). To determine the gene expres-
sion level, qRT-PCR was conducted using RbTaq qPCR
2X PreMIX (Enzynomics). The primer sets used to detect
AtABCG31 expression were RTABCG31_F, 5'-
TCCAAAAGCCTTTGATTCCAGT-3" and RTABCG31_R,
5'-TCCCACAGGACTTTTTTTATCTTCTC-3' (Kang et al.
2015). The qRT-PCR results were normalized by



detecting the expression level of a housekeeping gene
AtUbiquitin11, using the primer sets of AtUbiquitini1,
Ubi11_F, 5'- GAACCAAGTTCATGTATCGT-3’ and
Ubi_R, 5'- ACACTCATCAAACTAAGCAC-3'.

Results

Phylogeny and evolution of ABCG members in a
wide range of organisms

Functions, and hence putative substrates, of ABCG trans-
porters are tremendously diverse, including transport of
hormones, surface coating materials, materials for struc-
tural support and secondary metabolites for pathogen
defense. As such a broad range of substrates is unusual
among transporter groups, we were curious how such
diversity evolved. As a first step to elucidating the phylo-
genetic relationships of ABCG proteins of plants, we
gathered information of all ABCG genes of Arabidopsis,
including their putative substrates (Table S1). These
ABCG genes encode proteins with either 577-1107
amino acids (aa) for half-size white-brown complex
(WBC)-type or 1382-1469 aa for full-size pleiotropic
drug resistance (PDR)-type transporters. These genes
have 1-25 exons and are spread over many different
chromosomes.

We next searched for sequences homologous to
AtABCG subfamily members in a broad range of eukary-
otic organisms, including those belonging to Viridiplan-
tae, Metazoa, Fungi, Stramenopiles, Alveolata,
Haptophyta and Amoebozoa (Table S2). Notably, we
did not detect any bacterial homologs, suggesting that
ABCGs originated independently at an early stage of
eukaryotic evolution. Next, we reconstructed a phyloge-
netic tree based on aligned ABCG protein sequences
using the maximum likelihood method (Fig. 1). Since
the origin of ABCG transporter is unknown, we used mid-
point rooting method to root the tree. In the tree, most
homologs from all taxonomic groups (listed in Table S2)
are widely distributed, but some homologs are clustered
in specific lineages (i.e. Viridiplantae-specific,
Alveolata-specific, Stramenopiles-specific), suggesting
that, in these specific lineages, ABCG proteins diversified
soon after each lineage emerged. Among them, we
focused on the ABCG transporters of land plant, espe-
cially on the 43 Arabiodpsis ABCG subfamily proteins
(AtABCGs), because these AtABCGs were well character-
ized (Hwang et al. 2016). The 43 AtABCG transporters
are clustered into seven clades (G1-G7), with other plant
homologs (Fig. 1, Table S1). In each group, the green
algal ABCGs diverged first in most cases and the land
plant ABCGs followed, suggesting that ABCG proteins
of land plants diversified from the pre-existing ancestral
green algal homologs. This result is consistent with the

widely accepted notion that the land plant lineage
evolved from green algal lineage (Leliaert et al. 2012).
The half-size ABCG transporters, known as WBC-type
(AtABCG genes 1-28) are paraphyletically distributed in
six major groups (i.e. G1-G6), whereas full-size ABCG
transproters, known as PDR-type (AtABCG genes
29-43) are grouped together in the clade G7. Interest-
ingly, many oomycete ABCGs (full-size) are positioned
right next to clade G7, suggesting that they have a com-
mon origin with full-size ABCGs of plants (Fig. 1).

Functional similarities and differences among
Arabidopsis ABCG proteins

Since proteins of the same ancestral origin might share
some functional similarities, we suspected that some Ara-
bidopsis ABCG protein members belonging to the same
group described above have similar functions. Indeed, a
comparison of Fig. 1 and Table S1 revealed that similar
functions were shared by some members of the same
group. Group 1 (G1) includes AtABCG11, AtABCG12
and AtABCG13, which transport surface coating chemi-
cals, such as wax and cutin (Bird et al. 2007). Group
3 (G3) includes AtABCG1, AtABCG2, AtABCG6 and
AtABCG16, which transport materials needed for the
synthesis of a suberin barrier on the seed coat
(AtABCG2, AtABCG6) and/or construction of the intact
pollen wall (AtABCG1, AtABCG16) (Yadav et al. 2014,
Yim et al. 2016). This group may also include drug efflux
transporters, since AtABCG19 overexpression increased
kanamycin resistance (Mentewab and Stewart Jr. 2005).
Group 4 (G4) contains AtABCG9 and AtABCG26, which
transport pollen surface coating materials (steryl gluco-
side for ABCG9 and sporopollenin lipid precursors for
AtABCG26; Quilichini et al. 2010, Choi et al. 2014)
and plant hormone transporters (cytokinin for AtABCG14
and ABA for AtABCG25; Kuromori et al. 2010, Ko et al.
2014). Group 7 (G7) has the highest functional diversity
among the Arabidopsis ABCG groups, with substrates
including abscisic acid (AtABCG30, AtABCG31,
AtABCGA40), lignin precursors (AtABCG29), cutin precur-
sors (AtABCG32) and disease response factors
(AtABCG34, AtABCG36; Strader and Bartel 2009, Kang
etal. 2010, Ruzicka et al. 2010, Choi et al. 2014, Khare
etal. 2017). This feature of multiple substrates of ABCGs
is likely evolved by acquisition of new functions. Why
and how the G7 members multiplied to such diverse
functions are intriguing questions.

Evolution of G7 ABCG proteins in land plants

To determine the origins and phylogenetic relationships
among G7 ABCG proteins of land plants, we included
ABCGs from additional taxa (Table S3), and then
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classified the G7 members in more detail. At the macro-
scale, the full-size ABCGs of Viridiplantae appeared to
be a result of paraphyletic evolution and could be
divided into three different types: (1) V1-Type;
(2) V2-Type and (3) V3-Type (Fig. S1). The V1-Type is
the early-diverged full-size ABCGs that could not be
found in chlorophyceaen algae but appeared in Charo-
phyta (Chara and Klebsormidium), Bryophyta (moss;
Physcomitrella and Sphagnum), Lycopodiophyta (fern
ally; Selaginella) and in the basal angiosperm species
Amborella trichopoda. However, this type could not be
detected in any other angiosperm. The V2-Type is
Mamiellophyceae-specific, found only in a class of
Chlorophyta, Mamiellophyceae. The V3-Type included
most of the ABCG transporters present in seed plants
(Fig. S1). Thus, the tree suggests that there were three dif-
ferent types of full-size ABCGs in the early evolutionary
stage of Viridiplantae. Later on, the V3-Type massively
multiplied and diversified only in land plants.

To better understand the evolution of ABCGs of Viridi-
plantae, we further analyzed the G7 members of land
plants (Fig. 2A). The ABCG proteins of the Charophyta
(Klebsomidium) share the most recent common ancestor
with the G7 members, which suggested that the G7 land
plant members were derived from the ABCG proteins of
the Charophyta. The G7 members of land plants clustered
into four types: Types P1-P3 including moss, ferns and
seed plants, and Type P4 including only gymnosperms
and angiosperms. This suggests that the G7 members of
land plant ABCGs diversifed to three types in moss (Phys-
comitrella) and fern (Selaginella), and greatly expanded in
seed plants, especially in flowering plants; there were
78 genes encoding Type P2 G7 ABCG proteins, 50 of
which were in seed plants, including 9 in Arabidopsis
(i.e. AtABCGs 29, 30, 33, 35, 36, 37, 41, 42, 43), and
95 G7 transporters from diverse seed plants in Type P4.
Thus, G7 ABCG proteins seem to have evolved gradually
from green algae (Chlorophyta) through Charophyta to
land plants, where they diversified explosively (Fig. 2A).

Evolution of full-size ABCG proteins in oomycetes

Strikingly, we observed that full-size ABCGs underwent
massive diversification in oomycetes also (Fig. S1). This
is consistent with the observation that full-size ABCGs
genes (G7) in both land plants and oomycetes expanded
explosively, and share a common ancestor (Fig. 1). To
better understand the relationship of these intensive
diversifications between the two groups, we further ana-
lyzed full-size ABCG members of oomycetes (Fig. 2B).
Oomycetes exhibit hyphal growth and reproduce by
dispersing spores, but are phylogenetically closer to dia-
toms and brown algae than to fungi (Dick 2001, Thines
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and Kamoun 2010). More than 60% of oomycetes are
known plant pathogens, and some cause substantial
damage to important crop species (Kamoun 2003, Thines
and Kamoun 2010). Oomycetes have a high number of
full-size ABCG copies that clustered into two major
clades: O1-Type and O2-Type (Fig. 2B). Oomycetes
early-diverged O1-Type formed a monophyletic group
with those of other stramenopiles (i.e. brown algae, dia-
toms), indicating that oomycete O1-Type ABCGs origi-
nated from a common ancestor of the stramenopiles.
The rest of oomycetes ABCGs were grouped in the
O2-Type, which subdivied into two different clades,
Type O2-1 and Type O2-2. Among them, we found that
there were many more Type O2-2 members (135 copies)
than other types (21 copies of Type O2-1 and 6 copies of
early-diverged O1-Type). This analysis also revealed that
certain species (i.e. those belonging to the genera Phy-
tophthora and Pythium) have extremely high numbers
of full-size ABCGs (Fig. 2B and Table S3). For instance,
in P. sojae, a causal agent of root rot in soybean
(G. max), there were 8 copies of Type O2-1, and 53 cop-
ies of Type O2-2 full-size ABCGs.

To determine whether such multiplication occurred in
other oomycete species as well, we analyzed full-size
ABCGs of six other oomycete species whose genomes
have been sequenced, including two Phytophthora spe-
cies (Phytophthora infestans and Phytophthora parasi-
tica), Pythium aphanidermatum, Albugo candida,
Saprolegnia diclina and Aphanomyces astaci (Fig. S2
and Table S3). The early-diverged O1-Type was found
only in Saprolegniales, and it had much less copy num-
bers (16 copies) than the O2-Type (47 copies in Type
02-1 and 293 copies in O2-2; Fig. S2). Two major types
of O2-Type (02-1 and O2-2) included ABCGs from all
six species used in this analysis. Interestingly, Type
02-2 contained extremely high copy numbers of ABCG
genes (Fig. S2), especially in P. sojae (53 genes) and
Pythium ultimum (52 genes), suggesting that massive
gene duplications had occurred in these plant patho-
genic species. Taken together, this analysis demonstrated
that the ABCGs in plants and oomycetes have common
evolutionary patterns; both include the early-diverged
but less duplicated genes (i.e. V1-Type vs O1-Type) and
lately-diverged and massively duplicatred ABCGs
(i.e. V3-Type vs O2-Type; see Figs 2 and S2).

Coevolution of full-size ABCGs of land plants and
plant pathogenic oomycetes

Based on the phylogenetic analysis described above, we
hypothesized that Phytophthora might have developed
ABCGs with functional similarities to G7 ABCGs of land
plants, and that these protected the pathogen from the



secondary metabolites secreted by the infected plants.
Thus, our hypothesis predicted that the two groups of
ABCGs coevolved through their specific interactions as
drug pumps of plants and their pathogens.

To test this hypothesis, we first compared the relative
molecular divergence of full-size ABCGs in plants and
their pathogens, because interacting proteins are likely
to have similar divergence times (Edger et al. 2015). For
this purpose, we selected two pairs of host—pathogen spe-
cies: A. thaliana—H. arabidopsidis and C. max—P. sojae.
The estimated divergence times of their full-size ABCGs
ranged between 2.65 and 144.15 (relative values without
real time scale; Figs 3A and S3). The median value of
divergence times was 35.36 (Q1-Q3: 22.07-55.28, stan-
dard error: 4.87) among the 14 divergence points of
A. thaliana full-size ABCGs, while that of the pathogen
H. arabidopsidis was 49.16 (Q1-Q3: 42.54-60.76, stan-
dard error: 9.11) from 9 divergence points. Wilcoxon
rank sum statistical tests were applied to test a significant
difference of divergence times between the two groups; a
null hypothesis ‘there are no differences between full-
size ABCGs in the host and the pathogen in relative diver-
gence times’ was tested. The distribution of these two
divergence times was not significantly different (P-value:
0.3054; Fig. 3A). Similar to this case, the distribution of
divergence times of G. max—P. sojae was not significantly
different to reject the null hypothesis (P-value: 0.4152;
Fig. 3A). In case of G. max, the median value was 27.93
(Q1-Q3: 20.55-38.74, standard error: 2.79) from
30 divergence points, whereas in the case of P. sojae, it
was 32.89 (Q1-Q3: 22.47-42.54, standard error: 2.31)
from 61 divergence points (Fig. 3A). This molecular clock
analysis suggests that the divergence times of full-size
ABCG genes in plants and their pathogens did not differ
significantly. Thus, duplications of ABCG genes in plant
hosts and pathogenic oomycetes likely occurred at a
similar time.

The second method we used to test the hypothesis was
to compare non-synonymous mutational rates (Ka) and
synonymous mutational rates (Ks) of full-size ABCGs in
the same two plant-pathogen pairs: A. thaliana—
H. arabidopsidis and G. max—P. sojae. The Ka distribu-
tion is used to study gene duplication in distantly related
taxonomic groups (Alba and Castresana 2004), since
nonsynonymous substitutions change amino acid
sequences, which is directly related to gene selection in
an evolutionary process. Major peaks (i.e. the highest
gene density with the same Ka value) of A. thaliana,
H. arabidopsidis, C. max and P. sojae were 0.397 (red
dot), 0.360 (blue dot), 0.357 (red line) and 0.353 (blue
line), respectively (Fig. 3B). The densities of genes with
similar mutation rates between the host-pathogen pairs
largely overlapped, suggesting that major gene

diversifications of ABCGs in land plants and plant patho-
genic oomycetes coincided (Fig. 3B), although the muta-
tion rates of individual genes could differ. We also
calculated the pairwise Ks distribution of gene pairs
(total: 5332 pairs; Fig. S4), but the distribution was too
broad to yield any conclusion, likely due to the saturated
rates of synonymous mutations.

Third, we compared the number of full-size ABCGs in
generalist plant pathogenic oomycetes and specialist
oomycetes. Since different plant hosts secrete different
secondary metabolites (Parker et al. 2009, Sana et al.
2010, Kushalappa and Gunnaiah 2013, Arbona and
Gomez-Cadenas 2016), a generalist pathogen, which
infects many plant species, might need many different
ABCGs to remove the diverse secondary metabolites
from their cytosol. By contrast, a specialist pathogen,
which infects only a few specific species, might need
fewer full-size ABCGs to pump out the few secondary
metabolites secreted from its hosts. Phytophthora sojae
(Peronosporales) is a generalist plant pathogenic oomy-
cete that infects various fabacean and other species
(Erwin and Ribeiro 1996). Similarly, P. ultimum
(Pythiales) is a generalist parasitic oomycete that can
infect hundreds of diverse plant hosts (Kamoun et al.
2015). By contrast, Albugo laibachii (Albuginales) and
H. arabidopsidis (Peronosporales) are specialist patho-
gens that infect a specific host, i.e. A. thaliana (Thines
etal. 2009, Kamoun et al. 2015). Our phylogenetic anal-
ysis of ABCG transporters revealed that generalist para-
sitic oomycetes have more full-size ABCG transporters
than do specialists (Fig. 2 and Table 1). The generalist
parasites P. sojae and P. ultimum have 56-61 copies of
full-size ABCG transporters, while the specialist patho-
gens A. laibachii and H. arabidopsidis have 7-9 copies.
Interestingly, P. sojae and H. arabidopsidis are close rela-
tives in the same family (Peronosporaceae), but the gen-
eralist P. sojae (61 copies) has about seven times more
full-size ABCG transporters than does the specialist
H. arabidopsidis (9 copies).

Finally, to examine the possibility of coevolution in a
specific case, we obtained ABCG sequences from two
plant-pathogen pairs (i.e. A. thaliana—H. arabidopsidis
and G. max—P. sojae) and compared the phylogenetic
trees of their full-size ABCGs (Fig. 4A). Type P1 ABCGs
in host plants and Type O2-1 ABCGs in pathogens clus-
tered alone in a monophyletic clade (Fig. 4A) and they
first diverged during the massive diversification of ABCGs
(Fig. S3), suggesting the possibility of coevolution. To test
the possibility of coevolution further, we selected two
pairs of genes that belong to the Type P1 and Type
02-1 ABCGs: ABCG31 of A. thaliana and dxK7M810 of
G. max and HpaP802307 of H. arabidopsidis and
dxG5ADX0 of P. sojae. We then calculated the
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Fig. 3. Concurrent diversification
of full-size ABCGs in land plants
and plant pathogenic oomycetes.
(A) Concurrent relative molecular
divergence times of full-size
ABCGs in plant and plant
pathogenic oomycetes (details in
Fig. S3). The host plants (A. thaliana
and G. max) are indicated in red,
and plant pathogenic oomycetes
(H. arabidopsidis and P. sojae) are
indicated in blue. (n; the number
of divergence points) (B) Density
distribution of non-synonymous
(Ka) mutational rates of full-size
ABCGs in the four host/pathogen
species. The major peaks of four
species are in similar positions.

evolutionary rates of the full-size ABCGs, (logFC(dN/dS))  and dxK7M&810 pair (observed value) had a higher simi-
between random pairs of ABCG31 homologs in land larity of evolutionary rate with the pathogen pair than
plants and a pair of ABCGs in pathogenic oomycetes  random pairs of ABCG31 homologs in land plants. Spe-
(HpaP802307 and dxG5ADXO0) (Fig. 4B). The AtABCG31 cifically, the similarity of the observed evolutionary rates
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was statistically significant when the difference of diver-
gence time (logFC(dS)) was taken into account (minimal
P = 0.012; Fig. 4B inset). This result suggests that
ABCG31 homologs from two plant-pathogen pairs
evolved at similar rates.

We next used molecular biological techniques to test
the possibility that AtABCG31 and HpaP802307 coe-
volved. We chose this pair of genes based on three

10

reasons. First, H. arabidopsidis is a specialist pathogen that
infects only A. thaliana (Thines et al. 2009). Second,
AtABCG31 and HpaP802307 first diverged during the mas-
sive diversification of full-size ABCGs (Fig. S3). Third, their
evolutionary rates are similar (Fig. 4B). If AtABCG31 ren-
ders Arabidopsis plants more resistant to H. arabidopsidis
infection, its expression may increase upon pathogen infec-
tion. Indeed, AtABCG31 expression increased more than
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twofold in the 4 days following H. arabidopsidis inocula-
tion, whereas its expression decreased after the control
water treatment (Fig. 5A). Generally the expression level
of ABC transporters does not change dramatically in
reponse to stimuli, but only around two- to three-fold
(Kang et al. 2010, Ko et al. 2014).

Next, we infected wild-type Arabidopsis plants and
two independent knockout alleles of atabcg31
(abcg31-2, abcg31-3; Choi et al. 2014) with
H. arabidopsidis, and compared their disease susceptibil-
ity. For this purpose, we measured the asexual sporula-
tion frequency of H. arabidopsidis on the cotyledons of
Arabidopsis plants by counting the number of conidios-
porangia. The Col-0 eds7-2 Arabidopsis mutant, which
is highly susceptible to many pathogens (Aarts et al.
1998) due to disruption of EDS1 (ENHANCED DISEASE
SUSCEPTIBILITY 1), was used as a positive control, and
indeed the cotyledons of this plant were covered with
many more H. arabidopsidis spores than were wild-type
Col-0 plants (Fig. 5B,C). The abcg31-2 and abcg31-3
mutant cotyledons were also covered with more spores
than those of the wild-type (Fig. 5B,C), suggesting that
AtABCG31 contributes to the resistance of Arabidopsis
to H. arabidopsidis infection.

Finally, we constructed and compared 3D structural
models of the two ABCG proteins. The structures of
AtABCG31 and HpaP802307 were predicted using the
structure of HSABCG2 (PDB ID: 6FFC) as template. Since
HsABCG2 has only one transmembrane domain (TMD)
and one nucleotide-binding domain (NBD), which
together form a homodimer as a functional unit, and
because AtABCG31 and HpaP802307 have two units of
TMD and NBD, we generated the first half and the sec-
ond half TMD-NBD model of AtABCG31 and
HpaP802307 independently, and then combined them
to generate a full-length model structure. AtABCG31
and HpaP802307 have 42.9 and 44.1% amino acid
sequence similarity with HSABCG2, respectively. The
3D conformation predicted for AtABCG31 and
HpaP802307 matched well atthe TMD, where substrates
are usually recognized (Fig. S5). Further structural studies
might reveal similar substrate binding domains if
AtABCG31 and HpaP802307 transport the same or simi-
lar secondary metabolites deployed during defense.

Discussion

In this study, we combined phylogenetic analyses with
molecular genetic experiments, and obtained some inter-
esting and consistent insights into ABCG evolution. First,
we found evidence of an ancient origin of ABCG proteins
in land plants followed by their explosive diversification
(Fig. 2A). Second, we found that ABCGs of a large
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number of organisms clustered into seven distinct groups
(Fig. 1), and many members belonging to the same group
shared similar substrates. This is interesting, because
ABCGs have been shown to transport such diverse sub-
strates that it has not been possible to categorize these
transporters based on their substrate specificities. Third,
we analyzed the evolutionary relationships among
ABCG genes of diverse eukaryotic phyla, and found that
full-size ABCGs explosively proliferated not only in land
plants, but also in their destructive pathogens oomycetes
(Figs 1, 2 and S1, S2), and the phylogenetic patterns of
these two clades mirrored each other. Lastly, we pro-
vided multiple lines of evidence from a range of other
analyses, which suggested that ABCC genes in plants
and oomycetes have coevolved (Figs 3-5 and Table 1).
The substrates of these ABCG proteins are likely to be
important for defense response of plants, although their
identities remain mostly unknown.

A correlation between the wide host range and the
abundance of ABCGs in plant pathogenic oomycetes

Based on their host range, oomycete species can be clas-
sified into two parasitic types: generalist and specialist.
Interestingly, our phylogenetic analysis of ABCG trans-
porters revealed that generalist pathogenic oomycetes
have more full-size ABCG transporters than do specialist
oomycetes (Fig. S2 and Table 1). Therefore, the numbers
of full-size ABCG transpoters do not simply align with the
phylogenetic lineage, but seem to be enriched in general-
ist pathogens. One exception was the case of the genus
Albugo (Albuginales). Albugo species are equipped with
special mosaic-like genomes, which facilitate infection
of a broad range of host plants (Kamoun et al. 2015).
Thus, diversified full-size ABCG transporters might have
made at least some generalist oomycetes, including Per-
onosporales (Phytophthora and Hyaloperonospora) spe-
cies and Pythiales (Pythium), more resistant to the host
defense system.

Host-parasite coevolution of ABCG transporters as
an evolutionary arms race

ABCG members multiplied and differentiated indepen-
dently in land plants and oomycetes, but they might have
coevolved to transport similar secondary metabolites via
convergent evolution. This hypothesis can be supported
by Haldane’s theory of balancing selection that posits
that coevolution of a host and pathogen leads to the
maintenance of many highly variable defense genes in
the genomes of both organisms (Haldane 1949). This
idea was experimentally supported in studies of host—
pathogen interactions between the water flea Daphnia
and its microparasites (Decaestecker et al. 2007), and

1



0.12

0.08

-
Seo
-
-

0.04 1

-
~~o
S

—f— Hpa  ==>=-Mock
0 v - v
0 2 4 6

Day after infection

Relative expression (ABCG31/Ubi11)

eds1-2 abcg31-2 abcg31-3

30

N
o

N
o

|_|_|
-

Conidiospores (x108)/cotyledon
(6]

Col-0 eds1-2 abcg31-2 abcg31-3

Fig. 5. Responses of Arabidopsis abcg31 mutants to Hyaloperonospora
arabidopsidis infection. (A) Expression level of AtABCG317 in Col-0 wild-type
plants after infection with H. arabidopsidis isolate Noco2. Quantitative real
time PCR was performed using total RNA extracted from Hpa or mock-
treated Col-0 wild-type cotyledons. (B) Photographs of diseased cotyledons
7 days after inoculation. (C) Numbers of conidiospores produced on
20 cotyledons 7 days after inoculation. *P < 0.05, Student's t-test. Error
bars represent standard errors from four biological replicates.

12

the plant Linum and a rust fungus Melampsora (Thrall
et al. 2012). Recently, it has been reported that ABCG
genes function in the defense response in both host plants
and their pathogens. On the plant side, many ABCG
genes encode transporters of defense chemicals.
AtABCG36 mediates the secretion of secondary metabo-
lites that are effective in defending plants from virulent
bacterial and eukaryotic pathogens (Kobae et al. 2006,
Stein et al. 2006). AtABCG40 is important for Phy-
tophthora resistance (Wang et al. 2015) and resistance
to other pathogens (Campbell et al. 2003).
AtABCG34 secretes camalexin to the leaf surface, which
protects the plant from necrotrophic fungal infection
(Khare et al. 2017). Nicotiana benthamiana full-size
ABCGs (Nb-ABCG1 and Nb-ABCG2) are involved in
defense against P. infestans (Shibata et al. 2016). Nicoti-
ana tabacum NtPDR1 transports diterpenes known as
antimicrobial secondary metabolites (Crouzet et al.
2013). On the pathogen side also, Botrytis cinerea, a
pathogen of Arabidopsis, has a full-size ABCG trans-
porter, BcatrB, which is a critical virulence factor, with-
out which the pathogen fails to infect the host plant
(Stefanato et al. 2009).

In this study, we found three lines of evidence that the
ABCGs of plants and their Phytophthora pathogens coe-
volved (Fig. S6). First, the divergence times of ABCGs in
host plant and their pathogens are similar (Fig. 3). Sec-
ond, there is an association between the wide host range
and the abundance of ABCGs in plant pathogenic oomy-
cetes; generalist parasite oomycetes have more full-size
ABCGs transporters than do specialists (Fig. S2 and
Table 1). Third, the absence of ABCG31 in the atabcg31
knockout (abcg31-2, abcg31-3) increased disease sus-
ceptibility to infection by H. arabidopsidis (Fig. 5B,C). It
is interesting that both the hosts and their pathogens used
the same ABCG sub-family transporters for the arms race.
These transporters were chosen for the race most likely
because they are particularly suitable for chemical war-
fare, by transporting defense chemicals.

Significance of coevolution study

Coevolution between interacting species has most likely
contributed to biological diversity. However, rigorous
genetic/molecular proof for this coevolution is almost
impossible at the present, since, very often, the organisms
involved are not amenable to genetic modifications and
their mutants are not readily available. For example, many
plant pathogens including H. arabidopsidis are not yet
genetically modifiable, and their mutants are not avail-
able. Despite this difficulty, it is important to identify the
molecular genetic basis of plant-pathogen coevolution

Physiol. Plant. 0, 2020



(e.g. Occhipinti 2013), since coevolution contributes to
the emergence and fixation of new genetic traits.

Previous coevolution studies in the field of plant
molecular pathology focused on the initial events of rec-
ognition/detection of pathogens by plants, and evasion of
the detection by pathogens; plants developed disease
resistance (R) genes whose products, either directly or
indirectly, recognize corresponding pathogen effectors
[termed avirulence (AVR) proteins] whose primary func-
tion is to downregulate defense responses (Karasov
etal. 2014). Such coevolutionary mechanisms have been
extensively studied using various plants and microbial
species that interact with plants, including RPP13 R gene
of A. thaliana and ATR13 AVR gene of Hyaloperonospora
parasitica (Allen et al. 2004), RPM1 of A. thaliana and
avrRom1 of Pseudomonas syringae (Stahl et al. 1999),
RPS2 of A. thaliana and avrRpt2 of P. syringae
(Mauricio et al. 2003), and RPS5 of A. thaliana and
avrPphB of P. syringae (Tian et al. 2002). According to
an evolutionary analysis of plant R genes (Gao et al.
2018), plant—pathogen interactions triggered the adap-
tive evolution of the R genes of the basal-branching strep-
tophytes including Charophyta, as a strategy to overcome
pathogen infection. Similarly, our phylogenetic analysis
revealed that the full-size ABCGs in land plants
(V3-Type) have massively diversified, and these genes
were clustered closely together with those of Chloro-
phyta and Charophyta (Fig. S1).

Our results suggest that the coevolution of plants and
their pathogens might have occurred at a late stage of
interactions, at the stage of exchanging secondary metab-
olites through ABC transporters, in addition to the initial
recognition/detection step. In future, it would be interest-
ing to find out whether the coevolution of proteins
occured more or less evenly at all steps of the interactions
between partners of interactions, or if it is more abundant
for proteins involved in initial recognition by receptors
and the final exchange of materials through transporters.
Our study provides perspectives for future research on
the ABCGs in diverse organisms, including substrate
identities, physiological functions, and coevolution with
ABCGs in their interacting partner organisms.
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Data S2. Sequence data we used in phylogenetic and
Ka/Ks analyses.

Fig. S1. Phylogenetic tree of the full-size ABCGs (PDR-
type transporters) in broad taxon sampling listed in
Table S2.

Fig. S2. Phylogenetic tree of the 351 oomycete full-size
ABCG:s listed in Table S3.

Fig. S3. Relative molecular clock trees of full-size ABCGs.

Fig. S4. Density distribution of synonymous
(Ks) mutational rates of full-size ABCGs in the four
species.

Fig. S5. Comparison of predicted structures of
AtABCG31, HpaP802307 and other ABCG transporters.

Fig. S6. Coevolution of full-size ABCGs in host plant and
pathogenic oomycetes is supported by three lines of evi-
dence in this paper.

Table S1. General characteristics of Arabidopsis ABCGs.
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analysis shown in Fig.
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