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Abstract
Arbuscular mycorrhizal (AM) fungi show high promiscuity in terms of host. Effector proteins expressed by AM fungi are found
important in establishing interaction with host. However, the mechanistic underlying host-specific interactions of the fungi
remain unknown. The present study aimed (i) to identify effectors encoded by Rhizophagus proliferus and (ii) to understand
molecular specificity encoded in effectors for interaction with specific plant species. The effectors predicted from the whole
genome sequence were annotated by homology search in NCBI non-redundant protein, Interproscan, and pathogen-host inter-
action (PHI) databases. In total, 416 small secreted peptides (SSPs) were predicted, which were effector peptides with presence of
nuclear localization signal, small cysteine-rich, and repeat-containing proteins domains. Similar to the functionally validated SP7
effectors in Rhizophagus irregularis, two proteins (RP8598 and RP23081) were identified in R. proliferus. To understand
whether interaction between SP7 and the plant target protein, ERF19, is specific in nature, we examined protein-peptide
interaction using in silico molecular docking. Pairwise interaction of RP8598 and RP23081 with the ethylene-responsive factors
(ERF19) coded by five different plant species (Lotus japonicus, Solanum lycopersicum, Ocimum tenuiflorum, Medicago
truncatula,Diospyros kaki) was investigated. Prediction of high-quality interaction of SP7 effector with ERF19 protein expressed
only by specific plant species was observed in in silico molecular docking, which may reiterate the role of effectors in host
specificity. The outcomes from our study indicated that sequence precision encoded in the effector peptides of AM fungi and
immunomodulatory proteins of host may regulate host specificity in these fungi.
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Introduction

Arbuscular mycorrhiza (AM) is a widespread symbiosis be-
tween fungi belonging to Glomeromycota and a large diver-
sity of terrestrial plant species. AM fungi play a crucial role in

the adaptation of > 80% of land plants to different environ-
mental conditions [1]. Under natural environments, the AM
fungi are involved in structuring terrestrial ecosystems, from
grasslands to forests and deserts [2]. In agro-ecosystems, these
fungi are crucial in plant nutrition (especially in acquiring
phosphorus), mitigation of abiotic and biotic stresses, and car-
bon sequestration [3]. Experimental evidences confirm that
each species of AM fungi can be hosted by a large spectrum
of plant species [4]. Molecular cross talks originating from
fungal and plant partners have been reported to regulate inter-
action between AM fungi and plants [5]. A high degree of
genetic and/or metabolic coordination between both the part-
ners has been suggested in establishment of the mycorrhizal
association. Activation of the plant immune responses seems
to occur both locally and systemically when AM fungi first
come into contact with a host plant root [6]. Production of
strigolactone by plant roots has been suggested as the first
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stimulus from plants towards the initiation of endosymbiotic
interaction [7]. Functions of plants expressed signaling mole-
cules during interaction with AM fungi are being widely ex-
plored and their roles have been well-elucidated [5–10].
However, the molecular signals relayed by AM fungi to es-
tablish association with enormously large variety of plants
remains yet to be completely deciphered. In an initial study,
a small secreted protein, SP7, coded by Rhizophagus
irregularis was found to translocate in plant nucleus and in-
teract with the pathogenesis-related transcription factor
(ERF19) in Medicago truncatula [11]. This study suggested
the role of AM effector in prohibiting the plant defense mech-
anism in favor of fungal entry into plant cells. Upregulation of
another putative secreted protein, strigolactone-induced puta-
tive secreted protein 1 (SIS1) in R. irregularis, was demon-
strated to be important in host colonization by knock-out stud-
ies [12]. In an investigation for identifying differential re-
sponses of host and non-host to AM fungi, receptors with
lysin motif domain (LysM) were found to over-express in
AM-host roots [13]. RiLySM, lysin motif domain containing
effector from R. irregularis, was found to bind chitin oligo-
saccharides during root colonization. This suggested to have a
role in downregulation of plant defense responses [14].
Downregulation of RiCRN1, a crinkler (CRN) effector pro-
tein of R. irregularis, has been found responsible for impair-
ment of the symbiosis in M. truncatula [15]. In addition, the
recently available genome and secretome studies [16–19]
have proposed that the AM fungi express a smaller number
of genes for glycosyl hydrolases in comparison with patho-
genic fungi. A lower number of genes encoding glycosyl hy-
drolases have also been reported in other mycorrhizal fungi
[20, 21], which could be a strategy for downregulation of
DAMPs (damage-associated molecular patterns) expression,
in order to remain largely innocuous and thus undetected by
plants during mycorrhizal infection. The next-generation ge-
nome and transcriptome sequencing studies have also
ascertained presence/expression of a large variety of effector
proteins in AM fungi. Effectors efficiently regulate plant de-
fense mechanism in favor of intracellular colonization of AM
fungi in a broad range of host plants [12, 16, 17]. Effectors
play important roles in many other plant-associated organ-
isms, including microbes, nematodes, and insects. This topic
has been very well reviewed by Mesarich et al. [22]. Many
plant-associated organisms deliver effector proteins into the
plant cells to achieve colonization similar to fungal plant path-
ogens; interaction of AM fungi expressed effector peptides
with immunoresponsive molecule of host has been suggested
in inhibition/alteration of defense responses against microbial
associated molecular patterns (MAMPs) [12, 13, 16], which
may facilitate mycorrhization inside host.

Of the several hundred predicted SSPs and effector proteins
from the genome sequencing projects of AM fungi, only a few
are functionally validated for their role in interaction with

host. The mechanism adapted for regulation of plant immune
response by majority of the identified effector proteins re-
mains unknown. A comparison between SSPs encoded by
R. irregularis and R. clarus showed that a large proportion
of the effector proteins were remarkably conserved between
the two species and were proposed to play a common funda-
mental role during establishment of fungus-plant interaction
[18]. A subsequent comparison between distantly related spe-
cies of AM fungi, R. irregularis and Gigaspora rosea, report-
ed that the two species shared only a small set of conserved
SSPs, which were commonly upregulated to establish
mycorrhization with hosts [23]. Examination for expression
of host-specific classes of SSPs among the two fungi revealed
a lower fraction of host-specific secreted proteins in R.
irregularis in comparison with G. rosea.

Several questions remain unresolved regarding the molec-
ular mechanisms underlying AM fungi-plant interaction.
Available studies suggest limited host specificity and varying
symbiotic efficiencies during interaction between AM fungi
and host. Recently, using RNA-seq datasets [24] validated 338
genes that encoded putative secreted proteins in R. irregularis.
An investigation carried out to unravel general and host-
dependent expression of the effectors found that a majority
of these peptides (n = 254) were commonly expressed among
three evolutionary distant plant hosts, Medicago truncatula,
Nicotiana benthamiana, and Allium schoenoprasum.
However, expression of a set of effectors (n = 42) showed
significant differential expression between the different plant
species. With these findings, the study proposed that the fun-
gal SSPs may act as effectors to control symbiotic efficiency
in a host-dependent manner.

Our study presents prediction for SSPs and effector pep-
tides encoded byRhizophagus proliferus. Limited information
on genetic composition and secretome/effectome expressed
by this important species of AM fungi is present in the public
domain. Such unavailability of genetic information gave us
impetus to carry out investigation of the secretome of R.
proliferus. Also, the mechanism underlying effector protein-
mediated change in immunomodulatory response in host is
largely unknown in arbuscular mycorrhiza. The key goal of
the study, therefore, was to carry out functional annotation of
the effector peptides encoded by Rhizophagus proliferus and
investigate their role in interaction with different host plants,
which may provide clue for molecular factors responsible for
host range and host specificity in AM fungi.

Methods

Fungal isolate and genomic information

An isolate of Rhizophagus proliferus (AM-1901) from the
Centre for Mycorrhizal Culture Collection (CMCC), TERI,
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India, was used in this study. Spores were produced in
monoxenic cultures that were maintained on Agrobacterium
rhizogenes–transformed roots of carrot. High molecular
weight (HMW) genomic DNA was extracted using
cetyltrimethylammonium bromide (CTAB) method. For
whole genome sequencing (reported elsewhere), genomic li-
brary was constructed and paired-end (2 × 150 bp) sequencing
was performed using the services of a commercial service
provider (AgriGenome Labs Pvt. Ltd., Kerala, India) on a
HiSeq 2500 sequencing platform. Good-quality sequencing
reads were used to create de novo assembly by
SOAPdenovo (http://soapdenovo2.sourceforge.net/). Repeat
masking was performed using repeatmasker (http://www.
repeatmasker.org/RepeatModeler/) before structural
annotation. Gene prediction and annotation was performed
using AUGUSTUS 3.1.0 with the gene model of
Saccharomyces cerevisiae [25]. The predicted gene models
were annotated by homology search using Diamond (v0.9.3.
104) (https://ab.inf.uni-tuebingen.de/software/diamond) with
uniprot, NCBI Protein, KEGG, InterPro, Pfam, and Gene
Ontology databases.

Prediction of effector proteins

Previously reported methods [18, 19] were employed to iden-
tify the putative effector candidates coded by R. proliferus.
Briefly, the secreted proteins predicted by SignalP 4.0 [26]
were considered for investigation. Proteins with predicted
transmembrane domains (TMDs) and Prosite motif
“PS00014” (KDEL) were excluded [27], except for those pro-
teins in which predicted TMDs overlapped with sequence of
signal peptides (D-score > 0.450). Proteins were then subject-
ed to target prediction by the TargetP 1.1 tool [28]. Candidate
proteins of length between 30 and 150 amino acids and
starting with methionine amino acid were further probed and
grouped into nuclear localization signal (NLS)–containing
proteins, small cysteine-rich (SCR) proteins, and tandem
repeat–containing proteins (RCP). The predicted effector pro-
teins were annotated by subjecting to homology search in
various databases including NCBI non-redundant protein,
Interproscan, and pathogen-host interaction (PHI) db.

In silico protein-peptide interaction by molecular
docking

Protein modeling was done for plant-coded ERF19 and SP7
effector of R. proliferus by I-Tasser web interface [29].
Protein-peptide docking was performed using the CABS-
dock web server [30, 31], which utilized Replica Exchange
Monte Carlo dynamics for flexible protein-peptide docking
without previous knowledge about the binding site. The
CABS-dock simulation method, based on the coarse-grained

CABS model, enabled docking search of fully flexible pep-
tides over the entire surface of flexible proteins.

Comparative genomics analysis

A comparative analysis using information from secretomes of
R. irregularis and R. clarus was carried out to identify com-
monly expressed and uniquely coded sets of effector proteins
in R. proliferus. Unique effectors of R. proliferus were anno-
tated by homology search in pathogen-host interaction (PHI),
NCBI non-redundant protein, and Interproscan (IPR). Two
SP7 proteins (RP8598 and RP23081), identified based on sig-
nificant homology by blastp (1e-5) to previously characterized
SP7 proteins encoded by R. irregularis [11], were tested for
their role in conferring host specificity to AM fungi. For this,
in silico protein structure modeling and protein-peptide
docking predictions were carried out. For molecular docking
analysis, the ethylene-responsive factors (ERF) expressed by
five different plant species (Lotus japonicus, Solanum
lycopersicum, Ocimum tenuiflorum, Medicago truncatula,
Diospyros kaki) were modeled and used in a pairwise combi-
nation to study interaction with the two SP7 proteins encoded
by R. proliferus.

Results

A total of 663 proteins with presence of N-terminal signal
peptides and with no transmembrane domain were predicted
from the genomic assembly of R. proliferus. A total of 416 of
663 proteins were strongly predicted to be located in the se-
cretory pathway (parameter LOC = S and reliability class = 1).
We have deposited the sequence of these 416 secretory pep-
tides in GenBank (https://www.ncbi.nlm.nih.gov/genbank/
submission ID is 2224587). Of these, 171, 47, and 19 SSPs
could be grouped as effector proteins with NLS, RCP, and
SCR domains respectively (table S1).

A blastp cut-off of (1e-5) was applied for all sequence-
homology searches. A group of 22 SPs were previously iden-
tified as specific to AM fungi and found to be present only in
R. irregularis but not in pathogens [17]. In our analysis, five of
these 22 SPs were also encoded in R. proliferus genome, in-
dicating their conserved functions in AM symbiosis (Fig. 1).
A total of n = 92 (23%) and n = 84 (20%) effectors encoded by
R. proliferus demonstrated significant sequence homology
with the effectors of R. irregularis (n = 338) [24] and R. clarus
(n = 218) [18] respectively (table S2). A total of 76 effector
proteins (Fig. 2, table S2) were commonly shared between all
three species of Rhizophagus included for comparison in our
study. Approximately 31% (n = 24/76) of the commonly
shared effector candidates between all the three species of
Rhizophagus had homologs present in the PHI database
(Fig. 3, table S3). Further, information present in the PHI db
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revealed that mutations in the homologs of n = 18/24 con-
served effectors have been experimentally validated to affect
virulence of microbes. Functions for the remaining 317 effec-
tor proteins that were uniquely coded by R. proliferus (when
compared with the secreted protein sets of R. irregularis and
R. clarus) were inferred by Interproscan analysis (table S4).
Twenty-two out of 24 effectors could be functionally annotat-
ed. Of these, 15 effectors (Fig. 3, table S3) presented functions
appropriate for microbial-host interactions: five effectors were
S8/S53 domain-containing peptidases, three were laccases,
one contained protein kinase domain, and another protein
had a fungalysin-thermolysin-propeptide (FTP) domain, and
the other was a histidine kinase–like ATPase. A solenoid pro-
tein with Sel1-like repeat was also found; two effector proteins
contained NodB homology domain.

In comparison with the previously reported functional-
ly validated effectors reported in other AM fungi, two
LysM (RP7182, RP23885; figure S1), one SIS1
(RP5293; figure S1), and two SP7 (RP23081 and
RP8598; Fig. 4) effectors were identified in R. proliferus.
Multiple alignment analysis of SP7 coded by R. proliferus
(RP8598 and RP23081) and R. irregularis (AEK82120.1,
AEK82121.1, and AEK8212.1) revealed conservation in
amino acid sequence within the repeat motifs and pres-
ence of the conserved Kex2 cleavage site [23, 32]. Due to
the presence of Kex2 protease cleavage sites, the two SP7
effectors are expected to be cleaved and secreted as short
peptides [23].

In order to achieve better understanding on host specificity
inscribed in the AM effector sequences, SP7 effectors were
investigated for their probability to specifically interact with
plant-encoded ERF19 proteins. We investigated the possibili-
ty of interaction between the NLS domain–containing short
peptide (p14), which is produced by cleavage of SP7 effectors
at the first Kex2 site from the N-terminus, with the ERF19
proteins using an in silico molecular docking approach.
Outcomes ofmolecular docking analysis are presented in table
S5. ERF19 proteins coded by five plant species (Lotus
japonicus, Solanum lycopersicum, Ocimum tenuiflorum,
Medicago truncatula, Diospyros kaki) were investigated for
interaction possibilities with two SP7 effectors coded by R.
proliferus. Inference on significant interaction between SP7
effector and ERF19 protein was based on RMSD and cluster
density values. High probabilities for specific interactions for
SP7-RP8598 (p14) with the AP2 domain of the ERF19 pro-
teins of three plant species, namely, L. japonicus, S.
lycopersicum, and D. kaki were predicted. However,
RP23081 (p14) showed high-quality prediction with ERF19
protein coded by two plant species only, i.e., L. japonicus and
S. lycopersicum (Fig. 5, table S5). Amino acids of SP7 coded
by R. proliferus and ERF19 proteins expressed by different
hosts that participated in significant interactions are depicted
in Fig. 5.

Discussion

AM symbiosis is initiated by signal exchange between plant
roots and germinating fungal spores, which triggers coherent
differentiation of both partners to enable their interaction. In
order to short-circuit the host defense responses or gain stealth
entry into host by deceiving its molecular mechanisms, AM
fungi express effector proteins [11, 12, 14–19]. AM fungi
exhibit an extremely broad host range and expression of com-
binations of conserved and unique effectors in a species-
specific manner is speculated to regulate host range [18, 19,
24].

Fig. 1 R. proliferus effectors sharing homology with five proteins that
belong to the set of 22 AMF protein tribe in R. irregularis. RP indicates
effectors of R. proliferus and Rir indicates effectors of R. irregularis

Fig. 2 Homologous effector proteins among R. proliferus, R. irregularis,
andR. clarus. Venn diagram shows homologs for effectors identified in R.
proliferus among R. irregularis (marked in blue) and R. clarus (marked in
yellow) and region marked in gray indicates common effectors among all
the three species
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Our comparative genomic analysis revealed that the
effectome of R. proliferus is similar in abundance (n = 416)
to G. rosea (n = 441) and R. irregularis (n = 566). Common
effector peptides (table S5) identified between all three species
of Rhizophagus (R. proliferus, R. irregularis, and R. clarus)
could be involved in conserved and basic functions required
for establishment of AM-plant interaction. The presence of
homologs of 31% of the common effector peptides in the
PHI database further underscored importance of these effec-
tors in AM fungi-host interactions (table S3). The PHI db
catalogs virulence and effector genes with functional valida-
tion from fungi, oomycetes, and bacterial pathogens of fungi,
insect, plant, and animal hosts. Homolog identification in PHI
db, therefore, suggests a putative role of the effector protein in
the interaction between microbe and host. The role of n = 18/
24 conserved effectors seemedmore crucial due to availability
of experimental validation data in PHI db, which suggested
that mutations in these proteins may regulate fungi-plant in-
teraction. In addition, 15/24 effectors with Interproscan anno-
tation (Fig. 3, table S3) presented functions appropriate for

microbe-host interaction. S8/S53 domain–containing pepti-
dases function as essential hydrolytic enzymes that utilize
the catalytic serine residue for cleaving peptide bonds in pro-
teins. These peptidases are identified in both pathogenic and
symbiotic fungi-host interactions to help the fungal partner
evade host’s immune system by degrading chitinases that de-
stroy fungal cell wall [32]. Laccases are involved in the deg-
radation of lignin and humic acids, and therefore may play
important roles in fungi-plant interactions. Protein kinases
are crucial in signal transduction; these proteins help fungi
detect and respond to a diversity of stimulus such as the pres-
ence of a host and host defense molecules, osmotic or oxida-
tive stress, light, and other environmental cues. The FTP, M36
class of proteins is generally synthesized as pre-propeptides
with fairly long prodomains (or propeptides). Studies indicate
a role of these proteins in inhibition of mature fungal serine
proteinases and metalloproteinases [33]. Histidine kinases
(HKs) act as primary sensors for various environmental stim-
uli which upon activation, initiate phosphate transfer events
between proteins towards cell-signaling and adaptive response

Fig. 3 Functions of the 15
functionally conserved effectors
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[34]. Solenoid proteins are important in signal transduction
pathways [35]. NodB genes have been proposed to be in-
volved in the synthesis of oligosaccharide signal molecules
[36, 37]. Interaction of AM fungi-expressed NodB signal mol-
ecules with nucleotide-binding oligomerization domain
(NOD)-like receptors of plants activates specific signaling
pathways that leads to expression of genes that tailor immune
responses.

The presence of the previously reported and experimen-
tally validated effectors in AM fungi, LysM (RP7182,
RP23885; figure S1), SIS1 (RP5293; figure S1), and SP7
(RP23081 and RP8598; Fig. 4), in R. proliferus under-
scores genetic conservation of these effectors. LysM effec-
tors have also been found in many species of pathogenic
fungi and have been identified crucial in downregulation of
chitin-triggered immune responses [38, 39]. A RiLySM in
R. irregularis has been demonstrated to bind chitin and
plant immune response [14].

The R. irregularis SP7 effector has been suggested to lo-
calize in the plant nucleus, interact with the plant-coded eth-
ylene-responsive factor 19 (ERF19), and regulate the plant
immune response [11]. ERF19 is a single AP2 domain–
containing ERF protein belonging to the EREBP subfamily,
which function in the signal transduction pathways of stress

responses and cambial tissue development [39, 40].Molecular
docking analysis carried by us to test if host range is governed
by AM effectors, particularly through specificity inscribed in
their amino acid sequence, was supported by specific interac-
tions of two SP7 proteins, RP8598 and RP23081, with EFR19
proteins of limited number of host species only. Our findings
corroborated previous report [11] that SP7 effector interacts
specifically with plant-expressed ERF19 protein, which may
regulate plant immune responses during colonization of AM
fungi in host root. In addition, in silico prediction of high-
quality interaction between SP7 and ERF19 proteins
expressed only by specific plant species may reiterate role of
effectors in governing host specificity. Our results are also in
agreement with a recent finding reported by Zeng et al. (2018)
[24] wherein interaction stage–dependent differential expres-
sion of R. irregularis-encoded secreted proteins in three evo-
lutionarily distant host species, Medicago truncatula,
Nicotiana benthamiana, and Allium schoenoprasum [24],
was observed.

Findings in AM fungi further draw support from certain
other plant-microbe associations, where in order to overcome
molecular recognition hurdles, plant-associated organisms un-
dergo adaptive evolution (due to host-imposed selection pres-
sure) and modify their effector peptides [41–43].

Fig. 4 Multiple sequence
alignment of SP7 proteins coded
by R. proliferus and R. irregularis
genomes. RP23081 and RP8598:
R. proliferus-coded SP7 proteins;
AEK82120.1, AEK82121.1, and
AEK8212.1: R. irregularis-coded
SP7 proteins; green color
represents a conserved region, red
boxes indicate Kex2 cleavage
sites, and residues in yellow color
indicate the presence of tandem
repeats
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Fig. 5 In silico molecular docking analysis. (i) Interaction between SP7
(a RP8598; b RP23081) and ERF19 of L. japonicus; (ii) interaction
between SP7 (a RP8598; b RP23081) and ERF19 of S. lycopersicum;
(iii) interaction between SP7 (RP8598) and D. kaki. Amino acids of the

SP7 (p14) present at the binding site are marked in black color and the
interacting amino acids of the AP2 domain of ERF19 are marked in green
color

Fig. 5 (continued)
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Conclusion

Our study provides a comprehensive analysis of the secretome
of AM fungal species R. proliferus. Outcome from our survey
may support role of AM fungi–coded effector proteins in con-
ferring host specificity. The consequences hold significance
for researchers exploring the molecular mechanism underly-
ing arbuscular mycorrhizal association in particular and other
plant-microbe interactions in general.
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