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Abstract

Root-knot nematodes (RKNs, genus Meloidogyne) affect a large number of crops causing severe yield losses worldwide,
more specifically in tropical and sub-tropical regions. Several plant species display high resistance levels to Meloidogyne,
but a general view of the plant immune molecular responses underlying resistance to RKNis is still lacking. Combining com-
parative genomics with differential gene expression analysis may allow the identification of widely conserved plant genes
involved in RKN resistance. To identify genes that are evolutionary conserved across plant species, we used OrthoFinder
to compared the predicted proteome of 22 plant species, including important crops, spanning 214 Myr of plant evolution.
Overall, we identified 35,238 protein orthogroups, of which 6,132 were evolutionarily conserved and universal to all the 22
plant species (PLAnts Common Orthogroups—PLACO). To identify host genes responsive to RKN infection, we analyzed
the RNA-seq transcriptome data from RKN-resistant genotypes of a peanut wild relative (Arachis stenosperma), coffee
(Coffea arabica L.), soybean (Glycine max L.), and African rice (Oryza glaberrima Steud.) challenged by Meloidogyne
spp. using EdgeR and DESeq tools, and we found 2,597 (O. glaberrima), 743 (C. arabica), 665 (A. stenosperma), and 653
(G. max) differentially expressed genes (DEGs) during the resistance response to the nematode. DEGs’ classification into
the previously characterized 35,238 protein orthogroups allowed identifying 17 orthogroups containing at least one DEG
of each resistant Arachis, coffee, soybean, and rice genotype analyzed. Orthogroups contain 364 DEGs related to signaling,
secondary metabolite production, cell wall-related functions, peptide transport, transcription regulation, and plant defense,
thus revealing evolutionarily conserved RKN-responsive genes. Interestingly, the 17 DEGs-containing orthogroups (belong-
ing to the PLACO) were also universal to the 22 plant species studied, suggesting that these core genes may be involved in
ancestrally conserved immune responses triggered by RKN infection. The comparative genomic approach that we used here
represents a promising predictive tool for the identification of other core plant defense-related genes of broad interest that
are involved in different plant—pathogen interactions.
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Introduction

Plants must overcome a wide range of biotic stresses in their
natural habitats using a sophisticated perception and immune
response system. Under intensive agricultural production,
Electronic supplementary material The online version of this biotic stress COIIdlthl’l.S can drastically affect Plant grqwth
article (https://doi.org/10.1007/500438-020-01677-7) contains and development, leading to a severe decrease in crop yield.
supplementary material, which is available to authorized users. From 2005 to 2015, the effects of climate change substan-
tially affected the agriculture, causing losses of up to $100
billion dollars, in part because of the attack of plants by
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pests and pathogens favored by these climatic conditions
(FAO report 2017).

Among the global threats to the sustainability of agrosys-
tems (Singh et al. 2015), the root-knot nematodes (RKNs)
are globally the most damaging plant-parasitic nematodes
(Jones et al. 2013). RKNs are obligate endoparasites in
the Meloidogyne genus, with approximately 100 species
described (Decraemer and Hunt 2006) that can parasitize
almost all cultivated plant species in tropical and temperate
regions (Trudgill and Blok 2001). The four most common
RKN species are Meloidogyne incognita, M. arenaria, M.
Jjavanica, and M. hapla, which cause the majority of the
yield losses in crops (Agrios 2005). Another important RKN
is M. graminicola, a damaging parasite of both upland and
lowland Oryza spp. (De Waele and Elsen 2007). RKNs
establish feeding sites in plant roots by inducing the forma-
tion of multinucleated giant cells inside galls (Bird 1961;
Cabrera et al. 2015).

The responses to RKN infection depend on the plant spe-
cies and genotype (Jones et al. 2013), with a few species
showing high resistance levels, such as those mediated by R
genes that lead to the hypersensitive response (HR) triggered
in the early stages of the infection. However, the introgres-
sion of plant resistance by R-gene-based breeding may lead
to yield losses due to trade-off effects (Mota et al. 2019).
Therefore, identifying the molecular mechanisms by which
the plant immune system responds to RKNs is pivotal for
the development of stable resistance and a sustainable crop
production (Nobori and Tsuda 2019).

Transcriptome analysis of plants submitted to biotic
stresses has been widely used to identify responsive genes
(Cui et al. 2016; Jain et al. 2016). However, this method is
often species-specific and, with the increase in the number
of complete plant genomes, has been rapidly been replaced
by new approaches. One of these new approaches is compar-
ative genomics, which allows the simultaneous analysis of
several plants to identify putative evolutionarily conserved
genes, including those involved in important functions such
as defense mechanisms (Emms and Kelly 2015).

Different methods for inference of gene homology across
taxa have been developed to identify, using sets of pro-
teins, orthologs, and in-paralogous groups. Orthologs are
defined as homologous genes originating from a speciation
event, and in-paralogs are genes originating from a duplica-
tion event that occurred, after speciation and that are thus
species-specific. Despite being derived from one common
ancestral gene, orthologous genes might display functional
divergence between species (Remm et al. 2001). Many
orthology inference methods are based on the use of recipro-
cal best similarity relationships (e.g., by BLAST) to cluster
proteins into groups of orthologs and in-paralogs. Currently,
the genomes of at least 236 angiosperms have been com-
pletely sequenced (Chen et al. 2018). The availability of a

@ Springer

variety of plant genomes from different orders and families
constitutes an information-rich resource and allows a more
accurate inference of orthologous relationships than was
previously possible. In the present study, we compared the
genomes of 9 monocot and 13 dicot plant species to iden-
tify core evolutionarily conserved genes. These species were
selected based on the quality of their genome assembly, their
economic relevance, and their responsiveness to different
types of stress. To root our comparative genomics analysis,
we included the genome of Amborella trichopoda, which is
a closely related angiosperm outgroup (Albert et al. 2013).

The use of available transcriptome data from plants chal-
lenged with different types of stresses can subsequently iden-
tify specific stress-responsive orthologous groups and may
promote biotechnological strategies for improving crop yield
and suitability (Cohen and Leach 2019).

The present study aimed to identify RKN-responsive
genes that are evolutionarily conserved across a wide range
of plant species displaying distinct degrees of resistance. We
used RNA-seq transcriptome data from different plant spe-
cies challenged by RKNs to identify nematode-responsive
genes and combined this information with homology infer-
ence to discover those that are evolutionarily conserved.
The combination of strategies, including transcriptional and
comparative genomics, will improve the prediction of gene
and protein functions, and help to clarify general molecular
mechanism of plant defense against root-knot nematodes.

The transcriptome data of four RKN-resistant plant spe-
cies (Arachis stenosperma, Coffea arabica, Glycine max,
and Oryza glaberrima) infected with three different Meloid-
ogyne spp. (M. arenaria, M. incognita, and M. graminicola)
(Albuquerque et al. 2010; Beneventi et al. 2013; Guima-
raes et al. 2015; Petitot et al. 2017) were combined with the
homology database generated in the present study, aiming to
identify clusters of proteins commonly regulated during the
response to RKN infection in the four pathosystems studied.

In addition, the generation of homologous groups (orthol-
ogous and in-paralogous) of proteins will produce a robust
database of evolutionarily conserved plant genes, and a
resource of general interest to be shared with the scientific
community.

Methods

Comparative genomic analysis and orthogroup
identification

For the comparative analysis, we chose 22 plant species
based on their phylogenetic distribution and economic
relevance. When a genome of sufficient quality was avail-
able, it was the preferred source with which to retrieve the
corresponding predicted proteome (Suppl. Table 1). These
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predicted proteomes were retrieved from public and spe-
cialized databases (https://peanutbase.org and https://phyto
zome.jgi.doe.gov v11). For two plant species of interest
(Medicago sativa and A. stenosperma), no genome was
available and we had to retrieve the sets of proteins predicted
from the transcriptomes. For M. sativa, the predicted pro-
teome was retrieved from the transcriptome assembly pub-
lished by Postnikova et al. (2015). For A. stenosperma, we
assembled the transcriptome and predicted the correspond-
ing proteins as explained in the corresponding method sec-
tion. Overall, these species are representatives of Eudicoty-
ledoneae and Monocotyledoneae, and include genotypes
resistant to RKNs and/or tolerant to drought stress as well
as plant models with well-characterized gene sets. We also
used the Angiospermae species Amborella trichopoda as an
outgroup species. To assess the completeness of the pre-
dicted proteomes, we used BUSCO v3 (Simdo et al. 2015)
in protein mode with the plant odb9 data set. To place the
genome comparisons within a phylogenetic framework, we
reconstructed a dated phylogeny of the 22 species based on
Zanne et al. (2013), using TreeGraph v2 (Stover and Miil-
ler 2010). The whole proteomes of the 22 selected species
were compared and analyzed by OrthoFinder vl (Emms and
Kelly 2015) for the identification of orthogroups. The first
step of OrthoFinder analysis consists of an all-against-all
BLASTP step to find the best reciprocal hit for each protein.
The blast results were processed by OrthoFinder using the
default inflation values. The resulting file was used as input
to Family-Companion software (Cottret et al. 2018), which
generates statistical matrices of gene abundance per ortho-
group, the presence and absence of orthogroups per species,
and the percentages of proteins present in orthogroups. To
determine whether the selected set of 22 species provided a
good representation of the diversity present in angiosperms,
we used the KinFin software v1.0 (Laetsch and Blaxter
2017), which produces a rarefaction curve as a function of
the number of species present in the comparative analysis.

Functional annotation of plant proteomes

We used PfamScan v1.5 (Mistry et al. 2007) to predict con-
served PFAM domains (version 30) in each of the 22 plant
protein sets. The PFAM domains were then used to assign
the corresponding Gene Ontology terms using the Pfam2Go
association file (https://current.geneontology.org/ontology/
external2go/pfam2go) with a custom script.

Transcriptome data analyses

To identify nematode-responsive genes, we used the tran-
scriptome data of four RKN-resistant plant genotypes
under Meloidogyne spp. infection previously generated by
our groups: C. arabica (accession UFV 408-28) resistant to

M. incognita, A. stenosperma (accession V10309) resist-
ant to M. arenaria (Guimaraes et al. 2015), O. glaberrima
(TOGS5681) resistant to M. graminicola (Petitot et al. 2017),
and G. max (cultivar PI 595,099) resistant to M. incognita.

RNA sample preparation and transcriptome
sequencing

A. stenosperma inoculated with M. arenaria: Plants of A.
stenosperma grown in a greenhouse were inoculated with
M. arenaria infective juveniles (J2), and root samples were
collected before inoculation (uninoculated control) and at
three time-points (3, 6, and 9 days after inoculation; DAI)
from two biological replicates according to Morgante et al.
(2013). The total RNA isolation from samples, the cDNA
synthesis, and the Illumina transcript sequencing were per-
formed by Guimaraes et al. (2015).

0. glaberrima inoculated with M. graminicola: ten-day-
old plantlets of O. glaberrima grown in a controlled growth
chamber were inoculated with M. graminicola J2 juveniles.
Root tip samples were collected before inoculation (unin-
oculated control) and at three time-points (2, 4, and 8 DAI)
from two biological replicates, RNA was extracted, cDNA
was synthesized, and the Illumina transcript sequences were
produced by Petitot et al. (2017).

G. max inoculated with M. incognita: A total of 120
4-week-old plants of G. max grown in a greenhouse were
challenged with 1,350 M. incognita J2 juveniles, and root
samples were collected at zero (uninoculated control), 4,
8, and 12 DAI from three biological replicates. Total RNA
was extracted from whole roots using a ReliaPrep™kit
(Promega®, Wisconsin, USA) according to the manufac-
turer’s instructions and the cDNA was produced using the
SuperScript II enzyme and oligo (dT) 20 primer (Invitrogen,
Carlsbad, USA). The TruSeq ™ SBS v5 protocol was used
for the library construction (Illumina, San Diego, CA), and
the 12 resulting libraries were sequenced on an Illumina
HiSeq 4000 at the University of Illinois (USA).

C. arabica inoculated with M. incognita: A total of 30
6-week-old plants of C. arabica grown in a greenhouse were
inoculated with 5000 M. incognita juveniles (J2) and root
samples were collected at zero (uninoculated control) and 6
DALI from three biological replicates, as previously described
(Albuquerque et al. 2010). Total RNA was extracted from
the root samples using an RNeasy mini kit (Qiagen, Hilden,
Germany), and the cDNA was produced using the Super-
Script II enzyme and oligo (dT) 20 primer (Invitrogen,
Carlsbad, USA). The TruSeq ™ SBS v5 protocol (Illumina,
San Diego, CA) was used for library construction (Illu-
mina, San Diego, CA), and the six resulting libraries were
sequenced on an [llumina HiSeq 2500 at the University of
Illinois (USA).
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To enable reliable comparative and statistical analyses,
all of the raw Illumina transcript raw sequences previously
obtained for each of the plant—RKN interactions described
above (12 libraries for each A. stenosperma, O. glaber-
rima, and G. max interaction and six libraries for C. ara-
bica) were reanalyzed using the pipeline below:

Reads were trimmed using Trimmomatic v0.39 (Bolger
et al. 2014) according to their quality, based on the Phred
33 score assessed by FastQC, using the following param-
eters: LEADING: 3, TRAILING: 3, SLIDINGWINDOW:
4:15, and MINLEN: 36. Trimmomatic was then used to
eliminate [llumina adapters (TruSeq adapter primers).

For the four plant genotypes, the mapped reads were
quantified into the corresponding predicted transcriptomes
using Kallisto v0.46.1 (Bray et al. 2016) with the default
settings to obtain transcript counts and abundances. For A.
stenosperma, we used the genome-guided transcriptome
assembly that we obtained as part of the current analy-
sis. For G. max, transcripts predicted from the reference
genome annotation were used (version Wm82.a2.v1; https
://phytozome.jgi.doe.gov/). For O. glaberrima and C. ara-
bica, the predicted transcriptomes from the closest avail-
able genomes were used (O. sativa and C. canephora,
respectively; https://phytozome.jgi.doe.gov/).

The transcript counts obtained by Kallisto were used as
inputs for two methods of differential expression detection:
EdgeR v3.28.1 (Robinson et al. 2010) and DESeq2 v1.26.0
(Anders et al. 2013). Genes were considered differentially
expressed genes (DEGs) when their relative gene expres-
sion levels had an adjusted p-value (false discovery rate,
FDR) < 0.05 and at least a fourfold change (FC) value
between inoculated and control samples (Log2FC > 2
or < —2). Only the genes identified as DEGs in both
DESeq and EdgeR statistical analyses were considered
for further analyses.

Gene Ontology Enrichment in genes responsive
to nematode infection

We used the hypergeometric test implemented in the
FUNC package v.0.4.7 (Priifer et al. 2007) to identify Gene
Ontology terms that were significantly overrepresented in
the group of genes responsive to nematode infection in
comparison with the rest of the evolutionarily conserved
genes. Two main analyses were conducted: a comparison
between the differentially expressed genes from the four
species and the whole set of genes belonging to ortho-
groups found in all the 22 species, and a second com-
parison against only the orthogroups shared among the
four species. Only the terms with a family-wise error rate
(FWER) < 0.05 for overrepresentation or underrepresenta-
tion were considered in the analysis.
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MapMan functional analysis of differentially
expressed genes

We conducted a MapMan analysis v3.6.0RC (Thimm et al.
2004) of the genes differentially expressed upon nematode
infection for each of the four species studied (A. steno-
sperma, C. arabica, G. max, and O. glaberrima). The Map-
Man ontology was inferred using the online tool Mercator
v3.6 (https://www.plabipd.de/portal/mercator-sequence-
annotation). Mercator assigned MapMan BINs (functional
categories/subcategories) to the transcript sequences of each
transcript identified as a DEGs by the statistical analyses
and incorporated BLAST and CDD searches as well as an
InterProScan annotation for each species/time-point.

Validation by quantitative RT-PCR (qRT-PCR)

Differential gene expression upon nematode infection in
each species was further validated by qRT-PCR using three
technical replicates, a Platinum SYBR Green qPCR Super
Mix-UDG w/ROX kit (Invitrogen, Carlsbad, CA, USA)
according to the manufacturer’s recommendations and a Ste-
pOne Plus Real-Time PCR System (Applied Biosystem Fos-
ter City, CA, USA). The cDNA samples of A. stenosperma
and O. glaberrima used were produced by Guimaraes et al.
(2015) and Petitot et al. (2017), and the cDNA samples of
G. max and C. arabica were produced as previous described.
Only one time-point was used for each species [9 DAI (A.
stenosperma), 6 DAI (C. arabica), 12 DAI (G. max), and 2
DAI (O. glaberrima)]. Specific primers were designed for
a single nematode-responsive gene per orthogroup for each
species using Primer3Plus (https://primer3plus.com/) soft-
ware as previously described by Morgante et al. (2013). The
specific primers and the reference gene sequences are listed
in Suppl. Table 2. The cycle threshold (Cq) values were
estimated with Real-Time PCR Miner (Zhao et al. 2005)
and normalized using the specific reference genes for each
species. The relative expression of the inoculated samples
versus uninoculated control samples was analyzed with the
REST 2009 software (Pfaffl et al. 2002).

Results

Identification of evolutionarily conserved plant
genes

A dated phylogenetic tree was constructed based on Zanne
et al. (2013) using 22 plant species representing the follow-
ing botanical families: Fabidae, Malvidae, Asteridae, and
Poaceae. These species were chosen as they are widely stud-
ied plant models (e.g., A. thaliana) with a wealth of genomic
data available, or harbor resistance to different biotic and
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abiotic stresses, with sequenced genomes displaying high-
quality parameters, such as high completeness and good
gene annotation. Overall, the 13 species belonging to Eud-
icotyledoneae, the eight belonging to Monocotyledoneae,
and the outgroup (A. trichopoda) spanned more than 214
Myr of plant evolution. Five genera had two or more rep-
resentatives (Oryza spp., Solanum spp., Gossypium spp.,
Arachis spp., and Medicago spp.) due to their economic
relevance (Fig. 1).

The predicted proteomes of the 22 plant species repre-
sented a total of 933,295 proteins (Suppl. Table 1), with
the number of predicted proteins in each species varying
from 25,574 (C. canephora) to 100,344 (T. aestivum) genes.
Completeness scores assessed by BUSCO ranged from 70%
(O. thomaeum) to 99% (A. thaliana). This high score for
A. thaliana is expected as it is a plant model included in
the BUSCO dataset, while less-studied and more distantly

Fabales 65.3

Dalbergioid
23

related species are expected to show a lower BUSCO score
(Suppl. Table 1).

The comparative analysis of these 22 proteomes using
OrthoFinder assigned the great majority of the proteins
(773,931; 83%) to 35,238 orthogroups (Suppl. Table 1;
Fig. 1). The percentage of proteins assigned to orthogroups
varied according to the species, with the highest rates for O.
glaberrima and G. raimondii (95% and 93%, respectively)
and the lowest for A. stenosperma and Z. mays (57% and
59%, respectively) (Suppl. Table 1; Fig. 1).

Using KinFin, we showed that our selection of 22 plant
species was representative of the diversity of proteins pre-
sent in angiosperms. Indeed, the rarefaction curve showed
that a plateau was reached at 20 species, indicating that the
addition of more species to the homology inference would
not provide any substantial novelty in the number and diver-
sity of groups (Suppl. Fig. 1).

0.527

Medicago truncatula
Medicago sativa
Glycine max
Phaseolus vulgaris

Arachis duranensis
Arachis stenosperma

Arachis ipaénsis
96.55 E Gossypium raimondii
4.85 .
15.5 Malvid.
Eudicotyledoneae  69.1 avidee GOSS_ypIUm arboreum
] 101.4 . . .
Arabidopsis thaliana
1.13 S I l .
EE olanum lycopersicum
1.13
458 Solanum tuberosum
Gentianales

46.2

52

Coffea canephora

Ehrhartoideae

Monocotyledoneae 65.1

Angiospermae
Panicoideae

Chloridoideae

49.89

19.27

Triticum aestivum
Oryza glaberrima
Oryza sativa

Zea mays

Sorghum bicolor
Setaria italica

Oropetium thomaeum

Commelinidae

Malus acuminata

Amborella

Amborella trichopoda

Fig. 1 Dated phylogenetic tree of 22 plant species and percentage of proteins of each species present in orthogroups. The branches of the phylo-
genetic tree are represented in Mya. Each bar represents the percentage of the total number of proteins in each species that belong to orthogroups
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Of the 35,238 orthogroups, only 692 were entirely com-
posed of species-specific in-paralogs (generated from a
duplication event in one species and showing no ortholo-
gous in the other species). The rest of the orthogroups
(98%) were thus shared by at least two different plant
species and inherited from a common ancestor. Triticum
aestivum harbored the largest number of species-specific
in-paralogous groups (12.86%; 89 orthogroups), as it has
undergone several events of duplication during its evolu-
tion (Pont et al. 2011).

We found 6,132 orthogroups conserved among all 22
plant species (PLAnt Common Orthogroups—PLACO)
(Suppl. Fig. 2; Suppl. Table 3). These orthogroups repre-
sent a core of conserved genes and are likely involved in
plant basal biochemical processes such as photosynthesis,
respiration, and carbon metabolism.

The largest number of common orthogroups (PLACO)
corresponded to the orthogroups shared among all 22 spe-
cies (6,132), confirming the robustness of the data set for
the identification of evolutionarily conserved core genes.
The next most numerous orthogroups were those found
in plant species belonging to the same genus, with Oryza
spp.- (5,275), Arachis spp. (1,543), Gossypium spp. (1,279),

2753

29 22 22 21 21 20

Medicago spp. (1,181), and Solanum spp. (989) showing the
largest numbers of orthogroups (Suppl. Fig. 2).

Functional annotation using the PFAM conserved
domains of the 933,295 proteins predicted in the 22 pro-
teomes revealed 4,637 different domains in total, with 59%
of proteins shared among all the species (2,753 domains)
and 7% of those specific to M. truncatula, S. lycopersicum,
and M. sativa showing the largest numbers of exclusive
domains (Fig. 2).

Overall, this orthology analysis provides a resource with
which to study core conserved genes and their correspond-
ing functions as well as more species-specific gene fami-
lies that may be related to traits specific to some taxonomic
groups. In this analysis, we were interested in the genes that
were universal to all the plant species included, because they
could reveal central mechanisms of plant defense.

Identification of nematode-responsive genes
conserved in RKN-resistant plant genotypes

To identify nematode-responsive genes conserved among

several plant species known to be resistant to RKN infection,
we used transcriptomes from the following plant species:

16 15 15 14 13 13 13 11 11 10 10 9 9 9 9 9 8 8 8 8 8 8 7 7 7

Fig. 2 Intersection of conserved PFAM domains of 22 predicted proteomes. The vertical bars represent the numbers of orthogroups. The hori-
zontal bars represent the numbers of orthogroups in each species. The black dots indicate the intersections among the species
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C. arabica (Albuquerque et al. 2010), G. max (Beneventi
et al. 2013), O. glaberrima (Petitot et al. 2017), and A. steno-
sperma (Proite et al. 2008). We identified 9323 orthogroups
encompassing a total of 98,502 proteins that were common
to at least the four RKN-resistant plant genotypes of interest
(Fig. 3). In addition to these conserved orthologous genes,
8457 were in-paralogous groups specific to O. sativa, 2170
were specific to A. stenosperma, 1261 were specific to G.
max, and 610 were specific to C. canephora (Fig. 3). The
substantial difference in the number of in-paralogous groups
among these species is probably due to duplication events
that occurred after their differentiation. As expected, the
two legume species (A. stenosperma and G. max), with the
smallest evolutionary distance (Fig. 1), shared the largest
number of common orthogroups (736).

Identification of nematode-responsive genes
in resistant plant cultivars

To identify genes differentially regulated upon nema-
tode infection compared to uninfected controls, RNA-
Seq data sets from the four RKN-resistant genotypes (A.
stenosperma, coffee, soybean, and rice) were uniformly

9323

Osat L]

Fig. 3 Intersection of orthogroups among A. stenosperma (Aste), C.
canephora (Ccan), G. max (Gmax), and O. sativa (Osat). The vertical
bars represent the numbers of orthogroups. The horizontal bars repre-

reanalyzed using the same pipeline. Only the genes iden-
tified as DEGs (FDR <0.05 and Log,FC>2 or< —2) by
two statistical software programs (EdgeR and DESeq)
were used for further analyses. The overall analysis
allowed the identification of 4,658 genes differentially
expressed (DEGs) in response to RKN inoculation, with
2597 in O. glaberrima, 743 in C. arabica, 665 in A. steno-
sperma, and 653 in G. max unique genes distributed in all
the time-points (Fig. 4a). The number of DEGs observed
in O. glaberrima was four times larger than that observed
in the other species, which might be due to the distinct
infection mechanism of M. graminicola (Petitot et al.
2017). Most DEGs were upregulated upon nematode infec-
tion in A. stenosperma, G. max, and O. glaberrima, (486,
484 and 2,318 DEGs, respectively), with expression val-
ues varying from 5-to tenfold (Fig. 4b). In contrast, in C.
arabica, most DEGs (598) were downregulated upon RKN
infection (Fig. 4a, b). Since C. arabica and O. glaberrima
do not have reference genomes available or sufficient tran-
scriptome data with which to generate a comprehensive
transcriptome database, the most closely related species
from each genus, C. canephora, and O. sativa were used
in the comparative analysis.

sent the numbers of orthogroups per species. The black dots indicate
the intersections among the four species
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(A)

2000-

1000- Expression
Profile
up
down

Number of DEGs per species

A.stenosperma  C.arabica G.max O.glaberrima

Fig.4 Differentially expressed genes (DEGs) in response to RKN
inoculation in A. stenosperma, C. canephora, G. max, and O. sativa.
a Bar plot representing the total numbers of DEGs in the four species.
The red bars indicate upregulated genes, and the blue bars indicate

Identification of evolutionarily conserved genes
responsive to nematode infection

To identify evolutionarily conserved genes responsive to
RKN infection, we combined the orthology analysis with
differential expression analysis. The comparison of the 9323
orthogroups common to the four genotypes with the 4658
DEGs identified as RKN-responsive revealed 17 ortho-
groups containing at least one DEG from each of the four
plant genotypes (Fig. 5). Interestingly, these 17 orthogroups
were further conserved in the PLACO of all 22 plant species
analyzed, suggesting core genes important for biotic stress
response. Overall, these 17 orthogroups encompassed a total
of 3661 proteins belonging to the four target species, with
364 proteins encoded by genes identified as DEGs in one
unique time-point of each species [9 DAI (A. stenosperma),
6 DAI (C. arabica), 12 DAI (G. max), and 2 DAI (O. gla-
berrima)]. In addition to harboring the largest number of
in-paralogous, O. sativa is the specie with the largest num-
ber of orthogroups in bilateral relations (only two species),
with 95 orthogroups shared with C. canephora, 81 with A.
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(B8)

Species
A.stenosper
C.arabica

0 G.max

O.glaberrima

Log2FC

Differentially expressed genes

downregulated genes. b Expression values of DEGs found in the four
species studied. The expression values correspond to all the time-
points for each plant species. Each species is represented by its own
color, and the y-axis shows Log,FC values obtained from DESeq

stenosperma, and 80 with G. max (Fig. 5). On the other
hand, the large number of in-paralogous groups of A. steno-
sperma might be due to the use of a comprehensive tran-
scriptome in place of a reference genome. The expression
profile analysis of the 364 RKN-responsive DEGs belonging
to the 17 common orthogroups revealed that the majority
(80%) were upregulated in A. stenosperma, G. max, and
O. sativa. Conversely, in C. canephora, 73% of the DEGs
were downregulated in response to RKN infection. Although
expression values varied from 5- to 7.5-fold in G. max and
0. sativa, respectively, most genes showed a two-to-three-
fold change in expression (Fig. 6).

Functional analysis of universally conserved
nematode-responsive genes

Mercator analysis: The 364 RKN-responsive DEGs
identified in the 17 orthogroups were grouped by Merca-
tor into 12 functional categories (Fig. 7; Suppl. Table 4).
Most of the DEGs (32%) were assigned to signaling, fol-
lowed by cytochrome P450 (18%) and stress and secondary
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Fig.5 Venn diagram show-

ing the number of orthogroups
containing at least one DEG for
each species. The superimposed
regions of all circles show the
numbers of orthogroups shared
among the species
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metabolism (11%), as well as different categories of cell
wall-related functions (a total of 17%). Accordingly, the
two orthogroups containing the largest numbers of genes
were mainly assigned to PFAM domains characteristic of
kinases and of cytochrome P450s. The signaling category
encompasses plant proteins involved in the first responses
to stress and pathogen perception, such as LRR-kinases
and glycoprotein-like proteins, while assigned to the stress,
cytochrome P450 and secondary metabolism categories
are those related to common resistance responses to patho-
gens. In the transcription factor (TF) category, genes cod-
ing for the ethylene-response factor (ERF)/AP2 subfamily
was induced in the four plant species. In addition, genes
encoding heat shock transcription factors (HSFs) were also
downregulated in the four plant species. Regarding hor-
mone metabolism, only genes associated with the cytokinin
metabolism were identified as regulated in all four species.

Identification of orthogroups containing universally
conserved nematode-responsive genes

The numbers of DEGs identified in the 17 orthogroups
conserved among the four plant genotypes were uneven
among species, with G. max and O. sativa containing the
largest numbers of genes (81 and 180, respectively) and A.
stenosperma and C. canephora containing the fewest (44
and 59, respectively). Three orthogroups (OG0000001,
0G0000003, and OG0000004) encompassed the majority

(48.2%) of the 364 DEGs (Suppl. Table 5). However, each
of these orthogroups contained thousands of genes, and
each orthogroup was associated with multiple different
PFAM domains. Nevertheless, these three orthogroups
included important signaling proteins such as kinases and
receptor-like proteins as well as proteins involved in sec-
ondary metabolite production, such as cytochrome P450.
Thus, they could not be precisely functionally annotated
and were not considered in further analysis. Among the
remaining 14 orthogroups, OG0000019, OG0000035, and
0G0000036 encode pectinesterases, a-expansins, and ERF/
AP?2 transcription factors, respectively, which correspond to
widely known functions in biotic stress responses (An et al.
2008; Marowa et al. 2016; Xie et al. 2019). The orthogroup
0G0000179 encodes members of the dirigent gene fam-
ily that may be involved in defense responses to pathogens
as well (Li et al. 2017). Interestingly, other orthogroups,
such as OG0000309, which was highly enriched in G. max,
include genes involved in reproduction and development,
such as fasciclins (PF02469) (Johnson et al. 2003; Cagnola
et al. 2018). The orthogroup OG0000056 contains mem-
bers of the UDP-glucosyl transferase family known to regu-
late by glucosylation the activity of some compounds that
play important roles in plant defense against pathogens,
including salicylic acid (SA) and other phenylpropanoids
(Chong et al. 2002). Two other groups, named OG0000057
and OG0000053, assigned to cupins and hydrophobic seed
PFAM domains, respectively, were enriched in O. sativa
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Log2FC
o

Species
A.stenosperma
C.arabica
G.max

O.glaberrima

Genes in orthogroups

Fig.6 Expression profile of 364 DEGs belonging to 17 common
orthogroups in from four species in one unique time-point (A. steno-
sperma, C. canephora, G. max, and O. sativa). Different colors repre-

compared to the other three species. These two orthogroups
were previously described to play a role in stress tolerance
(Dunwell et al. 2008; Finkina et al. 2016). Finally, ortho-
group OG0000014 included a small set of genes encoding
oligopeptide transporters putatively able to transport small
peptides, including the tripeptide glutathione, as well as
nitrate and amino acids (Pike et al. 2009).
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sent the four species. Each dot represents a different gene. Expression
data obtained from DESeq (Log,FC) indicate upregulation or down-
regulation, as positive and negative values, respectively

Experimental validation of differential expression
for the most interesting orthogroups

To validate the expression profiles of DEGs belonging to the
orthogroups identified in the previous section, we designed
specific primers according to Morgante et al. (2013). From
all the DEGs in each orthogroups, only the genes with
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Fig. 7 Graphic representation 140
of the functional annotation of
364 RKN-responsive DEGs in 120
four species (A. stenosperma, @ 100
C. canephora, G. max, and %
O. sativa). The categories are o0 80
based on Mercator annotation S
2 60
€
S 40
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primers meting the parameters of Primer3 were kept. In
total, 88 DEGs from the four species were tested by quanti-
tative RT-PCR (qRT-PCR). Only the primers with specific-
ity of amplification confirmed by the melt curve analysis
were kept. The relative expression of the genes was assessed
by the comparison of control and inoculated samples. For
simplicity, only the earliest DAI showing an incompatible
plant-nematode response was used for each genotype: 9 DAI
(A. stenosperma), 6 DAI (C. arabica), 12 DAI (G. max),
and 2 DAI (O. glaberrima). For each species, the uninocu-
lated treatment was used as a control. The gene model of
each species for one unique time-point is described in the
Suppl. Table 6. The qRT-PCR analysis showed that, with
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one exception (OG0000053), all genes selected in the ortho-
groups showed significantly different gene expression upon
nematode infection compared to the controls in at least two
plant species (Fig. 8). In six orthogroups, the representative
gene of three of the four species showed significantly dif-
ferential expression upon nematode infection (OG0000014,
0G0000019, OG0000036, OGO000050, OGO000056, and
GO0000057). Finally, in one orthogroup (OG0000035), all
the representative genes of the four plant species of interest
showed significant differential gene expression following
nematode infection. These genes were significantly upregu-
lated in coffee, rice, and soybean, but downregulated in Ara-
chis. The orthogroup OG00003009, assigned to a fasciclin,

*
* *

*
| * *
*

0G0000014 OGO0000019 OGO0000033 OGO000035 0OGO0000036 OGO000050 OGO000053 OGO000056 OGO000057 OGO000058 OGO0000073 0OGO000179 OGO000309 0OGO001906

W A. stenosperma W C. arabica

Fig.8 Relative quantification of mRNA levels of DEG representa-
tives of 13 orthogroups from A. stenosperma, C. arabica, G. max,
and O. glaberrima inoculated with Meloidogyne spp. relative to the

G. max O. glaberrima

control (uninoculated). Values are the log2 of the expression levels,
and significant (P <0.05) differences between inoculated and control
samples are marked with asterisks (*)
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contained 20 G. max DEGs, all of which were upregulated.
This was in a striking contrast to the other species, which
showed only one fasciclin DEG per species (vs. 20 for G.
max) and downregulation in both in silico RNA-seq and
gRT-PCR analyses (Fig. 8).

Discussion

Evolutionarily distant plant species have genes
with similar functions

Despite the 22 species of monocots and dicots spanning
more than 214 Myr of divergence and evolution from their
last common ancestor, we identified 6132 orthogroups
encompassing 3,939,809 genes universally conserved among
the species. The evolutionarily conserved genes which we
identified across the angiosperms probably correspond to
core genes involved in essential common processes and
functions. Although other studies have used this same strat-
egy to detect orthogroups, this was the first time that a such a
large number of plant species spanning > 200 Myr of evolu-
tion has been analyzed (Yoshida et al. 2017; Bel et al. 2018;
Woldesemayat et al. 2018). The choice of species was based
on their genome quality, phylogenetic diversity, economi-
cal relevance, and unique responses to different biotic and
abiotic stresses.

Although orthology information across long evolutionary
distances is informative and reveals core conserved genes,
this information alone is not enough to directly transfer the
functionality of a gene to an orthologous gene (Joshi and
Xu 2007; Das et al. 2016; Liu et al. 2018; Yunes and Bab-
bitt 2019).

Furthermore, duplications preceding or following sepa-
ration of species can lead to functional divergence between
paralogous gene copies, and this is important to take into
account. In our study, out-paralogs that resulted from dupli-
cations occurring prior to separation of the species were
placed in different orthogroups. However, in-paralogs that
resulted from species-specific duplications after speciation
were clustered together in the same orthogroup. As expected,
in-paralogous groups were observed in all four species of
interest, and some are probably involved in key functions,
such as adaptive responses to different challenges, includ-
ing defense responses to environmental conditions that each
species faces, as observed by (Das et al. 2016).

Overall, the 35,238 orthogroups which we detected by
comparing the 22 plant species constitute a rich and useful
resource that can be further used for a variety of evolution-
ary or functional genomics projects. For instance, the 6123
universally conserved plant orthogroups (PLACO) that we
identified could be used to infer the minimum ancestral
plant gene set or study expansions and contractions of gene
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families across the plant tree of life. Similarly, orthogroups
specific to certain phyla in the tree can point to functions
specific to adaptations of the plants to some lifestyles, envi-
ronments, or other peculiarities.

In this study, we combined the inference of orthologous
groups and gene expression data from four RKN-resistant
genotypes to identify evolutionarily conserved plant genes
responsive to nematode infection. This could point to inter-
esting candidate genes possibly involved in plant resistance
to nematode infection. The previous studies using a similar
approach identified commonly regulated genes in Sorghum,
enabling the construction of a functional genomic database
for the genus (Tian et al. 2016) and the identification of
genes commonly regulated by drought, salt, cold, heat, and
oxidative stresses (Woldesemayat et al. 2018).

In addition to orthology information, we also analyzed
the conservation of functional protein domains based on
PFAM annotation. Overall, we found that of the 4637 dif-
ferent PFAM domains identified in the 22 plant proteomes,
59% were conserved among all the species. This finding cor-
roborates the previous works, stating that plants inherited
most of their protein-coding genes from a common ances-
tor, and most likely have conserved most of the functions
(Panchy et al. 2016; Qiao et al. 2019).

A number of DEGs for each species show
the specialized responses

The differential gene expression analysis of four resistant
plant genotypes (A. stenosperma, C. arabica, G. max, and
O. glaberrima) infected with different Meloidogyne species
(M. arenaria, M. incognita, and M. graminicola) revealed
markedly different numbers of nematode-responsive genes
among the species. These differences can be associated with
a number of parameters, including the evolutionary distances
between these species, the resistance levels, and mechanisms
displayed by the genotypes used (HR, nematode penetration
delay, and reduction in the numbers of galls and eggs) and
the inoculum virulence. As expected, when phylogenetically
closer species are studied together and apart from the rest
(e.g., the legumes A. stenosperma, and G. max), the number
of genes differentially expressed in common increases con-
siderably. In addition, the use of different RKN species can
activate slightly different and specialized responses, with
different plant genotypes also showing different levels of
responses (Jones et al. 2013).

The combination of comparative genomics and differ-
ential gene expression data from four resistant genotypes
allowed the identification of 17 universally conserved ortho-
groups containing at least one nematode-responsive gene
from each of the 4 plants of interest. These orthogroups
harbor genes related to signaling, production of second-
ary metabolites, cell wall constitutive proteins or enzymes
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involved in cell wall modifications, peptide transport, tran-
scription regulation, and plant defense, suggesting that,
despite their evolutionary distance, these species have kept
a set of commonly regulated genes to respond to nematode
infection. The conservation of a network of common genes
involved in plant defense responses in different species has
also been demonstrated for multiple stresses by computa-
tional approaches comparing public databases (Breitling
et al. 2005; Shaik and Ramakrishna 2014; Amrine et al.
2015).

Plant-pathogenic nematodes secrete cell wall-degrading
enzymes (CWDEs), representing a significant proportion of
the encoded proteins of their genomes (Bird et al. 2009).
Alterations to plant cell wall integrity by these CWDEs may
lead to the regulation of a number of plant responses to rein-
force the wall barrier, such as the production of pectinest-
erases (OG0000019), expansins (OG0000035), fasciclin-
like arabinogalactan proteins (OG0000309), and dirigents
(OG0000179). It is also known that alterations to plant cell
wall trigger disease resistance responses, known as damage-
associated molecular patterns (DAMP)-triggered immunity
(Bacete 2018). Here, the most commonly regulated DEGs
among the four species studied were involved in signaling
and cell wall proteins, indicating that the first resistance
response or barrier imposed by the plant on the pathogen
is common to all these plant species, and does not trigger a
plant species-specific response or a response specific to the
nematode species.

One of the gene families associated with cell wall stress
responses found in this study was the expansin gene fam-
ily, which encodes cell wall-loosening proteins and that is
known to respond to different stresses (Marowa et al. 2016).
An Arachis spp. gene from the expansin-like b subfamily
(AraEXLBS) is regulated upon infection by root-knot nema-
todes (Guimaraes et al. 2015). Soybean composite plants
overexpressing the AraEXL.B8 gene were less susceptible to
RKNs than were plants without such overexpression (Gui-
maraes et al. 2017). Therefore, these genes may be promis-
ing candidates for improving nematode resistance in a wide
range of crops. Another interesting orthogroup included
the gene family encoding the fasciclin-like arabinogalactan
proteins, with a large number of genes from G. max being
upregulated upon nematode infection (20 genes), in contrast
with the other three species. Although this gene family is
often associated with ovary abortion in Arabidopsis, a study
with Populus associated this gene family with salt response
(Zang et al. 2015), suggesting its role in response to stress.

In addition to CWDEs, sedentary nematodes such as
RKNs are able to secrete a series of proteins (called vir-
ulence effectors) inside root tissues to alter host metabo-
lism, induce giant cell formation and repress plant immune
responses (Rehman et al. 2016). Among the virulence
effectors characterized so far are CLE-like peptides that

mimic the plant CLAVATA3/ESR-related (CLE) protein
family of Arabidopsis involved in the regulation of plant
growth and development (Mitchum et al. 2012). Interest-
ingly, the orthogroup OG0000014 included genes encoding
oligopeptide transporters in the four host species studied.
Plant oligopeptide transporters may display broad substrate
specificity, such as the Arabidopsis OPT6 transporter, which
is able to transport either reduced forms of glutathione or
larger peptides from various origins, including nematode
CLE-like peptides (Pike et al. 2009). The regulation of such
transporter genes in nematode-resistant plants suggests that
alteration of the transport of oligopeptides produced by the
nematode might be one of the strategies used by the host to
impair successful nematode infection.

Regarding plant transcription regulators, we found one
orthogroup (OG:0000036) containing AP2/ERFs TFs regu-
lated in common among the four species. AP2/ERFs are
regulators of multiple ethylene-dependent plant pathways
and can be associated with the ethylene-dependent and the
jasmonic acid-dependent disease resistance pathways trig-
gered by pathogen attack (Gu et al. 2017). Nevertheless, to
date, only a few studies have associated AP2/ERF TFs with
nematode infection resistance (Lee et al. 2018). Another
TF family, the heat stress transcription factors (HSFs),
was highlighted in the orthologous group OG0000050,
which contained 5 rice DEGs and a unique DEG for Ara-
chis, coffee, and soybean (Suppl. Table 3). HSFs play a
crucial role in plant responses to several abiotic stresses,
but some have also diversified to respond to biotic stresses.
For instance, one of the five upregulated rice DEGs, LOC_
0s09g28354 = CPuORF39, is the orthologue of the Arabi-
dopsis key immune regulator TL1-binding transcription fac-
tor 1 (TBF1) (Hayden and Jorgensen 2007). TBF1 controls
defense protein expression and acts as the growth-to-defense
switch in the plant upon immune induction (Pajerowska-
mukhtar et al. 2012; Xu et al. 2017).

Interestingly, no pathogen-related (PR) genes were com-
monly identified in this analysis, showing that, despite the
large number of orthologous groups found in common, dif-
ferent nonorthologous PR genes may be involved in the dif-
ferent plant species in response to RKN infection (Snel et al.
2002).

Using comparative genomics, we identified core evolu-
tionarily conserved genes and groups of orthologous and in-
paralogous based on protein sequences from distantly related
plant species. This constitutes an important resource for both
evolutionary and functional genomics analyses. This method
allowed the identification of more than 35,000 nonsingleton
orthogroups, which clustered with high confidence, of which
6132 were universally conserved in all the plant genomes
studied. The integration of the inference of orthologous
groups and gene expression data from four RKN-resistant
plant genotypes led to the identification of common genes
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involved in the response to nematode attack. This approach
might be used for the identification of genes responsive
to other stresses, constituting an important tool for crop
improvement. In addition, this data set of core evolution-
arily conserved genes in a large panel of plants of interest
will constitute a valuable resource for future studies on the
evolutionary determination of gene function.
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