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RESUMO

Em seu ambiente natural, as plantas sdo expostas a uma série de estresses abidticos e bidticos. Entre eles, a
seca ¢ um grande obstaculo a agricultura e, em associagdo com patogenos e pragas, pode causar prejuizos
de até US$ 38 bilhdes de 2005 a 2015, e comprometer a seguranca alimentar. Com as mudangas climaticas
e aquecimento global, esse cenario tende a agravar-se, aumentando a ocorréncia de secas, a amplitude da
gama de hospedeiros e viruléncia de agentes patogé€nicos. O estudo da resposta molecular a estresses
individuais em diferentes plantas assim como a resposta a estresses combinados, constitui um grande
avanco, para a compreensdo de possiveis trade-offs entre tolerancia e suscetibilidade a estresses abidticos
e bioticos, quanto o desenvolvimento de cultivares mais resistentes.

Visando um melhor entendimento da resposta moleculares de plantas, o presente estudo empregou
diferentes ferramentas, como gendmica comparativa e transcritomas. O uso dessas ferramentas visou a
identificagdo de genes comumente regulados por diferentes estresses. No capitulo I, o transcritoma de
quatro diferentes espécies de plantas (Arachis stenosperma, Coffea arabica, Glycine max e Oryza
glaberrima) inoculadas com nematoides das galhas (Meloidogyne spp.) foram analisados e combinados
com dados de gendmica comparativa gerados a partir do proteoma de 22 espécies de plantas. No total, 17
familias de proteinas ortdlogas sdo comumente reguladas pela inoculagdo de nematoides das galhas,
representando ao todo 364 proteinas. A anotacdo funcional desses ortogrupos indicou que a maioria dessas
proteinas esta associada a parede celular, receptores quinases e a estresse, € tendo uma Unica familia de
fatores de transcrigdo representada, ERF a qual desempenha um papel fundamental na resposta de defesa
da planta.

No Capitulo I, a anélise do transcritoma de Arachis stenosperma submetido a combinacao de dois estresses,
seca e inoculagdo por nematoides das galhas, foi realizada. Diversos genes de resisténcia a estresses
combinados foram identificados sendo que uma resposta transcricional distinta foi observada quando da
imposi¢ao de estresses combinados, quando comparada a estresses individuais. Apenas 14 genes foram
encontrados em comum entre a seca, inoculacao por nematoides e estresses combinados e 209 genes foram
exclusivamente regulados no tratamento combinado. Este resultado demonstra que uma reprogramacgao
molecular tnica ¢ empregada pela planta sob multiplos estresses, o que ndo pode ser previsto pela andlise
de cada estresse aplicado individualmente.

A andlise de gendmica comparativa e a analise de estresse combinado realizadas no presente estudo
permitiram a identificacdo de familias de genes essenciais a resisténcia / tolerncia de plantas. A familia
das expansinas, a qual foi modulada durante a seca, infec¢do por RKN e UV, revelando uma importante
familia de genes em resposta a multiplos estresses e em espécies distintas; e um gene de desidrina, cuja

superexpressdo em Arabidopsis revelou um importante trade-off entre estresses abioticos e bioticos.
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ABSTRACT

In their natural environment plants are exposed to a range of abiotic and biotic stresses. Among
them, drought is a major constraint to agriculture and, in association with pathogen and pests, can
cause losses of up to $38 billion from 2005 to 2015 and compromise food security. With the advent
of climate change and global warming, this scenario tends to become worse, with an increase in
drought occurrence and pathogen's host range and virulence. Breeding programs are doing great
efforts to find solutions to improve multiple stress resistance in plants, however, the trade-offs
between abiotic stress tolerance and biotic stress susceptibility have hardly been investigated.
Here, a comparative genomics study was conducted, which has the potential to identify putative
evolutionarily conserved genes involved in universal defense mechanisms, to identify genes
regulated in common by Meloidogyne spp infection in four plant species (Arachis stenosperma,
Coffea arabica, Glycine max, and Oryza glaberrima). In total, 17 orthologs protein families which
respond to the inoculation of RKN in the four species, comprising a total of 364 proteins. The
functional annotation of these orthogroups indicated that the majority of these genes are associated
with the cell wall, receptor kinases and stress related, with the transcription factor ERF playing a
pivotal role in these defense responses.

A number of multiple-stress resistant genes was identified by analyzing the transcriptome of a
resistant wild Arachis species, A. stenosperma, under the combination of RKN and drought
imposition. An overall distinct transcriptional response was observed for the combinatory stress
imposition when compared to each individual stress, with only 14 genes found in common among
drought, nematode infection and combined stresses and 209 exclusively regulated genes within the
combined treatment. This result demonstrates that a unique molecular reprogramming is employed
by the plant under multiple stresses, which cannot be predicted by the analysis of each individual
stress alone.

The comparative genomics and the cross-stress analysis conducted in this study enabled the
identification of genes families which are essential to plant resistance/tolerance. The gene family
of the expansins which was modulated during drought, RKN infection and UV, disclosing an

important gene family in response to multiple stresses and across species; and a dehydrin gene,
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which overexpression in Arabidopsis revealed an important trade-off between abiotic and biotic

stresses.
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1. INTRODUCTION

1.1. Losses in agriculture due to biotic and abiotic stresses

Plants are sessile organisms that face a range of biotic and abiotic stresses in their own habitat. To
overcome these challenges, they evolved a myriad of physiological and molecular defense
mechanisms that enable their survival, but are energy consuming and often result in a non-optimal
plant growth and development. Biotic and abiotic stresses are known to cause great agricultural
losses, and the identification of the molecular apparatus that plants use to respond to different
stresses is key to produce more productive and resistant plants.

Drought is one of the most global and devastating abiotic stress in plants, causing damage to
agriculture equivalent to $29 billion between 2005 and 2015
(http://www.fao.org/3/I8656EN/i8656en.pdf). These losses are prone to an increment in the next
years, once the CO, levels in the atmosphere have increased, which causes warmer days and
consequently, expose plants to heat, drought and other abiotic stresses (Peters et al., 2012;
Zandalinas et al., 2018). In addition, climate changes can increase the population of pests and
pathogens, with the rise in temperatures leading to an expansion in the host range of pathogens
and also to greater virulence (Garrett et al., 2000).

Despite being a global threat, the most affected world regions are developing countries such as
Asia, Africa, Latin America and Caribbean, where the lack of more effective programs and
population growth will result in an even worst scenario in the next years (IPCC 2014 report at
http://www.ipcc.ch). Consequently, studies related to drought and its effects on plant pest
resistance are crucial to produce new cultivars more resistant to stresses under these new
environmental conditions, without compromising their productivity.

In the actual world scenario, the demand for more adapted crops is growing. The adaptation of
crops to various diseases and adverse natural environments is essential, and can be accomplished
searching for resistance genes in the wild relatives of crops. These wild relatives are genetically
diverse and were evolutionary selected to tolerate/resist to a range of abiotic and biotic stresses.
One example of the use of relative wild species to search for resistance genes is the peanut (4rachis
hypogaea). A. hypogaea is a tetraploid with a narrow genetic base, being susceptible to multiple

diseases. The diploid wild relative of peanut (4rachis spp.) have a higher genetic diversity and
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were evolutionary selected over the years, making them a source of new alleles for introgression,
not only in peanut, but also in other important crops (Guimaraes et al., 2015; Leal-Bertioli et al.,

2009).

1.2. Abiotic stress

1.2.1. Drought stress

Drought stress is one of the major causes of agriculture losses in the world, reducing growth and
plant yield (Tripathi et al., 2016). The perception of water scarcity by the plant activates a complex
response which involves physiological and molecular mechanisms. To avoid water loss, the first
plant physiological response is to close the stomata, which occurs through the signaling of the
phytohormone ABA (abscisic acid) (Shinozaki and Yamaguchi-Shinozaki, 2007).

In general, drought is perceived by osmosensors in the cell wall, like histidine kinase, receptor-
like kinase and other proteins, that trigger a signal transduction cascade which include mitogen-
activated protein kinases (MAPKSs) (Bartels and Sunkar, 2005; Chaves et al., 2003). This signal
perception, on its turn, initiates several transcription changes in the cell, including the activation
of transcription factors involved in ABA biosynthesis and genes involved in direct response to
osmotic adjustment (Chaves et al., 2003; Shinozaki and Yamaguchi-Shinozaki, 2007).

The phytohormone ABA binds the nucleocytoplasmic receptors PYR/PYL and inhibits the PP2C
proteins, which results in the accumulation of SnRK2 proteins (SNF1-related protein kinases)
(Finkelstein, 2013). The accumulation of the protein kinases regulates the ABA-responsive
transcription factors: AREB (abscisic acid responsive element binding protein)/ABF (ABRE
binding factor) and MYC/MYB. Even though these transcription factors respond to ABA
regulation, also known as ABA-dependent via, several genes are activated by an ABA-independent
pathway. They comprise CBF/DREB and NAC/ZF-HD transcription factors. Additionally, DREB
transcription factor is involved in both ABA-dependent and independent pathways, demonstrating
a cross-talk between these two pathways, which normally function independently (Lata and
Prasad, 2011). Interestingly, most of the genes regulated by ABA possess the same cis element,
ABRE (Yamaguchi-Shinozaki and Shinozaki, 2006). The schematic representation of this process

is show in the Figure 1.
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Figure 1: Schematic representation of plant response to drought. Adapted from Lata and Prasad, (2011).

In addition, drought induces the increase of reactive oxygen species (ROS), which damage the
membranes and macromolecules of the plant (Bartels and Sunkar, 2005). As a defense response,
the plant produces different antioxidants [e.g. SOD (superoxide dismutase), APX (ascorbate
peroxidase), CAT (catalase)] that protect itself from severe damage(Choudhury et al., 2017), and

increase plant tolerance to drought.

1.2.2. Dehydrin gene family

Among several genes activated by transcription factors in response to drought, genes belonging to
LEA (late embryogenesis abundant) family are the most studied. These proteins act as chaperones,
and normally are not expressed in vegetative tissues, except in cases of dehydration. They are
thought to protect other proteins, enabling the cells to overcome the drought stress (Bartels and
Sunkar, 2005). LEA family comprises several subgroups, with dehydrins (DHNs) belonging to
group II. The DHN proteins are one of the most important proteins from LEA family, and their
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involvement in different abiotic stresses are well-known (Hara et al., 2005; Kovacs et al., 2008).
DHN are defined by a conserved domain, knowns as the K-segment. The K-segment, together with
other two complementary segments, S- and Y-segments, classify the DHNs into 5 different
subclasses: Y ,SK,; Ki; SKy; KiS; and YK, (Close, 1996). DHN s are often associated with abiotic
stresses, and the subclasses to which they belong can interfere on how they respond to specific
stresses (Abedini et al., 2017; Graether and Boddington, 2014).

Previous studies associated the SK,-type DHNs mainly to tolerance against cold stress. However,
recent studies with tobacco overexpressing SK,-type DHNs demonstrated that this protein can
increase the plant tolerance to multiple stresses (cold, drought, salt and osmotic stresses) (Bao et
al.,2017; Hill et al., 2016). Additionally, DHNs respond to the wounding and exogenous hormones
ABA, JA, SA and ET, which orchestrate plant response to biotic stresses (Hanin et al., 2011;
Rosales et al., 2014; Shen et al., 2004). To date, despite its important role in abiotic stress tolerance,
few studies have examined DHNs involvement in biotic stresses, with few tests demonstrating its
effect against fungal infection (Turco et al., 2004; Yang et al., 2012). The characterization of DHN's
gene family, and other gene families which respond to different stresses, is an important step

toward the development of stress-tolerant crop varieties.

1.2.3. Expansin gene family

Expansins are proteins known to have a cell-wall loosening activity, and are characterized by two
conserved domains (DPBB and CBM63). The superfamily of expansins is phylogenetically
divided into four subfamilies: a-expansin (EXPA), B-expansins (EXPB), expansin-like A (EXLA)
and expansin-like B (EXLB). The subfamilies EXPA and EXPB have been previously described,
as acting in the cell wall extension in processes like fruit ripening, pollen tube penetration, root
and shoot elongation and abscission (Cosgrove, 2000). In addition, EXPA and EXPB are also
known to be involved in the response to several abiotic and biotic stresses (Marowa et al., 2016).
A number of studies show that the induction of expansin genes leads to increased tolerance to
abiotic stress (Cosgrove, 2015; Sasidharan et al., 2011). Expansins are also involved in the
oxidative stress response (Baxter et al., 2014). Despite extensive studies on EXPA and EXPB, the
role of the two other expansin subfamilies (EXLA and EXLB) is not yet clear. Our previous studies

on Arachis spp. root transcriptome subjected to drought and root-knot nematode (Brasileiro et al.,
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2015; Guimaraes et al., 2015), revealed a gene from the EXLB subfamily which responds to both
stresses. Further studies are therefore necessary on the functional role of EXLB to clarify its role

in both abiotic and biotic stresses.

1.3. Biotic stress

Pathogens are divided in two major classes: biotrophs and necrotrophs. Biotroph pathogens are
those which obtain their nutrients from living cells and necrotrophs those which derive from dead
cells (Glazebrook, 2005). Nematodes are biotrophs who use their stylets to inject effectors into the
plant cell directly (Dangl et al., 2013). This activates two types of defense responses: PTI
(Pathogen/microbial-associated molecular patterns (PAMP/MAMP) triggered immunity) and ETI
(Effector-triggered immunity). The PTI is first activated by the perception of pathogen signals,
through the PPR (pattern recognition receptors). The ETI is activated by the recognition of some
effectors by the resistance genes (R genes), which in most of the cases belong to the NBS-LRR

family (Figure 2).
PTI ETS ETI ETS ETI
A A A
Pathogen
effectors

Figure 2: Zigzag model from Jones and Dangl (2006). PAMPs or MAMPs activate the PTI response of
the plant. The ETS (effector-triggered susceptibility) is a result of the success of the pathogen. The effectors
of the pathogen activate the ETI response of the plant, normally through NBS-LRR genes. The effector

which were recognized by NBS-LRR genes are them called Avr. The ETI response lead to a Hypersensitive
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Response (HR). The pathogen can acquire new effectors, suppressing the ETI response. New NBS-LRR

alleles can be acquired by selection, leading again to ETI response.

After pathogen recognition, plants undergo a response mediated by hormone signaling. Three
major hormone pathways are known to respond to pathogen infection: Salicylic acid (SA),
Jasmonic acid (JA) and Ethylene (ET).

The accumulation of these hormones in the plant lead to the activation of different transcription
factors (e.g. AP2/ERF, NAC, MYB, MYC/bHLH, TGA/bZIP and WRKY), which lead to the
activation of resistance genes. In the case of SA, the activation of pathogenesis-related (PR) genes
is mediated by TGA (Bostock et al., 2014; Pieterse et al., 2012). On the other hand, JA activate
different downstream genes, PDF1.2 and VSP2, for example. These genes are activated through
MYC2 and ERF1 transcription factors. These two hormone pathways often act antagonistically,
once MY C2 can suppress the response of SA and TGA can suppress the activation of JA (Pieterse
et al., 2012) (Figure 3).

a Salicylic acid b Ethylene and jasmonic acid

Cinnamic acid

- -

\ /\
AI:;:ed stress «Q —
[ erance ]
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l Nucleus
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&9"‘95 and immune "SP"““‘] ERF branch MYC branch

Figure 3: Phytohormone interactions in abiotic and biotic stress. Adapted from Bostock et al., (2014).
(a) Salicylic acid pathway and Abscisic acid crosstalk. (b) Ethylene, Jasmonic acid and Abscisic acid

crosstalk. The black arrows show the positive interactions and the red arrows the inhibitions.
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1.3.1. Root-knot nematode infection

In their natural environment, plants are not only exposed to abiotic stresses, but are constantly
facing different pathogens, being attacked by bacteria, fungi, viruses and nematodes (Glazebrook,
2005). Meloidogyne spp., known as root-knot nematodes (RKN), are among the most harmful
pathogens worldwide, causing an estimate of $150 billion/year of losses in agriculture (Abad et
al., 2008). They are well adapted to tropical and temperate climates, and can infect almost all
vascular plants (Jones et al., 2013).

The four most harmful species from the genus are M. incognita, M. arenaria, M. javanica and M.
hapla, that together affect most important food crops, followed by M. graminicola which is a
parasite of rice (Oryza spp.). The name root-knot nematode, is a reference to the galls formed in
the plants roots, which can be observed after the infection of most species of Meloidogyne.

RKN have two distinct life phases, exophytic and endophytic, and during their life cycle evolve in
five different stages, from eggs (J1), J2 juveniles, J3, J4 to a final differentiated adult stage (male
or female). The first stage of RKN life is inside the egg (J1). The eggs hatch and juveniles (J2)
migrate in the soil and invade plant roots, generally through the root elongation zone. Once inside
the plant, they migrate along the roots to the protoxylem zone and using their stylets, puncture the
plant cell to establish feeding sites. When the feeding site is established, nematodes induce the
plants to divide the nucleus of the target cell without cytokinesis and undergo the other three stages,
J3, J4 and female. Only the female form remains in the roots, in a sedentary life form, while the

males leave the roots (Figure 4).
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Figure 4: Life cycle of a root-knot nematode. The exophytic and endophytic phases are demonstrated in

the white circles.

The multinucleated cell is used by the nematode as a feeding site. Each nematode can form more
than one feeding site along the root. The J2 moult to the J3 and J4 stages, which do not have a
stylet, therefore do not feed, before moulting to the adult stage. The male nematodes leave the

roots while the female nematode acquire a pear-shaped and lay eggs in the called galls.

1.3.2. Nucleotide-binding site (NBS) gene family

Most R genes activated by plants in response to pathogens belong to the NBS-LRR gene family
(Jones and Dangl, 2006). The NBS-LRR gene family is composed by two main domains, the
nucleotide-binding site and the leucine rich repeat. In addition to these two domains, NBS-LRR
genes can contain a TIR-domain or a Coiled-coil (CC) domain, being therefore classified in
different subfamilies TIR-NBS-LRR and CC-NBS-LRR (Meyers et al., 1999). Several studies
have used NBS-LRR genes in transgenic plants to increase plant resistance to pathogens, including
an overexpression of a NBS-LRR of Arachis hypogaea against Ralstonia solanacearum in
Nicotiana benthamiana (Zhang et al., 2016) and Arabidopsis thaliana and Oryza sativa plants
overexpressing a maize NBS-LRR, to increase resistance to Pseudomonas syringae, (Xu et al.,

2018). Nonetheless, few studies have used this class of R genes to increase RKN resistance
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(Barbary et al., 2016), with only one report on the use of tobacco plants overexpressing a Prunus

sogdiana NBS-LRR conferring resistance to Meloidogyne incognita (Zhu et al., 2017).

In Arachis, surveys of NBS-LRR genes were performed using two different approaches,
degenerate primers and BAC sequencing (Bertioli et al., 2003; Wang et al., 2012), however, only
with the complete sequencing of the A. duranensis genome, a more robust genome-wide
identification of NBS-LRR gene family was possible (Bertioli et al., 2016; Song et al., 2017). The
latter study found 365 NBS-LRRs in 4. duranensis, however a more detailed characterization of
the family and the disclosure of the functional role of each of these genes is still needed.

A. stenosperma is a wild species that harbors important resistances to many biotic and abiotic
stresses (Guimaraes et al., 2015; Leal-Bertioli et al., 2009). This species is highly resistant to root-
knot nematode, displaying a strong HR (Guimaraes et al., 2015; Proite et al., 2008). The study of
NBS-LRR gene family in this species has the potential to identify resistant genes linked to RKN

resistance and other diseases, which will be of great importance for crop improvement.

1.4. Combined abiotic and biotic stresses

In nature, plants are exposed to multiple stresses simultaneously. However, a small number of
studies deal with more than one stress at a time, with few reports showing that the plant response
to individual stresses is not the same as to the imposition of two or more stresses simultaneously
(Atkinson and Urwin, 2012; Pandey et al., 2015; Suzuki et al., 2014). Therefore, the identification
of the molecular mechanisms involved in the response to combined stress is important to produce
better crops and increase productivity.

Whole transcriptome analysis of plants submitted to individual and combined stresses revealed
that genes found in the intersection of individual treatments differ significantly from those found
in the combined stresses (Atkinson et al., 2015). Also, the tolerance to individual stress imposition,
do not implicate in the tolerance to both stresses applied simultaneously (Ramegowda and Senthil-
kumar, 2015). Therefore, considering the predicted impacts of climate change and global warming
in agricultural yield (Garrett et al., 2006), the analysis of plant responses to combined stresses is

crucial for the development of more adapted and resistant crops.
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Plants can react differently when submitted to simultaneous abiotic and biotic stresses with
synergic, antagonistic or non-interactive responses (Mittler, 2006; Ramegowda and Senthil-kumar,
2015; Suzuki et al., 2014). Both abiotic and biotic stresses can activate common signals and genes
(Chan, 2012), with different responses mostly governed by the action of phytohormones, such as
salicylic acid (SA), jasmonic acid (JA), ethylene (ET) and abscisic acid (ABA). Whereas SA is
mostly known by its action against biotrophic and JA necrotrophic pathogens, many reports
describe a major JA role in different plant-pathogen interactions, including RKN (Lee et al., 2018;
Mota et al., 2018). Whereas the convergence of these two hormonal signaling pathways (crosstalk)
is often reported as antagonistic (Sendon et al., 2011), cooperative exceptions might occur (Brossa
etal., 2011).

Several studies describe ABA as the main phytohormone controlling responses to abiotic stresses,
and more recently as playing a central role in plant response to both abiotic and biotic stresses
(Bostock et al., 2014). The phythormones JA and ET, as well as SA, might interact with ABA in
positive and/or negative ways, which are stablished depending on the plant background (Fan et al.,
2009; Ollas and Dodd, 2016). Fan et al., (2009), showed that the overexpression of NCEDS5 gene,
one of the precursors of ABA pathway, in Arabidopsis thaliana increased its susceptibility to
bacteria. On the other hand, Adie et al., (2007) demonstrated that ABA is essential to activated the
plant response to necrotrophic pathogens, although this result cannot be extrapolated to all
necrotrophic pathogens nor to all the responses activated by JA.

Despite SA pathway being known to respond to biotrophic pathogens, JA is strongly activated in
response to the infection of root-knot nematodes (Meloidogyne spp.), as previously described in
Ipomea batatas (Lee et al., 2018). The accumulation of JA might, in turn, activate two different
branches, ERF and MYC, which are points of interaction with ET and ABA pathways, respectively
(Figure 3).

23



ET pathway JA pathway ABA-dependent pathway

\/ N/

ERF MYC
ERF1/ORA59 NAC — SAsignaling
expression

Figure 3: Schematic representation of the crosstalk between ET, JA and ABA pathways. Jasmonic acid
(JA) activates the ERF and the MYC branches. The ERF branch interacts with the ethylene (ET) pathway
activating the ERF transcription factor and subsequently the expression of ERF1 and ORA59. The MYC
branch interacts with the abscisic acid (ABA)-dependent pathway, activating the NAC transcription factors,

which blocks the signaling through salicylic acid (SA) pathway.

1.5. Comparative genomics

The use of comparative genomics to analyze several plants simultaneously enables the
identification of putative evolutionarily conserved genes involved in universal defense
mechanisms. The functional characterization of these genes as stress responsive can drive
biotechnological strategies to enhance crop yield and fitness. Different software packages were
developed to generate sets of orthologous proteins, which are defined as genes products that have
emerged as a result of an evolutionary speciation event (Koonin, 2005). Basically, these software
packages use reciprocal best similarity relationships (e.g. by BLAST) to cluster proteins in groups
of orthologs. Nowadays, more than 150 plant genomes, from different orders and families, are
available in databases to comparative analysis.

Nonetheless, despite the same origin, sometimes genes display function divergence among plant
species (Remm et al., 2001). The combination of comparative analysis and transcriptome data
enables the identification of genes which are activated by the same type of stress in different plant
species. Also, it makes possible to infer that these genes have kept the same function, despite their
evolutionary distance.

Studies using transcriptomes of rice and poplar allowed identification of transcription factors

associated with leaf development in both species (Street et al., 2008). Another study using
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transcripts of different species of Sorghum found multiple stress responsive-genes, to drought,

salinity, cold, heat, and oxidative-stress (Woldesemayat et al., 2018).

The application of comparative methodologies to identify gene function among different plant
species, including wild Arachis, has the potential to identify candidate genes for biotic and abiotic

stress resistance tolerance to be used in a wide range of crops.

1.6. OVERVIEW

Predicted climate changes require the development of more adapted cultivars which will have the
ability to respond to multiple challenges, such as pathogen attacks under water scarcity conditions.
New sources of biotic and abiotic resistances are therefore needed, in order to provide new alleles
to breeding programs and biotechnology.

The present study aimed to identify genes highly conserved among species responding to RKN
infection and also genes responsive to RKN under drought stress. For that, two different
approaches were used: a multi-species comparison and the imposition of combined stresses. The
first approach aimed to find genes that are evolutionary conserved in response to inoculation of
root-knot nematodes in four plant species. For that, different species of root-knot nematode, from
the Meloidogyne genus were inoculated in four plant species, Arachis stenosperma, Coffea
arabica, Glycine max and Oryza glaberrima and their root transcriptome analyzed for differential
gene expression. To allow this comparison, a database containing orthologs groups of proteins
from 22 plants species was produced, which can be further exploited to identify conserved genes
for other plant traits.

As in nature, abiotic and biotic stresses occur simultaneously, the study of mechanisms and
molecular pathways that govern these individual and combined responses is essential for the
development of more adapted cultivars. To study different molecular responses to combined and
individual stresses, the root transcriptome of 4. stenosperma plants subjected to drought, root-knot
nematode and the combination of both stresses was analyzed, in order to identify genes responsive

to individual and combined stresses.
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Finally, as an important outcome of this study two candidate genes, dehydrins and expansins, were
identified for the development of stress-tolerant crop varieties, and a detailed genome wide study

of these important gene families conducted.
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2.

2.1.

2.2,

AIMS

General aims

To compare the response of different plants species to a single stress, nematode infection
or drought

To compare the response of 4. stenosperma to combined nematode infection and drought
stresses

To characterize important gene families which respond to biotic and abiotic stress,

separately or combined

Specific aims

To compare plants from different families in order to stablish a phylogenetic and orthology
relation among them

To produce a comprehensive transcriptome of 4. stenosperma

To compare the transcriptome data from different plants to the infection of Meloidogyne
spp.

To obtain RNA from roots subjected to drought stress, M. arenaria infection, and
combined stress and analyze the transcriptome data

To identify genes of 4. stenosperma regulated by drought stress, M. arenaria infection,
and combined stress

To select candidate genes from the previous analyses

To characterize the expansin gene family in 4. duranensis and A. ipaénsis

To characterize the dehydrin gene family in legumes species

To characterize the response of A. thaliana overexpressing a AADHNI1 gene to the

imposition of drought and root-knot nematode M. incognita

27



Chapter I

Comparative genomics: The common response of plants to

stress
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Evolutionarily conserved plant genes responsive to the root-knot nematode infection by comparative
genomics and transcriptomics
Ana Paula Zotta Mota, Fabricio BM Arraes, Bruno Paes de Melo, Priscila Grynberg, Anne-Sophie Petitot,
Diana Fernandez, Patricia Messenberg Guimaraes, Ana Cristina Miranda Brasileiro, Erika VSA Freire,
Maria Fatima Grossi-de-Sa, Etienne GJ Danchin
Artigo em preparagao para submissao

1. ABSTRACT

Root-knot nematodes (RKN) belong to the Meloidogyne genus and can parasitize a large number
of plants worldwide. They constitute one of the most important causes of damage in agriculture.
Advances in comparative genomics allow the identification of evolutionarily conserved plant
genes responsive to pathogen infection and constitute a valuable tool for a better understanding of
the genetic determinants involved in plant-pathogen interactions. In the present study, the
comparison of the genomes from 22 plant species, including agronomically important crops,
allowed the identification of core evolutionarily conserved genes and groups of orthologs and in-
paralogs across 214 Myr of plant evolution. Overall, 35,238 orthogroups were identified, in which
6,132 were evolutionarily conserved and universal to the 22 species studied here. In parallel, RNA-
Seq data previously obtained from four plant species that are resistant to RKN (Arachis
stenosperma, Coffea arabica, Glycine max and Oryza glaberrima) were used to identify genes
significantly regulated during the early stages of RKN infection. Several genes were found as
differentially expressed upon RKN infection for O. glaberrima, C. arabica, A. stenosperma and
G. max (2,597; 743; 665 and 653, respectively). By crossing this information with the previous
comparative genomics analysis, 17 orthogroups were identified as conserved among the four
RKN-resistant species and containing at least one nematode-responsive gene from each plant
species. Despite their phylogenetic distance, these orthogroups had representatives from all the 22
plant species. These results indicated that the genes presented in these 17 orthogroups could be
involved in ancestrally conserved pathways triggered following parasite infection. This
comparative genomics approach represents a promising predictive tool towards the identification
of plant defense-related genes that could be applied to different plant-pathogens or abiotic stresses

interactions.
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2. INTRODUCTION

Plants are sessile organisms that face a range of stresses in their natural habitat that are overcome
using sophisticated and intricate perception and responsive mechanisms. Under intensive
agricultural production areas, environmental stress conditions can drastically affect plant growth
and development leading to a severe decrease in crop yields. Identifying the mechanisms by which
plants respond and overcome the different types of stress is an essential step towards development
of resistant plants for sustainable crops production under stressful environments (Nobori and
Tsuda, 2019).

In the last years, from 2005 to 2015 the effects of climate change have hugely affected the
agriculture, causing around $100 billion dollars of losses. These losses include the attack of plants
by pests and pathogens, with losses of around $10 billion dollars (FAO report 2017).

Among the most important pathogens are the root-knot nematodes (RKN). Obligate endoparasites
from the Meloidogyne genus, with approximately 100 species described (Decraemer and Hunt,
2006), that can parasite almost all cultivated plant species in the tropical and temperate regions.
Consequently, they have been ranked number one in terms of nematode damages to agriculture.
The four most common species from the genus are Meloidogyne incognita, M. arenaria, M.
javanica and M. hapla, which cause the majority of the yield losses in crops (Agrios, 2005).
Another important Meloidogyne species is M. graminicola, which can parasitize both upland and
lowland Oryza spp. (De Waele and Elsen, 2007). RKN infect the plant roots by establishing
feeding sites and forming multinucleate giant cells. The response of the plants to the RKN infection
depends on plant species and genotype (Jones et al., 2013) with few species showing high levels
of RKN resistance, mediated by the Hypersensitive Response (HR), triggered in the early stages
of the infection.

Transcriptome analyses of plans submitted to abiotic and biotic stresses have been largely used to
identify genes responsive to stress, however, this method is often specie-specific. However, with
the grow of the number of complete plant genomes, new approaches to identify genes across
species were developed. One of these approaches is the comparative genomics, which allow the
simultaneous analysis of several plants to identify putative evolutionarily conserved genes

involved in plant defense mechanisms (Emms and Kelly, 2015).
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Different methods for inference of gene homology across taxa have been developed to identify,
using sets of proteins, orthologs and in-paralogs groups. Orthologs are defined as gene products
originated from an evolutionary speciation event, and in-paralogs are genes originated from a
duplication event in the same species. Despite having one common ancestral, the orthologous
genes could display function divergence between plant species (Remm et al., 2001). The
subsequent functional characterization of these genes, using the available transcriptome data from
multiple species, can address specific orthologous groups as stress-responsive and can drive further
biotechnological strategies to enhance crop yield and fitness. These methods of inference are based
in the use of the reciprocal best similarity relationships (e.g. by BLAST) to cluster proteins in
groups of orthologs and in-paralogs. Nowadays, the great availability of plant genomes (more than
150 plant genomes), from different orders and families, allow a more accurate inference of
orthology relationships. In the present study, the genome of nine monocots and 13 dicots plant
species were exploited aiming to identify a core of evolutionarily conserved genes. These species
were selected based on their genome assembly sequence quality, economic relevance and
responsiveness to different types of stress. An outgroup species, Amborella trichopoda, which
display a good genome assembly and phylogenetic proximity with Angiosperms (Albert et al.,

2013) was also included in the analysis.

Comparative genome analysis has been applied in a number of different plant species to assign
gene and protein functions by integrating sequence data arising from functional and structural
genomics. Previous studies allowed the identification of transcription factors associated with leaf
development in Populus sp. or genes responsive to multiple stress, as drought, salinity, cold, heat,
and oxidative stress in Sorghum spp., using transcriptome data (Street et al., 2008; Woldesemayat
et al., 2018).

The present study aimed to identify gene families that are commonly responsive to the infection
of different Meloidogyne species and also evolutionarily conserved in several plants species with
distinct degrees of resistance. To accomplish the identification of commonly responsive gene
families, transcriptome data from different plant species, in association with homology inference
analyses were used. The combination of three different strategies, structural, transcriptional and
comparative genomics, will improve the prediction of gene and protein function and help to

understand general plant defense molecular mechanisms against root-knot nematodes.
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Previous studies conducted by our group have generated transcriptome data from four RKN-
resistant plant species (Arachis stenosperma, Coffea arabica, Glycine max and Oryza glaberrima)
infected with three different RKN species (M. arenaria, M. incognita and M. graminicola)
(Beneventi et al., 2013; Guimaraes et al., 2015; Petitot et al., 2017; Valéria et al., 2010). These
transcriptome data were further 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.

The combination of orthogroups and the transcriptome data from different species, will allow to
find conserved proteins responding to RKN infection, in different species. In addition, the
generation of homology groups (orthologs and in-paralogs) of proteins will constitute a robust
database of evolutionarily conserved plant genes, and a repository of general interest to be shared

with the scientific community.

3. MATERIAL AND METHODS

3.1. Identification of evolutionarily conserved genes in plants

Selection of plant genomes and transcriptomes in a phylogenetic context

The predicted proteomes of 21 species were retrieved from their respective whole genome
sequence available on public databases (Table 1). These species were chosen based on their
phylogenetic distribution, the quality of the whole genome sequence and their economic interest.
BUSCO analysis was conducted to assess the predicted proteome completeness using the plants
database in the proteome mode (Simao et al., 2015). Because our main goal was to identify widely
conserved nematode-responsive genes, we included as much as possible, plant species which have
been subject of transcriptomic analysis upon nematode infection. For Coffea, Glycine and Oryza,
reference genomes and corresponding predicted proteomes were already publicly available.
However, for A. stenosperma no reference genome and predicted proteome were available and we
first had to assemble a transcriptome and predict the coding sequences (see below), before adding

this 22™ species to the comparative analysis. To put the selected species in an evolutionary
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framework, we reconstructed a dated phylogeny of the 22 species based on Zanne et al., (2013),

using TreeGraph (Stover and Miiller, 2010).
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Table 1: Number of predicted proteins of each of the 22 plant species here studied, number of proteins
present in orthogroups and the BUSCO score of completeness.

Number of Number of BUSCO

Species* proteins proteins in score (%)
orthogroups

Arachis duranensis® 36,734 33,539 86.9
Arachis ipaénsis® 41,840 36,898 84.5
Arachis stenospermah 50,693 29,218 90.1
Arabidopsis thaliana“ 27,416 24,010 99.3
Amborella trichopoda“ 27,313 19,533 85.2
Coffea canephora* 25,574 22,672 934
Gossypium arboreum‘ 40,134 35,121 94 .4
Glycine max‘ 56,044 50,262 97.4
Gossypium raimondii 37,505 34,930 97.4
Musa acuminata® 45,856 41,028 96.5
Medicago sativa® 59,831 46,679 89.2
Medicago truncatula® 50,894 41,103 93.6
Oryza glaberrima® 33,164 31,721 92.7
Oryza sativa“ 42,189 36,651 95.6
Oropetium thomaeum® 28,446 22,404 70.3
Phaseolus vulgaris* 27,197 26,293 95.9
Sorghum bicolor* 34,211 28,762 98.3
Setaria italica“ 34,584 30,460 98.4
Solanum lycopersicum® 34,727 29,480 95.5
Solanum tuberosum® 35,119 30,552 84.1
Triticum aestivum® 100,344 84,862 90.7
Zea mays* 63,480 37,753 92.2
Total 933,295 773,931 -

*The letters indicated the database used to retrieve de genome sequence of each
species: “http://peanutbase.org, ° transcriptome assembly from the present
study; and © https://phytozome.jgi.doe.gov v11; ¢ transcriptome assembly from
(Postnikova et al., 2015).



Genome-guided transcriptome assembly and proteome prediction of Arachis stenosperma

A comprehensive transcriptome of 4. stenosperma was constructed since there was no available
genome for this species. A total of 28 transcriptome libraries of the wild 4. stenosperma obtained
by our group from root and leaf samples subjected to drought (Vinson et al., 2018), M. arenaria
inoculation (Guimaraes et al., 2015), Ultraviolet (UV) exposure and combined stresses
(unpublished results) were used to the construction of the transcriptome of A. stenosperma. All the
libraries were sequenced with the Illumina HiSeq technology, using the TruSeq protocol for the
library construction. The raw reads from the 28 libraries were analyzed with FastQC (Andrews,
2010). According to their quality based in the phred 33, the reads were trimmed by Trimmomatic
(Bolger et al., 2014) using the following parameters: LEADING:3, TRAILING:3,
SLIDINGWINDOW:4:15 and MINLEN:36. Trimmomatic was then used to eliminate Illumina
adapters. The quality of the cleaned reads was check again with FastQC and only those with good
quality, according to the FastQC criteria (base sequence content, GC content, sequence
duplication, overrepresented sequences and Kmer content) were used to perform the transcriptome
assembly. All the reads were aligned to the reference genome of A. duranensis, a diploid wild
Arachis species closely related to A. stenosperma (Bertioli et al., 2016) by the STAR software
(Dobin et al., 2013), using the Two Pass parameter. The coordinated file generated by STAR was
used as input to Trinity Genome-guided software (Grabherr et al., 2011). The completeness of the
contigs generated by Trinity was assessed by two different software: The Core Eukaryotic Genes
Mapping Approach (CEGMA) (Parra et al., 2007) and Benchmarking Universal Single-Copy
Orthologs (BUSCO) (Simao et al., 2015). CEGMA have a different number of core genes (248),
conserved in eukaryote genomes than BUSCO (1,440), giving a percentage score according to the
number of complete genes found in the input sequence. After the assembly of reads, the redundant
contigs were retrieved and eliminated by EviGene software
(http://arthropods.eugenes.org/Evidential Gene/).

The completeness of the resulting non-redundant contigs were assessed by CEGMA and BUSCO,
as described above. Additionally, to check if the contigs were assembled to their true full length,
according to the reference, an Orthologs Hit Ratio (OHR) was performed against the transcripts

from the reference genome of A. duranensis. The OHR analysis check whether the assembled
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contig have a smaller (OHR < 1), equal (OHR = 1.0) or bigger (OHR > 1.0) sequence, compared
to the reference genome.

The final set of assembled contigs was used to prediction of protein sequences using the ab initio
method, using TransDecoder software. The first step of TransDecoder (Grabherr et al., 2011)
predicts the most likely longest open read frame from each contig, based on the nucleotide
sequences and the second step consists in a Blast search, against the UniProt database (version
from January 2017). After the Blast search, sequences with high similarity with non-plant
organisms (e.g. bacteria, virus or nematodes) were eliminated. The resulting contig sequences were
functionally annotated to their conserved PFAM domains. The final step was the translation of the
nucleotide sequences of the generated A. stenosperma contigs into amino acid sequences, by the
TransDecoder.Predict parameters of TransDecoder software. The final set of deduced amino acid

sequences were used in the further analyses.

Inference of gene homology

The whole predicted proteomes of all of the 22 plant species were submitted to OrthoFinder
software (Emms and Kelly, 2015) for inference of their orthologs and in-paralogs groups
(orthogroups or in-paralogs groups). The first step of OrthoFinder analysis consists of a Blastp all-
against-all 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 the Family
Companion software (Cottret et al., 2018), which generates the statistical matrices of abundancy
of genes per orthogroups, presence and absence of orthogroups per species and the percentage of
proteins present in orthogroups. The Kinfin software (Laetsch and Blaxter, 2017) was then used

to visualize the rarefaction curve of the species.

Functional annotation of plant proteomes

The PfamScan (version 1.5) (Mistry et al., 2007) was used to predict the conserved domains in
each of the predicted proteins of the 22 plant species. The resulting file was used as input for the

prediction of  Gene Ontology terms with Pfam2Go association file

(http://geneontology.org/external2go/pfam2go) and a perl script.
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3.2. Identification of genes responsive to nematode infection

Bioassays, RNA isolation, and Illumina sequencing

A. stenosperma inoculated with M. arenaria: Plants of A. stenosperma grown in greenhouse were

inoculated with M. arenaria infective juveniles (J2) and root samples collected before inoculation
(non-inoculated control) and at three time points (3, 6 and 9 days after inoculation; DAI), in three
biological replicates according to Morgante et al., (2013). The isolation of the total RNA from
samples, the cDNA synthesis and the I[llumina transcript sequences were produced by Guimaraes
et al., (2015).

O. glaberrima inoculated with M. graminicola: Plants of O. glaberrima grown in greenhouse were

inoculated with M. graminicola J2 and root samples collected before inoculation (non-inoculated
control) and at three time points (2, 4 and 8 DAI) in three biological replicates, RNA extracted,
cDNA synthesized and the [llumina transcript sequences produced by Petitot et al., (2017).

G. max inoculated with M. incognita: A total of 120 four-week-old plants of G. max (cultivar

‘PI595099°) grown in greenhouse were challenged with 1,350 M. incognita J2 and the root samples
collected at zero (non-inoculated control), 4, 8 and 12 DAI in three biological replicates, as
previously described in Beneventi et al., (2013). The total RNA was extracted from whole roots
using the kit ReliaPrep  (Promega®, Wisconsin, USA) according to the manufacturer's
instructions. The TruSeq ™ SBS v5 protocol was used for the library construction (Illumina, San
Diego, CA) and the 12 resulting libraries were sequenced in Illumina HiSeq 4000 at University of
linois (USA).

C. arabica inoculated with M. incognita: A total of 15 six-week-old plants of C. arabica (cv. UFV

408-28) grown in greenhouse were inoculated with 5,000 J2 of M. incognita and root samples
collected at zero (non-inoculated control) and 6 DAI in three biological replicates, as previously
described in Albuquerque et al., (2010). The total RNA was extracted from the root samples using
the RNAeasy mini kit (Qiagen, Hilden, Germany) and the cDNA produced using the SuperScript
IT enzyme and oligo (dT) 20 primer (Invitrogen, Carlsbad, USA). The TruSeq ™ SBS v5 protocol
(Illumina, San Diego, CA) was used for the library construction (Illumina, San Diego, CA) and

six resulting libraries were sequenced in Illumina HiSeq 2500 at University of Illinois (USA).
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Pre-processing of the reads and statistical analysis

The Illumina transcript sequences from the libraries of the four plant species were analyzed
separately (12 libraries for A. stenosperma, O. glaberrima and G. max each and six libraries for C.
arabica), using the same pipeline described below. The raw reads of each species were trimmed
as described in the section 3.1 of this Chapter. The trimming and the removal of TruSeq Adaptor
from Illumina sequencing was conducted by Trimmomatic software using the parameters of
LEADING, TRAILING, SLIDINGWINDOW and MINLEN (Bolger et al., 2014).

The cleaned reads of G. max were quantified into the transcripts generated from the reference
genome (G. max Wm82.a2.v1; http://phytozome.jgi.doe.gov/). For O. glaberrima and C. arabica,
the cleaned reads were quantified into the transcripts from the closest available genome (O. sativa
and C. canephora, respectively; http://phytozome.jgi.doe.gov/). The cleaned reads of A.
stenosperma were mapped into the transcriptome assembly produced as described in the section
3.1 of this Chapter. The mapped reads were quantified into the corresponding predicted
transcriptomes, using Kallisto (Bray et al., 2016) with the default settings to obtain transcripts
counts and abundances.

The transcript counts obtained by Kallisto were used as inputs in differential expression methods
EdgeR (Robinson et al., 2010) and DESeq2 (Love et al., 2013). Genes were considered as
Differentially Expressed Genes (DEGs) when their relative gene expression levels had an adjusted
p-value (false discovery rate; FDR) < 0.05 and at least 4-fold 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.

Functional annotation of DEGs using Mercator

The MapMan ontology (Thimm et al., 2004) was inferred using the online tool Mercator
(http://www.plabipd.de/portal/mercator-sequence-annotation). Mercator assigned MapMan BINs
(functional categories/sub-categories) to the transcript sequences of each transcript identified as
DEGs by the statistical analyses. Mercator incorporates BLAST and CDD searches as well as an

optional InterProScan annotation.
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4. RESULTS

4.1. Transcriptome assembly of 4. stenosperma

The public available genomes of 4. duranensis and A. ipaénsis, the wild parental of the cultivated
peanut (4. hypogaea) (Bertioli et al., 2016) allowed its exploitation for genomic studies of closely
related wild species, without a genome sequence, such as A. stenosperma, which have the same
A-type genome as A. duranensis. Therefore, taking A. duranensis as reference genome, a
comprehensive transcriptome of 4. stenosperma was built using the raw data from 28 Illumina-
sequenced cDNA libraries previously obtained by our group (Guimaraes et al., 2015; Vinson et
al., 2018). These libraries were constructed from roots and leaves of A. stenosperma plants
subjected to different types of stresses, such as drought, nematode infection, UV exposure and
combined stresses. A total of 81.06% of the raw reads from the 28 cDNA libraries were uniquely
mapped to the reference genome of A. duranensis, with an average length of reads of 334 bp. The
A. duranensis genome allowed the mapping of A. stenosperma transcriptome reads, using the
genome-guided strategy, using Trinity software, that generated a total of 224,703 contigs. To check
the completeness of the transcriptome assembled by Trinity, the contigs were firstly submitted to
BUSCO and CEGMA software packages. From the total of the core genes from the database of
BUSCO (1,440 genes) and of CEGMA (248 genes), 94% and 100%, respectively, were found in
the assembly generated by Trinity. In a subsequent step, the redundancy of the 224,703 assembled
contigs were eliminated by EviGene software, resulting in a reduction of 86.65% with a final
number of 30,003 contigs. After eliminating of the redundancy, BUSCO assessment was
performed in the 30,003 resulting contigs to verify whether the coverage was reduced. The
completeness of the resulting contigs was of 90.1% and 91.53% for the BUSCO and CEGMA
databases, respectively. This high reduction after EviGene removal is expected and could be
caused by alternative spliced variants generated during the process of genome-guided of Trinity,
due to the high number of reads used as input. The integrity of the 30,003 contigs showed a high
peak around 1.0 (Suppl. Figure 1), which means that contigs had the true full length, according to
the reference. The N50 median of the non-redundant contigs was 2,363 bp. These quality analyses
demonstrate that the strategy of genome-guided, using the 4. duranensis genome as reference was

accurate for the assembly of a comprehensive transcriptome of 4. stenosperma.
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The final set of 30,003 contigs were used subsequently to predicted the proteome of A.
stenosperma by TransDecoder software followed by Blast and a PFAM analyses. The final set of
proteins, based in the reconstructed non-redundant contigs, was of 50,693 and used in the further

comparative analyses with other proteomes from 21 plant species.

4.2. Identification of evolutionarily conserved plant genes

A dated phylogeny tree was reconstructed based in Zanne et al., (2013) using the 22 species chosen
in this study. A total of four clades had representatives in this study: Fabidae, Malvidae, Asteridae
and Poaceae. To infer a set of homology genes in plants, these 22 species were chosen to represent
the species of interest for different biotic and abiotic stresses and also plant-models (e.g. A.
thaliana), also genome quality parameters as high completeness and good gene annotation were
considered. The species were distributed as follow: 13 species from the Eudicotyledoneae and
eight species from the Monocotyledoneae, together with an outgroup (4. trichopoda), spanning
more than 214 Myr of plant evolution. Four genera had two or more representatives, (Oryza spp.,
Solanum spp., Gossypium spp., Arachis spp., and Medicago spp.) because of the great economical
interest of the genus (Figure 1).

Interestingly, the phylogenomic tree of the species generated by the alignment of the proteins from
the orthogroups of OrthoFinder (Suppl. Figure 2), was compared to the dated tree of species
constructed in the study (Figure 1), resulting in a very similar relation among the species in both
trees. This confirms that the use of multi-copy gene families for the construction of a phylogenomic
tree by is a suitable method.

Overall, the predicted proteomes of the 22 plant species represented a total of 933,295 proteins
(Table 1). The number of predicted proteins in each species varied from 25,574 (C. canephora) to
100,344 (T. aestivum) genes and according to BUSCO analysis, they had a completeness score
ranging from 70% for O. thomaeum to 99% for A. thaliana. The high BUSCO score for 4. thaliana
was expected as it is a plant-model, while species less studied or which the transcriptome was used
(e.g. A. stenosperma), presented a lower BUSCO score (Table 1). The subsequent OrthoFinder
comparative analysis allowed assigning the majority of these proteins (773,931; 83%) to 35,238
orthogroups shared by at least two species (non singletons) (Table 1; Figure 1). The percentage of

proteins assigned into orthogroups varied according to the species, being the highest rates for O.
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glaberrima and G. raimondii, (95% and 93% respectively), while the lowest rates were 57% and

59% for A. stenosperma and Z. mays, respectively (Table 1; Figure 1).
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Figure 1: Dated phylogenetic tree of the 22 species and percentage of proteins of each species present in

orthogroups. The branches of the phylogenetic tree are represented in Mya. Each bar represents the

percentage of the total number of proteins for each species which belong to one of the orthogroups.

To verify whether the set of plant species chosen for this study could produce a complete group of

homology genes, a rarefaction curve was produced (Figure 2). The rarefaction curve showed that

a plateau was reached at around 20 species, indicating that the addition of a 21th plant species to

the homology inference does not provide any substantial novelty in the number of groups. It
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confirms that the selection of 22 plant species constitutes a good representation of the diversity of

Angiosperm proteins.
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Figure 2: Number of clusters per number of predicted proteomes used in the OrthoFinder analysis. The
blue line represents the number of orthogroups obtained when using different numbers of proteomes. The

axis y show the number of non-singleton clusters and the axis x the number of sampled proteomes.

Aiming to identify the evolutionarily conserved genes among the 22 plant species, all the analysis
conducted hereafter considered the 35,238 non-singletons orthogroups. From these orthogroups,
only 692 were in-paralogs, in other words, had genes generated from a duplication event in one
species, without an orthologous gene in other species. From the total of in-paralogs groups, 12.86%
belong to Triticum aestivum (89 orthogroups). This is expected, since 7. aestivum have undergo
several events of duplication (Pont et al., 2011). This result indicates that the great majority of the
groups (98%) are conserved between at least two species, since all the species have a common
ancestral.

Moreover, 6,132 orthogroups were conserved among all the 22 plants species (Suppl. Figure 3).
These orthogroups represent a core of conversed genes, and probably are involved on basal

biochemical process of plants.
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As expected, plant species belonging to the same genus had more orthogroups in common, with
Oryza spp. sharing 5,275 orthogroups, followed by Arachis spp. with 1,543 orthogroups,
Gossypium spp. 1,279 orthogroups; Medicago spp. 1,181 orthogroups; Solanum spp. 989
orthogroups (Suppl. Figure 3). Interestingly, the highest number of common orthogroups is shared
among all the 22 species (6,132) configuring a robust dataset towards identification of
evolutionarily core genes.

The functional annotation using the PFAM conserved domains of the 933,295 proteins predicted
in the 22 proteomes identified 4,637 common domains, with 59% shared among all the species
(2,753 domains) and 7% were species-specific with M. truncatula, S. lycopersicum and M. sativa

with the highest number of exclusive domains with 131, 51 and 38, respectively (Figure 3).
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Figure 3: Intersection of the conserved PFAM domains of the 22 predicted proteomes. The vertical bars
represent the number of orthogroups. The horizontal bars represent the number of orthogroups of each

species. The black dots indicate the intersections among the four species.

4.3. Transcriptome and Orthology integrative analysis
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Common orthogroups among the four RKN-resistant species

Aiming to identify common nematode-responsive genes, the subsequent analyses had been
directed to the four genotypes (4. stenosperma, C. arabica, G. max and O. glaberrima) known to
be resistant to RKN infection (Beneventi et al., 2013; Petitot et al., 2017; Proite et al., 2008; Valéria
et al., 2010). Once that C. arabica does not have a reference genome available, nor sufficient
transcriptome data to generate a comprehensive transcriptome database, the closer species from
the same genus, Coffea canephora, was used as reference in the further analyses. Similarly, the
transcriptome data from O. glaberrima was quantified using the reference genome of Oryza sativa.
Therefore, the further results have used the references genomes of C. canephora for C. arabica
and O. sativa for O. glaberrima.

The root transcriptome surveys of these genotypes were exploited to identify genes differentially
regulated under nematode infection compared to non-infected controls.

Based on the previous inferred orthogroups for the 22 plant species (Table 1; Figure 1), a total of
9,323 orthogroups, encompassing a total of 98,502 proteins are common to the four RKN-resistant
genotypes (Figure 4). In addition, 8,457 exclusive in-paralogs groups were identified in O. sativa,
2,170 in A. stenosperma, 1,261 in G. max and 610 in C. canephora (Figure 4). The difference in
the number of in-paralogs groups could be due to duplication events occurred after the
differentiation of the species. As expected, the two legume species (4. stenosperma and G. max)
shared a high number of common orthogroups (736), once they had the smallest evolutionary

distance (Figure 1).
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Figure 4: Intersection of the orthogroups of A. stenosperma (Aste), C. canephora (Ccan), G. max (Gmax)
and O. sativa (Osat). The vertical bars represent the number of orthogroups. The horizontal bars represent

the number of orthogroups per species. The black dots indicate the intersections among the four species.

Gene expression profile of root transcriptome

RNA-Seq data available from the four species was analyzed using the same pipeline and only the
genes identified as DEGs (FDR < 0.05 and Log,FC > 2 or <-2) in both statistical softwares (EdgeR
and DESeq) were considered for further analyses. This strategy maximizes the precision of the
differential expression prediction, once that both statistical programs use different algorithms and
approaches, producing the most reliable set of DEGs. The results showed a total of 4,658 genes
differentially expressed (DEGs) in response to RKN inoculation, being 2,597 in O. glaberrima;
743 in C. arabica; 665 in A. stenosperma and 653 in G. max (Figure 5). The four-times higher
number of DEGs observed in O. glaberrima may be due to M. graminicola infection mechanism

(Petitot et al., 2017). Most of these DEGs were regulated positively in 4. stenosperma, G. max and
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O. glaberrima (486, 484 and 2,318 DEGs, respectively), while in C. arabica, most of the DEGs
(598) were negatively regulated (Figure 5).
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Figure 5: Differentially expressed genes (DEGs) in response to RKN inoculation in A. stenosperma, C.
arabica, G. max and O. glaberrima. (A) Barplot represent the total number of DEG for the four species.
The red bars indicate the upregulated genes and the blue bars the downregulated. (B) Expression value of
the DEGs of the four species in all the time points. Each species is represented by a color and the y-axis is

in Log2FC values obtained from DESeq.

Integration of Orthology and Transcriptome data

Aiming to conduct a comprehensive analysis of common RKN-resistance mechanisms, the data
obtained in the homology inference of genes was integrated with these obtained in the
transcriptome analysis of the four RKN-resistant genotypes. The association of the 9,323
orthogroups common to the four genotypes with the 4,658 DEGs from identified as RKN-
responsive revealed that 17 orthogroups contained at least one representative DEG from each plant
genotype. These 17 orthogroups encompass a total of 18,422 proteins, from the 22 species, were
3,661 proteins belong to the four target species and 364 proteins were identified as DEGs (Figure
6). O. sativa is the species with the highest number of in-paralogs groups (1,369; Figure 6),
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followed by A. stenosperma (404), C. canephora (350) and G. max (226). The high number of in-
paralogs groups of O. sativa is expected, once it had the highest number of DEGs from the four
species. In addition, O. sativa is the species which shared the highest number of orthogroups in
bilateral relations (only two species) with 95 orthogroups shared with C. canephora, 81 with A.
stenosperma and 80 with G. max (Figure 6).

The A4. stenosperma high number of in-paralogs groups could be due to the use of a comprehensive

transcriptome in place of a genome.
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Figure 6: Venn Diagram to show the association of the orthogroups and in-paralogs groups containing
DEG of the four species. The number displayed in the Venn Diagram correspond to the number of
orthogroups identified. The superimposed regions of all circles show the number of orthogroups shared

among the species.
The analysis of the expression profiles of the 364 RKN-responsive DEGs belonging to the 17

common orthogroups revealed that most of them (80%) were upregulated in A. stenosperma, G.

max and O. sativa. Conversely, in C. canephora 73% of the DEGs were downregulated in response
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to RKN infection. The expression values varied from -5 (G. max) fold to 7.5 (O. sativa), but most

of the genes had their expression around 2 to 3-fold (Figure 7).
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Figure 7: The expression profile of the 364 DEGs from the four species (4.stenosperma, C. canephora, G.
max and O. sativa) belonging to the 17 common orthogroups. The different colors indicate each of the four

species. Each dot represents a different gene. The expression values are in Log,FC obtained from DESeq.

The distribution of the proteins of the four species in orthogroups was uneven. From the total of
DEGs of each species in orthogroups, O. sativa showed the lowest percentage (6%) of the 2,597
DEGs belonging to the 17 common orthogroups. The highest percentage (12%) was observed in
G. max, followed by C. canephora (7.9%) and A. stenosperma (6.6%) of DEGs belonging to one
of the 17 orthogroups (Table 2).
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Table 2: The 17 orthogroups commonly regulated in response to root-knot nematode. The first column represents the orthogroups code generated by

OrthoFinder analysis. The number of differentially expressed genes for each species present in groups, and the PFAM domains annotated for each

group.

Protein nuri%frl of A. stenosperma  C. canephora G. max O. sativa |

Family proteins Total DEGs Total DEGs  Total DEGs Total DEGs PRAM domains
0G0000001 3661 207 5 103 2 251 10 145 34 Kinase (PF07714)
0G0000003 3554 114 1 340 7 192 2 172 49 LRR (PF08263; PF13855; PF00069)
0G0000004 3508 152 7 198 10 193 24 137 26 Cytochrome p450 (PF00067)
0G0000014 1285 50 1 52 7 73 3 58 11 PTR2 (PF00854)
0OG0000019 948 53 7 38 7 85 2 23 3 Pectinesterase (PF04043; PF01095)
0OG0000033 656 28 1 37 2 34 3 28 3 Methyltransferase (PF08100; PF00891)
0G0000035 649 23 2 13 6 52 3 33 9 Expansin (PF03330; PF01357)
0G0000036 647 27 8 13 1 54 3 26 3 AP2 (PF00847)
0G0000050 531 20 1 19 1 43 1 21 5 Heat shock factor (PF00447)
0G0000053 522 6 1 12 1 40 2 29 11 Hydrophobic seed (PF14547)
0G0000056 514 9 1 31 1 27 2 19 6 UDPGT (PF00201)
0G0000057 507 5 1 17 2 28 1 19 9 Cupin (PF00190)
0G0000058 502 20 3 34 4 47 1 12 4 FAD (PF01565; PF08031)
0G0000073 415 12 1 15 2 34 1 9 3 GST (PF02798; PF00043)
0G0000179 263 10 2 20 4 19 2 6 2 Dirigent (PF03018)
0G0000309 197 11 1 3 1 37 20 6 1 Fasciclin (PF02469)
0G0001906 71 3 1 3 1 9 1 P 1 DXP (PF13292; PF02779; PF02780)
Total 18,430 750 44 948 59 1,218 81 745 180
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Functional analyses of the common RKN-responsive DEGs

The 364 DEGs identified as common RKN-responsive in the 17 orthogroups were distributed into
12 functional categories (Figure 8), with most of them (32%) assigned to signaling categories,
followed by cytochrome P450 (18%) and stress and secondary metabolism (11%). These was
expected once the two orthogroups with the highest number of genes of this study were assigned
to the kinase PFAM and cytochrome P450 PFAM. The signaling category encompass proteins
involved in first response of plant to stress and pathogen perception, as kinases LRR genes, and
glycoprotein-like. Proteins assigned to stress, cytochrome P450 and secondary metabolism
categories, could also be involved in common resistance response to pathogens. In the
Transcription factor (TF) category, only genes coding for ERF TF family were identified as
commonly induced among the four plant species, showing a general upregulation. Genes
associated with metabolism of the phytohormone cytokinin were also identified as commonly

regulated in all the species.
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Figure 8: Graphical representation of functional categories. The functional annotation of all the DEGs from

the four species. The categories are based on the Mercator annotation.

The 17 orthologous identified in the present study were functionally annotated for their conserved
PFAM domains (Table 2). The number of DEGs from each species presented in the orthogroups

were uneven, with G. max and O. sativa with the greatest number of genes (81 and 180,
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respectively), compared to 4. stenosperma and C. canephora (44 and 59, respectively). The first
three orthogroups (OG0000001; OG0000003 and OG0000004) encompassed the majority (48.2%)
of the 364 DEGs (Table 2). These orthogroups are associated with several PFAM domains,
therefore, define a precise annotation for these orthogroups. Most of the domain architecture found
in the groups did not had a gene function associated or previous studies describing their function.
Except by the genes from the OG0000035, which are expansin from the sub-group of a-expansins,
which were described before to be associated to several stresses response (Marowa et al., 2016)
and the orthogroup OG0000036, that is the transcription factor from the ERF family, AP2, which
is associated to abiotic stress response (Xie et al., 2019). Interestingly, G. max presented an
augmented number of genes in the orthogroup OG0000309 (Fasciclin), which is a gene associated

with abortion of fertilized ovaries in Arabidopsis (Cagnola et al., 2018).

5. DISCUSSION

The use of comparative genomics to identify core evolutionarily conserved genes and groups of
orthologs and in-paralogs, based on protein sequences from distant plant species, proved to be a
robust method. This method allowed the identification of more than 35,000 non-singleton
orthogroups, clustered with high confidence, of which 6,132 were universal to all the plant
genomes compared. Other studies have used this same strategy to determine orthogroups, however,
this was the first time that a high number of plant species spanning a distant evolutionary diversity
was analyzed (Woldesemayat et al., 2018; Yoshida et al., 2017). The choice of the species was
based on their genome quality, economical interest and their unique response to different biotic
and abiotic stresses. This dataset of core evolutionarily conserved genes in a large panel of plant

of interest will constitute a valuable resource for several different studies in the future.

5.1. Evolutionary distant plant species have genes with similar functions

Despite spanning more than 210 Million years of evolution, this analysis allowed the identification
of 6,132 orthogroups encompassing 3,939,809 genes universally conserved between monocots and
dicots. These evolutionary conserved genes in the chosen Angiosperma probably correspond to a
core of plant processes and functions. However, previous studies have demonstrated that, only the

sequence similarity alone is not enough to transfer the functionality to a gene (Das et al., 2016).
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The present study suggests that complementing orthology information with expression data from
the species is instrumental in the assignment of a function.

Besides universally-conserved genes, the in-paralogs groups observed in all the species can be due
to differential loss, retention or expansion of ancestral gene copies as adaptive responses to
different challenged such as defense response to environmental conditions that each species face
(Das et al., 2016).

Here, together with the inference of orthologous groups, the use of transcriptional data from
different species was applied. Previous studies using the same approach have identified commonly
regulated genes in species of Sorghum genus, and constructed a functional genomics database
(Tian et al., 2016) and more recently, comparing the Sorghum species with related model species
to find commonly regulated genes to drought, salt, cold, heat and oxidative stresses
(Woldesemayat et al., 2018).

Here, to determine besides the sequence similarity, the conservation of functional protein domains,
was used the PFAM annotation, based in the curated database of InterPro, which is a reliable source
for functional annotation. The high conservation of PEFAM domains in the 22 species confirms that
the plants have inherited most of genes from a common ancestor, and most likely have conserved

its function.

5.2. Number of differentially expressed genes for each species show the specialized responses

The differential gene expression analyses of the four plants showed a diverse number of DEGs for
each species. These differences can be associated to the evolutionary distance among the studied
species, once they span more than 234 Myr of divergence in extreme cases. For the closer species,
A. stenosperma and G. max, the number of differentially expressed genes was more similar. Also,
the use of different RKN species can activate specialized responses, and different plants can show
differences in response to a same stress as well (Jones et al., 2013).

The combination of the comparative genomics with the differential expression data from all the
four species was able to find 17 orthogroups commonly responding to nematode infection. These
results showed that, despite the evolutionary distance among the species, and the difference in the

root-knot nematode species, plants have kept a set of commonly regulated genes to respond to
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stress imposition. This was also previously predicted by computational approaches, comparing
public databases from multiple stresses (Breitling et al., 2005; Shaik and Ramakrishna, 2014).
Most of the differentially expressed genes commonly regulated for the four species where related
with signaling and cell wall indicating that the first response, which seems to be common to all the
plant species, occurs in the first barrier of the plant, and did not present a species-specific response
nor a specificity to the nematode species. They can also be associated to other stresses impositions,
such as drought, and could be used as multiple-stress and cross-species genes for biotechnology
crop improvement.

In the present study, only one transcription factor family was identified, the ERF transcription
family, which was commonly regulated for all the species. The ERF transcription factor can be
associated to two different hormone pathways, the ethylene pathway and the jasmonic acid
pathway. Both pathways are known to respond to biotic stresses, however, only few studies
associate this transcription factor to nematode infection (Lee et al., 2018).

Interestingly, no pathogen-related (PR) genes were commonly identified in this analyses, showing
that, despite the great number of orthologous groups found in common, genes may develop
different functions (Snel et al., 2002).

A group annotated to the fasciclin gene family was found in all the four species, with a high number
of genes from G. max being regulated upon nematode infection (20). The expression profile of this
groups showed a contrasting expression between G. max and the other three species, with G. max
showing an upregulated profile. This gene family is often associated with ovaries abortion in
Arabidopsis, however, a study with Populus had associated this gene with salt response (Zang et
al., 2015).

Another gene family associated to stress response found in this study was the expansin gene family.
The expansin gene family is a cell wall loosening protein and known to respond to different stresses
(Marowa et al., 2016). Recently, a gene from the expansin-like b subfamily, was found as regulated

by root-knot nematode in A. stenosperma (Guimaraes et al., 2015).

Cross-species nematode-responsive genes are candidates for crop improvement

The present study has showed that the comparative genomics approach, comparing distant plant

species could find commonly regulated genes responding to root-knot nematodes, independently
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of their species. Find genes from several species infected by RKN, which respond commonly is an
important step through the selection of candidate genes for crop improvement and evolutionary
determination of gene function, once we could determine that orthologous genes were responding
to the same stimulus. Besides being an important tool for biotechnological improvement of plants,
the development of a database with orthologous groups from 22 plants species will allow future
studies to use the same strategy and determine commonly regulated genes for several other stresses

conditions.
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6. SUPPLEMENTARY MATERIAL
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Supplementary Figure 1: Ortholog hit ratio of the non-redundant contigs of A. stenosperma. The
OHR scores the contigs for length smaller (OHR < 1), equal (OHR = 1.0) or bigger (OHR > 1.0)
than the reference. The reference genome is 4. duranensis.
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Supplementary Figure 2: Phylogenomic tree of ae species generated by the alignment of the
proteins from the 35,238 orthogroups of OrthoFinder.
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Supplementary Figure 3: Intersection of the orthogroups of the 22 species. The vertical bars represent
the number of orthogroups. The horizontal bars represent the number of orthogroups per species. The black
dots indicate the intersections among the four species.
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Chapter 11

Cross-stress: The response of Arachis stenosperma to combined

abiotic and biotic stresses
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Crosstalk between biotic and abiotic stress in wild Arachis: the whole is not equal to the sum of its
parts
Ana Paula Zotta Mota, Bruna Vidigal, Ana Claudia Guerra de Araujo, Etienne Danchin, Maria Fatima
Grossi de Sa, Ana Cristina Miranda Brasileiro, Patricia Messenberg Guimaraes

Artigo em preparacao para publicagdo

1. ABSTRACT

Drought, heat, salinity and pathogens are some of the stresses to which plants are continuously,
and often simultaneously, exposed in nature. Most studies have focused in plant responses to single
stresses, however, it was recently revealed that the responses to combinatory biotic and abiotic
stresses are different to those prompted by each stress separately. Root-knot nematodes and
drought cause major losses in agriculture, but plant defense mechanisms to both impairments
simultaneously have not yet been studied. In this study, the transcriptional changes and the stress-
regulatory crosstalk in a wild Arachis species, resistant to root-knot nematode and drought, was
analysed upon biotic, abiotic and both stresses combined. Illumina Hi-Seq reads from A.
stenosperma roots submitted to drought produced the highest number of exclusive differentially
expressed genes (DEGs), followed by combined stresses and nematode infection treatments. Genes
identified in common among the three treatments included those associated to the Ethylene (ET)
and Salicylic Acid (SA) hormonal pathways, while genes exclusive to the combined stress
treatment were mostly associated to abscisic acid (ABA). Functional annotation indicated that the
responses to biotic and abiotic stresses were mostly specialized, with no GO terms enriched in
common, with and only one transcription factor ERF (ethylene responsive factor) identified in
common among all treatments. The arrangement and expression trends of these DEGs into
metabolic pathways highlights the prevalence ABA as the major phytohormone regulating plant
stress responses and interacting with jasmonic acid, salicylic acid and ethylene to promote a

concerted defense response against both, drought and RKN infection.

2. INTRODUCTION
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Plants are sessile organisms which are constantly exposed to different environmental stresses.
These include hazards as drought, heat, salinity and biotic stresses caused by fungi, bacteria, virus
and nematodes. Over the course of evolution, plants have developed different networks to
overcome these stresses (Mickelbart et al., 2015; Roux et al., 2014). To date, a great deal of
understanding of plant responses to individual stresses under experimental conditions has been
amassed (Pandey et al., 2015). However, in the field plants are exposed to a combination of abiotic
and biotic stresses, and their responses towards combined stresses is still largely unknown. Recent
studies revealed that plant responses to combinatory stresses are different from those due to the
imposition of individual stresses, and activate different signaling pathways (Ramegowda and
Senthil-kumar, 2015; Suzuki et al., 2014). In addition, in the case of simultancous occurrence of
biotic and abiotic stresses, plants can prioritize the response to one stress over another, causing a

decrease in the tolerance to other types of stress (Ramegowda and Senthil-kumar, 2015).

The roles of phytohormones such as abscisic acid (ABA), salicylic acid (SA) and jasmonic acid
(JA) in activating the defense response against abiotic and biotic stresses is well known (Pieterse
et al.,, 2012; Shinozaki and Yamaguchi-Shinozaki, 2007). However, few studies address the
various regulatory mechanisms and signaling events mediated by these hormones in response to
simultaneous stresses or how their pathways overlap and interact with one another (Atkinson et

al., 2013; Berens et al., 2018; Kissoudis et al., 2016; Rizhsky et al., 2004; Visser et al., 2018).

In many stress responses, abscisic acid (ABA) is the main regulator, playing an important role in
drought and plant-microbe interactions with systemic effects on resistance and susceptibility
(Bostock et al., 2014). Although in most cases ABA interacts negatively with SA and JA acids
causing a decrease in plant tolerance to pathogens (Berens et al., 2018; Ku et al., 2018), there are
also several examples in which ABA enhances plant disease resistance (Cao et al., 2011; Ton et

al., 2009).

For most legume crops, including peanut (Arachis hypogaea), the greatest hazard is drought, which
tends to increase over the years due to the impact of climate changes (Zandalinas et al., 2018). In
addition to water scarcity, the cultivated species is affected by several pathogens, including the

root-knot nematode (RKN) Meloidogyne arenaria, which causes significant losses in tropical areas
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(Jones et al., 2013). Previous studies investigated the effects of drought and nematode infection in
wild Arachis species, and highlighted the different pathways involved in response to each of these
stresses (Brasileiro et al., 2015; Guimaraes et al., 2015; Mota et al., 2018; Vinson et al., 2018).
Overall, the hypersensitive response (HR) displayed by 4. stenosperma against M. arenaria could
be linked to the induction of the jasmonic acid pathway (JA), whilst an ABA-independent response
was identified leading to adaptive physiological changes in the drought tolerant A. duranensis

(Guimaraes et al., 2017; Vinson et al., 2018).

In this study, we analysed the global gene differential expression of an RKN and drought resistant
species A. stenosperma, under combined and individual stresses, in order to assess the integrated,
overlapping and also nonlinear plant responses to these challenges. The better understanding of
the stress-regulatory signaling and crosstalk that plants apply to separate and common challenges

is crucial to optimize plant performance in the face of diverse challenges.

3. MATERIAL AND METHODS

3.1.Plant material

A total of 80 plants of 4. stenosperma (accession V10309) were cultivated in soil (2:1 soil:sand
mixture) in green-house. After six-weeks, three sets of plants were subjected to different stresses,
whilst control plants were kept in normal conditions.

Nematode bioassay: Twenty plants of A. stenosperma were inoculated in the roots with 10,000
juveniles (J2) of M. arenaria. The plants were kept well-watered for seven days after the
inoculation. Roots were collected at the 7™ day after inoculation (DAI), and divided into three

biological replicates.
Drought assay: Twenty plants were subjected to a gradual water deficit (dry-down) during seven

days, or until 25% of the field capacity (FC) was reached. Roots of the stressed plants were

collected for RNA extraction, and divided into three biological replicates.

61



Combined stresses assay: The third set of 20 plants was subjected to the stresses above
simultaneously. Six-week-old plants at 70% of field capacity were subjected to water withdrawal
at day one followed by a inoculation of 10,000 juveniles (J2) of M. arenaria. Plants were kept with
a gradual water deficit for seven days in green-house. At the 7™ day, roots were collected for RNA

extraction and divided in three biological replicates.

3.2.Transcriptome sequencing

Arachis stenosperma roots RNA was extracted for each treatment using a modified lithium
chloride protocol (Morgante et al., 2011) and purified with Invisorb Plant RNA Mini Kit (Invitek,
Berlin, Germany). The cDNA was produced using the Super Script II enzyme and oligo (dT) 20
primer (Invitrogen). Three independent biological replicates were produced, generating 12
libraries which were sequenced in HiSeq4000 at Macrogen Korea. The library construction was
conducted using the TruSeq ™ Stranded Total RNA LT Sample Prep Kit. The libraries were

paired-end sequenced with an average read of 100 bp.

3.3.Gene expression analysis

The quality of the raw reads was analysed by FastQC (Andrews, 2010). According to the quality,
each library was individually trimmed by Trimmomatic (Bolger et al., 2014) using the following
parameters: LEADING:3 TRAILING:3 SLIDINGWINDOW:4:15 MINLEN:36. Only reads with
a quality superior to Q>30 were kept for further analyses. The adapters from TruSeq were also
retrieved and eliminated when present. The cleaned reads were quantified, into the 4. duranensis
reference genome, by Kallisto (Bray et al., 2016). The number of read counts were normalized
and used as input to EdgeR (Robinson et al., 2010). The genes with a value of FDR < 0.05 and a
log2FC > 2 or < -2 were considered as differentially expressed genes (DEG).

3.4.Functional analysis

The functional annotation and classification of DEGs was carried out using two different methods.
The enrichment of Gene Ontology (GO) terms was also conducted by the hypergeometrical test,

from func package (Priifer et al., 2007). The enrichment was made by the comparison between the
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mapped genes and the differentially expressed genes from each treatment, with only the GO terms
with a FDR < 0.05 considered for further analyses. The DEGs were searched for Transcription

Factor genes using the Transcription factor database (http://planttfdb.cbi.pku.edu.cn).

3.5.Relative expression by qRT-PCR

The relative expression of selected genes found in the previous analysis was conducted by qRT-
PCR. Total RNA from the four treatments: control, drought, combined stress and nematode
infection, was extracted in biological triplicates and used for cDNA synthesis.

The qRT-PCR analysis was conducted using three technical replicates for each sample, using the
Platinum® SYBR® Green qPCR Super Mix- UDG w/ROX kit (Invitrogen), in the StepOne Plus
Real-time PCR system (Applied-Biosystem). The primers design and the reaction settings were
conducted as described by Morgante et al., (2013). Average cycle threshold (Cq) values were
estimated using the online real-time PCR Miner tool (Zhao et al., 2005) and normalized with two
reference genes (GAPDH and 60S), as previously established by Morgante et al., (2011). The
REST software (Pfaffl et al., 2002) was used to determine the expression ratios of the transcripts

from the treated libraries against the control.

4. RESULTS

A. stenosperma roots submitted to individual and combined biotic (RKN infection) and abiotic
(drought) stresses were used to produce four cDNA libraries: control, drought, nematode infection
and combined stresses, that were sequenced by Illumina HiSeq 4000 technology. Each library
produced over 30 million raw reads, with an average of 10% reduction on the number of reads
after the removal of adapters and poor quality sequences (Table 1). Trimmed reads of A.
stenosperma were quantified into the available reference genome of A. duranensis (Bertioli et al.,
2016), with an average of 60% of reads successfully quantified in the reference genome, as
previously observed (Mota et al., 2018). An average of 25,000 genes could be quantified per
library, representing approximately 70% of the total number of genes identified in A. duranensis

(36,743 gene models) genome (Table 1).
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Table 1: Illumina HiSeq 4000 sequencing data from A.

duranensis reference genome.

stenosperma quantified in the A.

Nematode Drought Combined Control
Number of raw
34,173,582 35,004,558 37,568,042 29,324,662
reads
Number of reads
) ) 30,028,088 31,823,728 33,512,716 26,572,592
_ after trimming
= Number of
Q
T% itified reads into the 10,631,810 9,189,171 10,385,619 8,469,816
[
reference
Total number of
25,446 24,848 25,386 25,943
gene models
Number of raw
34,236,660 37,275,858 33,190,158 36,116,360
reads
Number of reads
) ) 31,699,592 33,061,206 30,115,720 31,430,734
after trimming
(@\]
= Number of
Q
T% itified reads into the 11,653,431 9,679,977 8,651,041 9,593,936
[
reference
Total number of
25,715 25,266 25,227 24,825
gene models
Number of raw
31,200,332 40,506,646 36,428,454 34,885,968
reads
Number of reads
) ) 29,136,428 37,119,422 31,889,266 30,148,320
after trimming
on
= Number of
Q
T% itified reads into the 10,650,358 10,935,791 9,641,333 8,735,584
[
reference
Total number of
25,330 25,695 24,986 24,998

gene models
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Number of genes

1,252 6,103 3,346
with FDR < 0.05
Number of genes

Log2FC >2 or < -2

DEG *

193 1,034 570

N/A

N/A

* Differential gene expression analyses of the three treatments against the control
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A total of 7,543 significantly expressed (FDR < 0.05) genes were identified in at least one
treatment compared to the control condition. From these 1,410 genes were differentially expressed
(LogoFC 2> or <-2) or DEGs distributed in the drought (1,034), combined stresses (570) and
nematode infection (193) libraries (Figure 1A; Table 1). Overall, a reduction in gene expression
was observed in all treatments, with an average of 60% of the genes being downregulated (Figure
1B). The highest number of exclusive genes (674) was identified in the drought , followed by
combined stresses (209) and nematode (154) treatments. Most genes in common to two or more
treatments were identified between drought/combined stress (348), while combined
stress/nematode and drought/nematode shared only 27 and 26 genes respectively. Among all genes

in common, only 14 were shared by all three treatments (Figure 1A).

(A) B8)

”

Nematode Drought Combinad

Trealment

Figure 1: Differentially Expressed Genes (DEGs) in 4. stenosperma subjected to drought, nematode and
combined stresses compared to the control. (A) Venn diagram showing the number of exclusive and shared
DEGs among treatments. (B) Number of genes per treatment and their expression trend. Red bars indicate
upregulated genes and the blue bars indicates downregulated genes. DEGs are differentially expressed

genes at Log2FC > 2 or < -2 and FDR < 0.05.

DEGs identified under drought and combined stresses treatments showed the greatest accordance
on their expression profiles (up or downregulation) with 98% to 74% of genes displaying the same
trend (Figure 2). On the other hand, only 24% of the upregulated and 49% of the downregulated

DEGs identified in the nematode treatment showed an expression trend compatible with the other
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treatments. In addition, the expression magnitude of DEGs in the drought and combined treatments
was also higher than in the nematode treatment (Figure 2).

This data shows that in 4. stenosperma, biotic and abiotic stress activate different sets of
responsive genes, which are also different from those triggered when the stress occurs in

combination.

This small number of genes displaying the same expression profile in response to drought,
nematode and combined treatments suggests that, in addition to using different armoury in
response to biotic and abiotic stress, plants also respond differently to stresses applied individually
or in combination. This specialized response was previously observed in Arabidopsis plants

(Rasmussen et al., 2013).
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Figure 2: Expression profile of 4. stenosperma DEGs (FDR < 0.05 and log,FC > 2 or < -2) under biotic
and abiotic treatments Each column represents drought, combined and nematode treatments. The colour

key values are represented in Log2FC.

Functional analyses of differentially expressed genes (DEGs)

Gene Ontology analysis. DEGs identified in drought, nematode and combined stresses were

classified into GO categories. Whilst for the nematode and combined stresses treatments, most
enriched terms were limited to the molecular function category, genes in the drought treatment
enriched all three gene ontology categories (molecular function, biological process and cellular

component). None of the enriched terms were common to all three treatments, suggesting
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specialized responses. In the GO categories enriched by nematode infection we observed terms
related to ROS, such as iron ion binding (GO:0005506) and oxidoreductase activity
(GO:0016705), whilst for the combined stresses cysteine-type activity (GO:0008234), hydrolase
activity (GO:0016788) and thiolester hydrolase activity (GO:0016790) categories were the most
enriched. These enzymes activity are often associated with stress, regulating the physiological
homeostasis of the cell (Alvarez et al., 2012).

Contrastingly, in the drought treatment, all the three main gene ontology categories were enriched,
with molecular function showing the highest number of enriched terms. Mostly, terms involved
with “oxireductase, antioxidant, and hydrolase activities” and “heme, cation, metal and magnesium
binding”. In the biological processes category, most terms were enriched for metabolic processes
(inositol, alcohol and polyol), response to stress and defense response. In cellular component, high

levels of transcripts were annotated for membrane parts (GO: 0044425) (Figure 3).
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Figure 3: Gene Ontology enrichment analysis. GO terms enriched for drought, nematode and combined
treatments. DEGS responsive to nematode treatment is represented by blue bars, to drought by yellow bars

and to the combined treatment by green bars. The values are in —log10 of the p-value.
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Transcription factors families. In total, 78 TFs belonging to 31 different families were DEGs in at

least one of the three treatments applied. The drought treatment encompassed most of the exclusive
TFs (40), while the combined stresses and the nematode infection contained only 13 and three
exclusive TF genes. Most of the TFs identified in the drought challenge belonged to the MYB
family (Myeloblastosis), with 18 genes annotated, followed by bHLH (16) and WRKY (7). The
combined stresses treatment contained three exclusive TF families: GRAS, TALE and DBB,
which are involved in plant defense response against abiotic and biotic stresses in plants
(Bogdanove et al., 2010; Ma et al., 2010; Vinson et al., 2018; Xu et al., 2015; Zhao et al., 2019).
Eleven exclusive TF families were found to be differentially expressed for drought stress alone:
NF-YA, FARI, Trihelix, NF-YB, Dof, HSF, Nin-like, ARF, AP2, CO-like, and ARR-B, with NF-
YA previously reported as responsive to drought stress in 4. stenosperma (Vinson et al., 2018).
Although in the nematode treatment there was no exclusive TF families, it triggered the
upregulation of two genes from WRKY and one from bHLH families that were exclusively
differentially expressed. Contrastingly, the exclusive DEGs from the WRKY family showed a
downregulation for the other two treatments (drought and combined).

All but three TF families (AP2, ERF and NAC) showed contrasting expression profile between
nematode and drought treatments, suggesting their possible involvement in the combined stresses

response (Figure 4).
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Figure 4: Expression values of A. stenosperma transcription factors under drought, nematode and combined

stresses treatments. The values are in Log,FC.

Genes exclusively expressed in combined stresses

Overall, the arsenal and expression trend of genes involved in plant response to drought and
combined stresses were more akin than those in response to nematode infection alone.
Remarkably, from the 570 DEGs responsive to both stresses simultaneously, almost 30% (209)
were exclusive to the combined stresses treatment. This suggests the activation of a diverse
molecular response, possibly leading to different metabolic and physiological feedbacks, when the
plant is exposed to both stresses simultaneously. These combined stresses exclusive genes were
mostly downregulated (136 genes), with an expression magnitude ranging from -10 to 6 (Log,FC).
Despite not being DEGs, they also showed a similar downregulation trend under drought stress,

while an opposite expression trend under nematode infection (Figure 5).
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Figure 5: Transcript expression of DEGs exclusive to combined stresses treatment under combined and
single stresses. The columns represent the combined stress, drought stress and nematode stress,

respectively. The values are in log,FC.

The functional annotation of the DEGs exclusive to combined stresses using Mercator showed
their distribution in 15 categories with most genes annotated to solute transport, RNA biosynthesis,
external stimuli and phytohormones (Figure 6).

The depiction of exclusive DEGs in Mapman categories showed to be very similar for the

combined and drought stresses, albeit different for DEGs under nematode stress, which shows an
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overall dominance of genes regulated by the drought treatment. Most genes assigned to the RNA
biosynthesis category belonged to the MYB family of transcription factors, which are widely
known to be involved in drought responses through the abscisic acid signaling pathway (Seo et al.,
2009). We could also classify genes involved in the production of the phytohormones cytokinin
and ethylene. Cytokinin has previously been described as negatively regulated in drought stress,
as decreased levels of cytokinin leads to an apical root dominance, that together with high levels
of ABA favours the plant adaptation to drought stress (O’Brien and Benkové, 2013).
Contrastingly, during nematode infection genes involved in conjugation, degradation and synthesis
of cytokinin were upregulated (regardless their FDR), as they are involved with giant cell
formation induced by the nematode (Siddique et al., 2015). The identification of upregulated genes
encoding ethylene responsive factors (ERF) and those involved in ethylene synthesis in all
treatments, indicates that different phytohormone pathways are triggered by these stresses and

their combinations.
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Figure 6: Functional classification by Mercator of DEGs exclusive to combined stresses treatment.
Genes regulated by biotic and abiotic stresses

In total, we found 14 genes regulated under drought, nematode and the combined stresses in
common. These genes could be assigned to functional categories related to plant defense such as:

phytohormones (Ethylene and salicylic acid), cell wall biosynthesis (expansin like-B),

oxireductases (L-aspartate oxidase (FAD)), transmembrane enzymes, hydrolases and cytochrome
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p450. Eight of these genes (64%) showed a similar expression profile under all three stresses, with
the majority being upregulated (Figure 7).

Only two genes were downregulated in all treatments, transmembrane ATPase (Aradu.EAROQ)
and Adenosine deaminase (Aradu.7M8TY), and although poorly studied in plants have been linked
to responses to different diseases in other organisms (Ndimba et al., 2005; Weretilnyk, 2002).
Five genes (Salycicate carboxymethyltransferase, phytepsin, leguminosin, glutamine
amidotransferase and cytochrome p450) previously associated with plant stress responses showed
a contrasting expression profile between nematode and the other two treatments (Figure 7).
Previous studies described the involvement of aspartic proteins in response to different abiotic
stresses (Milisavljevi¢ et al., 2009). Here, an aspartic protein (Aradu.A3AX6) was strongly
induced in the drought and combined stresses (9-fold), while downregulated at 7-fold in the
nematode treatment. Likewise, another protein known for its role in abiotic stress responses, the
glycine rich protein (GRP: Aradu.EZW4U), or leguminosin secreted protein, was downregulated
for nematode infection and upregulated in the combined and drought treatments.

An Expansin like-b (Aradu.KHS5IZ) and a chitinase (Aradu.4196P) DEG showed an upregulated
profile in all three treatments applied in this study. Previously, another member of the expansin
like-b subfamily in Arachis, EXLBS, was identified as responsive to both drought, UV and
nematode infection in different Arachis species (Carmo et al., 2019; Guimaraes et al., 2017).
Guimaraes et al. (2017) also showed that EXLBS caused a reduction on the number of M. arenaria

galls when overexpressed in soybean (Glycine max) composite plants.
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Figure 7: Relative expression values of 14 genes expressed in common under nematode, combined and

drought stresses. The colour key values are in log,FC.

EXLBS relative expression analysis

Amongst the 14 genes responsive to drought, nematodes and combined stresses, an expansin like-
b gene (EXLBSY), an ortholog of AdEXLBS (Guimaraes et al., 2017) was upregulated under all the
above stresses. The validation of this expression profile by qRT-PCR in A. stenosperma roots
submitted to all the three treatments (drought, nematode and combined stress) corroborated this
upregulation pattern (Figure 8). The highest relative expression for EXLBS5 was observed in plants

submitted exclusively to drought (23.19), while the combined and nematode treatments showed
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proximate expressions (3.18 and 4.57, respectively) (Figure 8). This is in accordance to the overall
gene expression defense response observed in Arachis to drought, that included not only a greater
number of responsive genes, but also genes with higher expression magnitudes, when compared

to nematode and combined stresses.
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Figure 8: Relative expression of EXLB5 under drought, combined stresses and nematode infection.

Statistically significant regulated genes (*) and error bars represented.

5. DISCUSSION

In nature, plants are constantly being challenged by combined stresses, making the identification
of the physiological, molecular and the crosstalks among the signaling pathways in response to
various stresses crucial to produce more adapted cultivars. Nonetheless, plant transcriptional
responses to multiple stresses, in particular to abiotic and biotic simultaneously, has been
remarkably understudied, with most research covering drought and other abiotic hazards or various
fungi (Suzuki et al., 2014). Also, few studies analysed the whole plant transcriptome under stress,
which provides a more robust overview of the plant mechanisms of response to these challenges
(Van Verk et al., 2013). In this study, we analysed A. stenosperma responses to individual and
combined root-knot nematode and drought stresses, in order to outline genes and molecular

mechanisms involved in the responses to individual and combined challenges.

Single and combined stress responses
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Overall, the differential gene expression analysis of 4. stenosperma roots subjected to drought,
nematode, and combined stresses showed distinct metabolic pathways, and hormonal signaling for
each treatment applied. The higher number of exclusive genes in comparison to shared genes
among treatments suggested a highly specialized plant response to each stimulus.

We used previous transcriptome studies on wild Arachis spp. subjected to individual stresses
(drought and nematode) (Mota et al., 2018; Vinson et al., 2018), to evaluate if the sum of genes
regulated in individual stresses was equivalent to the response observed in the combined stresses.
Our data showed that in 4. stenosperma roots, the application of combinatorial stresses led to a
remarkable change on the identity and magnitude of transcripts expressed, in comparison to the
stresses applied separately. This is in accordance to recent studies (Kissoudis et al., 2016; Olivas
et al., 2016) that showed that plant responses to combinations of two or more stress conditions is
not only unique and diverse from the response of plants to each stress applied individually, but are
largely controlled by different, and sometimes opposing, signaling pathways that may interact and

inhibit each other (Suzuki et al., 2014).

Findings in this study show that the biggest change in transcriptional responses, represented by the
number of DEGs, was observed in A. stenosperma plants subjected to drought (1,034 DEGs). This
was expected, as extensive molecular, physiological and adaptive changes occur in plants under
drought conditions, such as ROS, calcium waves, electrical, and hydraulic (stomatal closure)
signals that can occur within seconds or gradually (Kollist et al., 2019; Ramegowda and Senthil-
Kumar, 2015).
These acclimation responses require energy and resources, and lead to an enormous transcriptional
reprograming of the plant cell (Mittler and Blumwald, 2010).

Most drought responsive DEGs found in this analysis were included in oxireductase and
antioxidant activities categories, with the upregulation of genes such as cytochrome p450 and
thyoredoxin indicating that the ABA responsive pathway is the most prevalent responsive
metabolic pathway utilized by 4. stenosperma in response to water shortage.

The second major overall transcriptional change in Arachis roots occurred under the combined
stresses treatment, with 570 DEGs identified. Although variations have been reported (Bowler and
Fluhr, 2000; Mittler and Blumwald, 2010; Suzuki et al., 2014), it is generally assumed that plants
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exposed to abiotic stress conditions were more prone to the successful infection of pathogens
(Atkinson and Urwin, 2012). This antagonistic behavior was recently observed in pine seedlings,
in which resistance to herbivore insects, generally governed by JA, was altered by drought (Suérez-
Vidal et al., 2019). In addition to ABA, reports have demonstrated the involvement of JA in water
stress responses (Brossa et al., 2011; de Ollas et al., 2015; De Ollas et al., 2018), with its
accumulation leading to an enhancement on ABA concentration, with JA-dependent signaling
remaining active even when its accumulation is transient (Wasternack, 2014). ABA and JA
signaling pathways can interact at several points, and are regulated by MYC2 and MYB
transcription factors, suggesting a role for JA in the response to water stress (Kazan and Manners,

2013).

Previous studies on the transcriptional profile of A. stenosperma roots infected with M. arenaria
showed that most defense related genes appeared between the 6™ and the 9™ DAI (days after
inoculation) (Guimaraes et al., 2015). Here, most of the DEGs identified at the 8™ DAI were
included in functional categories related to ROS and metal binding, and participate in the hormonal
defense response led by the jasmonic pathway (JA). These transcripts included transcription
factors related to JA (WRKY and bHLH) and an ERF transcription factor, related to the ET
pathway. The transcription factor bHLH, from the MYC family of transcription factors, is known
as an important regulator of the crosstalk and antagonism between SA and JA pathways, which
regulates the plant response to different pathogens (Kazan and Manners, 2013). The occurrence of
an exclusive bHLH gene (Aradu.VS58Y) and its strong upregulation under nematode infection
alone, is also an indicative of the JA involvement on the resistance of 4. stenosperma to M.
arenaria. This is in accordance to Mota et al., (2018), that showed that the main response to RKN
in Arachis was regulated by JA and ET and was also reported in sweet potato infected with M.
incognita (Lee et al., 2018). The induction of WRKY, that can bridge the response to both biotic
and abiotic stresses, and trigger PTI and ETI defense responses (Bai et al., 2018; Li et al., 2015),
suggests its participation in this crosstalk, as all WRKY genes that were activated during the
nematode treatment showed an opposite expression profile under drought and combined stresses

treatments (Figure 4).
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In the present study, we observed an overall reduction on the number and expression magnitude
of genes responsive to nematode infection in A. stenosperma roots subjected to combined stress
(drought and nematodes) in comparison to the imposition of nematode infection alone. This
included the reduction of defense related genes, such as pathogen-related and NBS-LRR genes,
which have previously been correlated with resistance in this species (Guimaraes et al., 2015; Mota
etal., 2018). We suggest that the antagonistic effects of drought stress on 4. stenosperma nematode
resistance, might be due to its interference in the plant’s ability to produce chemical defenses
mediated by JA-ET in response to damage, causing functional impairment and reducing the plant

resistance against the nematode.

Plant responses to stress combination includes more than one hormone pathway

In the combined stresses treatment, we observed an overall downregulation of genes related to JA
pathway, including bHLH transcription factors, cullins and cystatins (Dutt et al., 2011) and of
genes regulating both the ABA-independent (NAC branch) and ABA—dependent (bZIP/MYC
branch) hormone pathways. Concurrently, Ethylene and ABA-dependent (MYC branch) related
genes (ERF and MYB transcription factors) were upregulated (Figure 9).

ET pathway JA pathway ABA-dependent pathway ABA-independent pathway
ERF —— MYC bzIP NAC DREB
ERF1/ORA59 NAC RD29B ERD1 RD29A
expression J expression expression expression
SA signaling

Figure 9: Schema of the crosstalk among hormone-regulated defense pathways. ERF and MYC branches
of the Jasmonic acid (JA) pathway. The ERF branch interacts with the ethylene (ET) activating the ERF
transcription factor and subsequently the expression of marker genes ERF1 and ORAS59. The MYC branch
interacts with the ABA-dependent pathway, activating the NAC transcription factors, which blocks the
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signaling to the salicylic acid (SA) via. The second ABA-dependent branch activates the expression of
RD29B through the transcription factor bZIP. The ABA-independent pathway can activate the expression
of ERD1 and RD29A through NAC and DREB transcription factors, respectively. Adapted from Bostock
et al., (2014).

In addition to ABA-dependent and -independent mediated signaling events, alternative pathways
encoding ethylene responsive factors (ERF), and genes involved in ethylene synthesis were also
identified, such as ERF TFs and ORAS59 (Dubois et al., 2013, 2018; Pre et al., 2008), suggesting a
broader crosstalk between regulatory pathways that govern biotic and abiotic responses.
However, ERF is a big TF family, with 122 ERF members only in Arabidopsis, and can be assigned
to different hormones pathways, being also induced by JA, making the depiction of JA-ET-ABA
communication and its interaction under water stress conditions very complex (Bostock et al.,
2014).

Overall, we found that the defense response displayed by 4. stenosperma roots subjected to
nematode/drought combined stresses, tend to follow the JA-ABA-ET schematic model adapted
from Bostock et al., (2014), that puts ABA as the central regulator in the stress response (Figure
9). In this representation, we suggest that the ABA/MYC branch is activated by both, JA induced
in response to the nematode attack and ABA molecules originated in response to drought stress.
On its turn, JA and ABA induce the TF NAC which activate ERD1 and induce the production of
VSP1 and LOX which are osmoprotectants that contribute to increase plant drought tolerance.
Concomitantly, JA pathway can also activate the ERF branch, which will activate the
ERF1/ORAS59 transcription factors and induce downstream pathogen related (PR) proteins, such

as PDF1.2, known as a defense protein against biotic stress.

Despite some advances on plant hormone crosstalk mechanisms, how the plant perception is
altered due to the combination of stresses is yet unknown. Recent studies have suggested that
calcium (Ca") signaling acts as a hub in the plant response to abiotic and biotic stresses (Ku et al.,
2018). One of the most studied Ca” modulated gene is calmodulin (CaM), which can act as part of
a Ca’ signal transduction pathway by modifying its interactions with various target proteins such
as kinases or phosphatases, and have different roles in the regulation of plant response to stresses

(Bouché et al., 2005). The expression of CaM genes can be induced by different stresses and
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hormones, with Arabidopsis lines overexpressing calmodulin AtCaM leading to an increased
sensitivity to ABA and consequently enhanced tolerance to abiotic stresses (Magnan et al., 2008),
whilst AtCaM decreased the resistance to Pseudomonas infection (Leba et al., 2012). In the present
study, we observed an upregulation of CaMBP (Calmodulin binding proteins), which we suggest
that might contribute to the antagonistic response between the nematode and the combined/drought

treatments.

Genes responsive to combined stresses for crop improvement

Findings in the present study show that plant responses to individual and combined stresses
(nematodes and drought) are highly specialized, with few genes in common. Understanding the
complex regulation of biotic and abiotic responses and their interactions are crucial to avoid trade-
off effects that limit plant growth and yield, and to allow a more efficient biotechnological crop
improvement. The search for genes to be used for plant genetic engineering has mainly focused on
the solution of individual stresses, with few examples aiming the identification of genes responsive
to more than one stress. Here, we found 14 genes responsive to drought, Meloidogyne infection
and the combined stresses. These are interesting candidate genes that once validated in planta can
contribute to plant resistance against single or joint stresses (abiotic, biotic or combined). Amongst
these, an expansin-like b gene (AdEXLBS) was selected for further analyses, as previous studies
from our group have demonstrated that another representative of the EXLB sub-family, the
AraEXLBS gene, was highly induced in response to water deficit in two different Arachis species,
A. duranensis and A. magna (Brasileiro et al., 2015; Guimaraes et al., 2017) and modulated in
response to RKN infection (Guimaraes et al., 2017). AdEXLB5 showed an upregulation for both
abiotic and biotic stresses and their combinations, constituting a promising candidate gene for in

planta validation and plant genetic engineering against multiple stresses.
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Chapter 111

Candidate genes: Gene family characterization of dehydrin and

expansin genes of Arachis spp.
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Plant dehydrins (DNHSs) belong to the LEA (Late Embryogenesis Abundant) protein
family and are involved in responses to multiple abiotic stresses. DHNs are classified
into five subclasses according to the organization of three conserved motifs (K-; Y-;
and S-segments). In the present study, the DHN protein family was characterized by
molecular phylogeny, exon/intron organization, protein structure, and tissue-specificity
expression in eight Fabaceae species. We identified 20 DHN genes, encompassing
three (YoSK,, SK,, and Kp) subclasses sharing similar gene organization and protein
structure. Two additional low conserved DHN ®-segments specific to the legume SKp,-
type of proteins were also found. The in silico expression patterns of DHN genes
in four legume species (Arachis duranensis, A. ipaénsis, Glycine max, and Medicago
truncatula) revealed that their tissue-specific regulation is associated with the presence
or absence of the Y-segment. Indeed, DHN genes containing a Y-segment are mainly
expressed in seeds, whereas those without the Y-segment are ubiquitously expressed.
Further gRT-PCR analysis revealed that, amongst stress responsive dehydrins, a SK-
type DHN gene from A. duranensis (AdDHNT) showed opposite response to biotic
and abiotic stress with a positive regulation under water deficit and negative regulation
upon nematode infection. Furthermore, transgenic Arabidopsis lines overexpressing
(OE) AdDHN1 displayed improved tolerance to multiple abiotic stresses (freezing and
drought) but increased susceptibility to the biotrophic root-knot nematode (RKN)
Meloidogyne incognita. This contradictory role of AADHNT in responses to abiotic and
biotic stresses was further investigated by gRT-PCR analysis of transgenic plants using
a set of stress-responsive genes involved in the abscisic acid (ABA) and jasmonic acid
(JA) signaling pathways and suggested an involvement of DHN overexpression in these
stress-signaling pathways.

Keywords: Arabidopsis, drought, freezing, genome-wide, Meloidogyne, root-knot nematode

INTRODUCTION

The dehydrin (DHN) family of proteins, or dehydration proteins, belongs to group II of the LEA
(Late Embryogenesis Abundant) proteins and is considered the most important LEA group due
to its involvement in tolerance to several abiotic stresses. DHNs are defined by the presence of
three conserved motifs, named the K-, Y-, and S-segments, that classify DHNs into five subclasses
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according to their number and organization: Y,SKp; Ky; SKy;
K,S; and YK, (Close, 1996). DHN proteins typically contain
at least one copy of the signature K-segment, a 15-amino acid
lysine-rich repeat (EKKGIMDKIKEKLPG) near the C-terminus
(Malik etal., 2017). The two other conserved motifs, despite being
common in DHN, are not essential to characterize the protein:
the Y-segment ([V/T]D[E/Q]YGNP), near to the N-terminus,
and the S-segment, a group of four to eight serine residues (Malik
et al,, 2017). The K-, Y-, and S-segments are separated by poorly
conserved motifs, called ®-segments, that are usually rich in
glycine and polar amino acids (Graether and Boddington, 2014).

DHNs often accumulate in vegetative tissues of higher
plants in response to different types of abiotic stresses, such
as low temperature, drought, salinity, or wounding, and this
response represents part of the molecular arsenal developed by
plants to withstand the damaging effects of the intracellular
water loss caused by these stresses (Graether and Boddington,
2014). However, despite considerable research, the mechanisms
underlying DHN responses to dehydration remain unclear
and each type of DHN might have a specific function.
It is generally accepted that DHNs act as chaperones to
prevent the aggregation, damage, and inactivation of proteins
during stress imposition (Hara et al, 2005; Kovacs et al,
2008). The highly disordered nature of DHN structure also
contributes to biochemical properties that permit these proteins
to function in enzyme activity protection, membrane binding
and stabilization, ROS scavenging, and ion sequestration
(Banerjee and Roychoudhury, 2016).

Plant DHN gene expression is generally modulated in
response to abiotic stress and varies according to the type
of condition imposed and the subclass to which they belong
(Abedini et al., 2017). In particular, the DHN SK;-types are
commonly associated with cold tolerance and found near the
plasma membrane where they exert a protective role (Graether
and Boddington, 2014). In addition to cold stress, there is
evidence that DHNs belonging to the SK,-type can also enhance
the ability of plants to cope with multiple and simultaneous
abiotic stresses. For example, the overexpression in tobacco
plants of SK;-type genes isolated from freezing-tolerant species
(arctic chickweed and Chinese mei) improved tolerance to cold,
drought, salt, and osmotic stress (Hill et al., 2016; Bao et al., 2017).
Also, a SK3 DHN from wild tomato and a SK;, from rubber-tree
enhanced tolerance to more than one abiotic stress in transgenic
tomato and Arabidopsis plants, respectively (Liu H. et al., 2015;
Caoetal.,2017). Likewise, the overexpression of a SK3 DHN from
a stress-tolerant Musa genotype led to superior performance in
a commercial cultivar of transgenic banana under both drought
and salinity (Shekhawat et al., 2011).

In contrast, some SK,-type genes appear to be stress-
specific. For instance, those isolated from cold-adapted species
(wheat and wild potato), that have been shown to enhance
tolerance to freezing in transgenic strawberry and cucumber,
respectively (Houde et al, 2004; Yin et al, 2006); or that
isolated from a drought-tolerant wild olive species, which
increased tolerance to water deficit in transgenic Arabidopsis
(Chiappetta et al, 2015). Similarly, a sorghum SK3 increased
protection against oxidative stress when overexpressed in tobacco

(Halder et al., 2018), and a SK3 from the halophyte Ipomoea
pes-caprae increased the salt tolerance when overexpressed in
Arabidopsis (Zhang et al., 2018).

Unlike in abiotic stress, the involvement of plant DHNs
in biotic stress is poorly studied, with few studies showing
modulation of DHN expression associated with responses to
fungal infection either on its own or in association with abiotic
stress (Turco et al., 2004; Yang et al., 2012). Although DHNs
are known to respond to wounding and exogenous hormones
that play a vital role in pathogen defense signaling and disease
resistance, such as Abscisic acid (ABA), Jasmonic acid (JA),
Salicylic acid (SA), and Ethylene (ET), their role in plant
defense against pathogens remains to be elucidated (Shen et al.,
2004; Hanin et al,, 2011; Rosales et al., 2014). In addition,
despite the importance of DHNs in abiotic stress tolerance
mechanisms, little is known about their potential role in legume
crop yields in stress-prone environments (Rémus-Borel et al.,
2010; Aradjo et al., 2015). Furthermore, the evolutionary history
of the legume DHN family has never been phylogenetically
investigated, with a previous review focusing only on overall
sequence similarity analysis of LEA proteins in six legume species
(Battaglia et al., 2013).

To date, there is only one report on the use of DHN genes
isolated from legume species for the improvement of stress
tolerance in crop legumes through transgenic approaches (Xie
et al., 2012). However, rapid advances and the improvement in
accuracy of bioinformatics approaches as well as re-annotated
versions of legume genomes, including the recent genome
sequencing of two Arachis species (Bertioli et al., 2016), can
contribute to new insights into the molecular function and
evolution of the DHN family in legumes.

In the present study, we characterized the DHN gene
family in legumes regarding their phylogenetic classification,
chromosomal localization, duplication events, molecular
structure and spatial expression patterns. We then focused
on the transcriptional behavior of a DHN gene from the
wild peanut Arachis duranensis (AdDHNI) in response to
abiotic and biotic stresses, shedding light on its role in stress
responses. The overexpression of AdADHNI in Arabidopsis
plants improved their tolerance to multiple abiotic stresses
(freezing and drought) but increased their susceptibility to the
biotrophic root-knot nematode (RKN) Meloidogyne incognita.
This trade-off effect: improved resistances to abiotic stresses vs.
increased susceptibility to biotic stress is an important finding
that must be taken into consideration in research into the
improvement of crop plants.

MATERIALS AND METHODS

Identification and Phylogenetic Analysis

of Dehydrins in Fabaceae

The complete genomes of eight species (Arachis duranensis,
A. ipaénsis, Cicer arietinum, Cajanus cajan, Glycine max,
Lotus japonicus, Medicago truncatula, and Phaseolus vulgaris)
belonging to the Fabaceae family were downloaded from their
respective public databases (Supplementary Table 1). To identify
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the putative DHN proteins in these eight proteomes, we used
two independent approaches. First, the PFAM (Finn et al., 2016)
dehydrin domain (PF00257) was used as a query for the program
hmmsearch, from the HMMERS3 suite (Mistry et al., 2013) against
the predicted proteome of each species. In the second approach,
the K-segment described by Malik et al. (2017) was used as
input for the Find Individual Motif Occurrences (FIMO) software
(Grant et al,, 2011), applying a threshold g-value of < 0.05. The
proteins found using both approaches were verified for their
motifs, presence and organization. Only proteins with more than
half of the total length of the PF00257 domain (168 aa) and
with a canonical dehydrin motif organization were considered in
the present study.

All the identified putative DHN protein sequences were
aligned using the MAFFT software with automatic detection
of the most appropriate alignment strategy (Katoh et al,
2002). The poorly aligned regions (more than 10% of gaps)
were eliminated with the trimAl software (Capella-Gutiérrez
et al,, 2009). We performed the phylogenetic analysis of the
selected protein sequences using RAXML software (Stamatakis,
2006), with automatic search of the fittest evolutionary model
and parameters and a bootstrap search automatically stopped
upon congruence.

Synteny Analysis, Duplication Pattern,
and Gene/Protein Structure of

Dehydrins in Fabaceae

We retrieved the physical location of the putative DHN genes
in the chromosomes of the eight Fabaceae species from the
GFF-formatted file in their respective databases. The MCScanX
software (Wang et al., 2012) was used to determine the syntenic
relationship and duplication patterns between these species and
Circa' to plot graphical representation of DHN genes location
and their syntenic relationships.

The intron/exon organization of dehydrin genes was extracted
from the GFF-formatted file of each genome and submitted to
the GSDS software® for graphical representation. We predicted
the consensus sequence of the DHN motifs of the proteins using
the Multiple Expectation maximization for Motif Elicitation
(MEME) (Bailey et al., 2009).

Spatial Expression Pattern of
Fabaceae Dehydrin Genes

The gene expression atlas of A. duranensis, A. ipaénsis, G. max,
and M. truncatula® was used to analyze the spatial expression
patterns of DHNs. Respective expression values, represented as
FPKM, were retrieved in table format and the mean FPKM
values for each of the following tissues were determined: dry
seeds, roots, leaves and stems in each species. In addition,
the RT-PCR analysis of transcript abundance of G. max
DHN genes by Yamasaki et al. (2013) was also considered
in our analysis.

!http://omgenomics.com
*http://gsds.cbi.pku.edu.cn/
Shttp://bar.utoronto.ca

Analysis of Dehydrin Expression in Wild

Arachis in Response to Stress

Our previously published transcriptome RNA-Seq data were
exploited to determine the in silico expression profile of the two
A. duranensis DHN genes in response to both abiotic (water
deficit) and biotic (nematode inoculation) stresses (Mota et al.,
2018; Vinson et al,, 2018). Quantitative RT-PCR (qRT-PCR)
analysis was also conducted, essentially as described by Morgante
etal. (2013), to determine the relative expression of the AdDHN1
and AdDHN?2 genes (Supplementary Table 2) in A. duranensis
plants under dehydration and upon nematode infection, using
the RNA isolated in Vinson et al. (2018) and Mota et al. (2018),
respectively. ACT1 and UBI2 were used as reference genes for
Arachis root samples subjected to dehydration; and 60S and
GAPDH for samples inoculated with nematodes, in accordance
with Morgante et al. (2011).

AdDHNT1 Cloning

To identify the complete coding sequence of AdDHNI, the
Aradu.JF4XP gene model* was aligned with the four best
BLASTn hits of A. duranensis databases available on NCBI’.
The consensus sequence (675 bp) was synthesized and cloned
(Epoch Life Science Inc.,, TX, United States), under the
control of the Arabidopsis actin 2 promoter (ACT-2) and the
nopaline synthase (NOS) terminator, at the Xhol restriction
site of pPZP-201BK-EGFP (Chu et al, 2014). This binary
vector, hereafter called pPZP-AdDHNI, also contains two
additional cassettes for the constitutive expression of the
enhanced green fluorescent protein (eGFP) reporter gene and
the hygromycin phosphotransferase (hpt) selection marker gene.
The pPZP-AdDHNI binary vector was then introduced into
the disarmed Agrobacterium tumefaciens strain “GV3101” by
standard electroporation protocol. Transformed colonies were
selected by PCR using primer pairs flanking the eGFP or
AdDHNI sequences (Supplementary Table 2).

Arabidopsis Transformation

Wild type (WT) Arabidopsis thaliana ecotype Columbia
(Col-0) was transformed with A. tumefaciens containing
the pPZP-AdDHNI1 vector using the floral dip method
(Clough and Bent, 1998) and maintained in a growth
chamber at 21°C, 60% relative humidity, 12 h photoperiod.
Seeds originating from the dipped-plants were germinated
on plates containing solid (0.8% w/v agar) half-strength
Murashige and Skoog (MS) basal medium (Sigma-Aldrich,
St. Louis City, United States) with sucrose (30 g/L) and
hygromycin (15 mg/L). Hygromycin-resistant TO plants were
transferred to pots containing substrate (Carolina Soil®, CSC,
Brazil) and maintained in the controlled growth chamber to
produce the T1 generation. Transformants were then screened
repeatedly for hygromycin resistance and grown on to obtain
homozygous T3 generation AdDHNI overexpressing (OE) lines
for further analysis.

*https://peanutbase.org/
*http://www.ncbi.nlm.nih.gov
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Stress Assays in Transgenic Arabidopsis
Overexpressing (OE) AdDHN1

Seeds harvested from 13 OE lines at T3 generation were used
to determine the effect of freeze-shock treatment on seedling
growth. Two weeks old seedlings germinated on MS medium
plates (12 individuals per OE line and WT per plate, three plates
per line) were placed in a temperature-regulated freezer at —18°C
for 1 hin the dark. After complete freezing of the MS medium, the
seedlings on plates were returned to normal controlled growth
conditions. The survival rate after the freezing treatment was
assessed by recording the number of seedlings that regained
turgidity and displayed a normal phenotype compared to that of
non-treated seedlings, 3 days after the treatment. Seedlings that
showed healthy growth in treated and non-treated plates were
further used for quantification of total soluble sugars (Buysse and
Merckx, 1993) and qRT-PCR analysis (see below).

The Arabidopsis OE lines with enhanced freezing tolerance
were then selected for subsequent stress assays. For that, OE
and WT plants, grown in the controlled growth chamber, were
submitted to a gradual water deficit (dry-down) treatment and
to infection with M. incognita. We analyzed the data using single
factor ANOVA (P < 0.05).

For the dry-down assay, irrigation of 3 weeks old plants grown
on substrate was interrupted for a group of 10 individuals per
OE line and the WT (stressed group) during 8 days whilst the
control group of individuals was kept under irrigated conditions,
i.e,, around 70% of field capacity (FC). During the assay, two
SPAD chlorophyll meter readings (SCMR; SPAD-502, Konica
Minolta Sensing, Japan) was recorded every 2 days from the same
leaf of each individual. At the end of the water stress (8th day),
we collected three leaf discs (0.4 cm?) per individual to assess
Relative Water Content (RWC) according to de Brito etal. (2011).
The aerial and root plant fresh biomass were also determined at
the end of the assay and the leaf area was estimated using the
Rosette Tracker software (De Vylder et al., 2012).

For the M. incognita bioassay, roots from 4 weeks old plants
grown on a 2:1 sand:substrate mixture (v:v) were inoculated
with approximately 500 J2 infective larvae of M. incognita,
essentially as described by Morgante et al. (2013). At 60 days after
inoculation (DAI), roots were stained with acid fuchsin and the
number of nematode females on roots (10 individuals per OE line
and WT) assessed under a stereomicroscope.

Analysis of Transcription Levels in

Arabidopsis by qRT-PCR

We conducted qRT-PCR analysis in the T3 seedlings to study
the expression levels of the AdDHNI transgene and other
stress-responsive genes in Arabidopsis OE lines and WT plants.
Total RNA was extracted using an RNeasy Plant Mini Kit
(Qiagen, Hilden, Germany), treated with DNAse and reverse
transcribed as previously described (Morgante et al., 2013). qRT-
PCR reactions were performed in three biological replicates on
the StepOne Plus Real-Time PCR System (Applied Biosystems,
Foster City, United States), as previously described (Vinson et al.,
2018), using specific primers (Supplementary Table 2). The
online real-time PCR Miner tool (Zhao and Fernald, 2005) was

used to estimate the average cycle threshold (Cq) values. The
relative quantification (RQ) of mRNA levels was normalized with
AtACT2 and AtEF-1a reference genes (Supplementary Table 2)
and determined for the AdDHNI transgene using the qGENE
software® and for the stress-responsive Arabidopsis genes using
the REST 2009 v. 2.0.13 software (Pfaffl et al., 2002).

RESULTS

Identification and Characterization of

DHN Genes in Fabaceae

We searched for DHN proteins in the proteomes predicted
from the whole genome sequences of eight Fabaceae species
belonging to the Papilionoideae sub-family based on the presence
of the conserved dehydrin PFAM domain PF00257. Initially,
we identified 21 putative DHN proteins in the eight species
(Supplementary Table 1). However, two protein sequences from
C. arietinum, and their corresponding genes, were 100% identical
and hence eliminated, yielding a total of 20 non-redundant
putative DHN proteins. Based on their motif numbers and
organization, we could classify all 20 putative DHNs identified
into only three out of the five known subclasses: Y,SKy, YnKy,
and SKj;. Subsequently, we named each DHN according to the
corresponding chromosomal position of the gene in each species
(Supplementary Table 1).

Phylogenetic Analyses, Gene Structure,
and Protein Motifs of DHNs in

Fabaceae Species
We performed a Maximium-likehood (ML) phylogenetic analysis
using the 20 deduced DHN protein sequences identified in the
eight Fabaceae species. The phylogenetic analysis found the JTT
model as the most appropriate and the analysis converged after
599 bootstrap replicates. This analysis could separate, with high
confidence values, the putative DHN proteins into two distinct
groups, the proteins with a Y-segment (belonging to the Y,SK,
and YK, subclasses) and the proteins without a Y-segment
(belonging to the SK, subclass) (Supplementary Figure 1). The
number of DHN proteins in the two groups was identical (ten in
each group). With the exception of C. cajan, all the Fabaceae
species possessed at least one SK;, and one Y,,SK;, DHN protein.
L. japonicus was the only species with a predicted additional
YnK,-type DHN. This L. japonicus protein holds an outgroup
position in the Y-segment DHN clade (Supplementary Figure 1).
We further analyzed the structural diversity of the 20 DHN
genes through their exon/intron organization. Regardless of their
phylogenetically-determined protein group, the legume DHN
genes showed a very conserved 2-exon/l-intron organization,
except for the LiDHN3 gene from L. japonicus which was devoid
of introns and was the only legume DHN gene that did not
contain an S-segment (Figure 1A). Notably, the presence of a
conserved intron in DHN genes seems to be associated with the
presence of an S-segment in Arabidopsis, potato and rapeseed

Chttp://www.gene- quantification.de/download.html
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FIGURE 1 | Gene and protein organization of the 20 DHNs in eight Fabaceae species. (A) Exon/intron organization of the DHN genes; (B) Motif organization and
conserved segments of the DHN proteins represented by different colors (left) and their corresponding motif logos (right). The scale length is represented in base

(Jiménez-Bremont et al., 2013; Charfeddine et al., 2015; Liang
et al., 2016). The protein structures of all 20 legume DHNs
showed that, when present, the Y-segment generally occurred
in two consecutive copies and the K-segment in one to four
copies (Figure 1B and Supplementary Figure 2). In accordance
with the phylogenetic analysis (Supplementary Figure 1), half of
these proteins presented one or two Y-segments and are therefore
classified as Y,SKy- and Y, Kj-types. All DHNGs identified in the
eight legumes species showed a single S-segment, except LjDHN3
which lacked this segment (Figure 1B and Supplementary
Figure 2). In this study, in addition to the location of the
three conserved DHN motifs, we could identify two additional
consensus sequences preceding the S-segment, represented by
(DRGV[FL]DFLG) and (EE[VA]I[AV]TEF), near the N-terminal
region of proteins belonging to the SK,-type (Figure 1B and
Supplementary Figure 2). These two DHN motifs have not yet
been described, and hereafter are considered as ®-segments,
previously noticed as poorly conserved segments located between
the K-, S-, and Y-segments (Graether and Boddington, 2014).
We studied the predicted subcellular localization of the 20
legume DHNs using the WoLF PSORT Prediction Software’.
Interestingly, 19 out of 20 proteins studied were predicted to
have a nuclear localization with only the Y,SK,-type CaDHN1
predicted to be cytoplasmic (Supplementary Table 1). This
preferential nuclear localization of legume DHNs is not in
accordance with previous studies showing that plant DHNs

“https://wolfpsort.hgc.jp

subcellular localization does not tend to be more nuclear than the
cytoplasmic and are present in different parts of the cell (Abedini
etal, 2017; Yuetal., 2018). Since the presence of phosphorylation
sites is commonly associated with the subcellular localization of
DHN proteins in the plant cell (Abedini et al., 2017), a further
analysis revealed the presence of one phosphorylation motif
and one nuclear localization site (NLS) in legume DHNs. The
phosphorylation site (LXRXXS) was identified in 14 out of
the 20 DHNs (Supplementary Figure 2 and Supplementary
Table 1), regardless of their subclasses, whilst the remaining six
DHN proteins that did not present this motif belonged to the
Y, SKy-type (AdDHN2, AiDHNI1, GmDHN3, and GmDHN4),
SKp-type (LjDHN4) and the only example in legumes of the
Y, Ky-type (LjDHNB3). Despite the absence of a phosphorylation
motif, these proteins are still predicted to be in the nucleus.
Interestingly, the presence of a NLS was observed only in DHN
proteins belonging to the Y,SK, subclass, with this specificity
also observed in grapevine and barley (Yang et al, 2012;
Abedini et al., 2017). The presence of these phosphorylation
and NLS sites allow the phosphorylation of the S-segment and
has previously been associated with the translocation of DHNs
from the cytoplasm to the nucleus (Yang et al., 2012; Abedini
etal, 2017; Yu et al., 2018). However, in legumes DHN traffic in
the cell could also be associated with other motifs, as LjDHN3,
which lacks both phosphorylation motifs, is predicted to be
located in the nucleus, whereas CaDHNI, a Y,SKj,-type which
contains both phosphorylation motifs, is predicted to have a
cytoplasmic location.
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Chromosomal Location and Syntenic
Relationships of DHN Genes in

Fabaceae Species

The chromosomal location of the DHN genes varied according
to the legume species and the number of representatives per
species. Interestingly, with the exception of C. cajan, which does
not possess a Y,SK,-type DHN, all the species possessed one
SK,-type and one Y,,SK;-type in physical proximity on the same
chromosome (Supplementary Figure 3). The two C. cajan DHN
genes belonging to the SK;, type were distributed on distinct
chromosomes (Cc06 and Cc07). G. max and L. japonicus possess
more DHN genes (four representatives each) and, in addition to
the co-localization of the conserved SK;-type and Y, SK;,-type on
a same chromosome (Gmo04 for G. max and Lj01 for L. japonicus)
(Supplementary Figure 3), the two extra representatives were
on different chromosomes. For G. max, the two extra Y,SKj;-
type copies were present on chromosomes Gm12 and Gml3.
For L. japonicus, the extra SK,-type DHN was on chromosome
Ljo5 while the Y Ky -type, so far specific to this species, was on
chromosome Lj02.

From a McScanX analysis at the whole genome level for the
eight species, we further focused on the duplication and syntenic
relationships of the 20 legume DHN genes (Supplementary
Figure 3). The association of one Y,SK;- and one SK;-type
representative located on the same chromosome, observed in
seven out of eight species (the exception is C. cajan), was part
of a larger conserved synteny block for six species (A. duranensis,
A. ipaénsis, G. max, L. japonicus, M. truncatula, and P. vulgaris).
Surprisingly, the two C. arietinum representative genes, although
also on the same chromosome, did not show conserved synteny
with the conserved blocks from the other six species. Likewise,
the extra representatives for G. max and L. japonicus, distributed
on different chromosomes, did not exhibit synteny among the
legume species (Supplementary Figure 3).

Previous reports described that the DHN gene family had
undergone duplication events in plants, resulting mostly from
whole-genome (WGD) and tandem duplications (Yang et al.,
2012; Liang et al, 2016). However, this does not seem to be
the case for the DHN genes from Fabaceae species, where only
one pair of DHN genes from G. max (GmDHN3/GmDHN4) was
considered as duplicated through a WGD/tandem event. These
results indicate that except for G. max, duplication events of
the DHN gene families in Fabaceae probably occurred before
speciation, which is also consistent with our phylogenetic analysis
(Supplementary Figure 1).

DHN Gene Spatial Expression in

Fabaceae

We analyzed the possible relationship between the presence/
absence and organization of the DHN conserved segments and
their spatial expression pattern in plant tissues using the ex-
pression atlas® publicly available for four (A. duranensis, A. ipaén-
sis, G. max, and M. truncatula) of the Fabaceae species and a
transcript abundance analysis of G. max (Yamasaki et al., 2013).
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Within a DHN type, the expression across the different
species tended to be similar (Supplementary Table 3). Three
of the SKy-type genes (AdDHNI, AiDHN2, and GmDHNI)
were predicted to be ubiquitous with high FPKM expression
values (from 4.26 to 449.51) in dry seeds, roots, leaves, and
stems. This expression behavior was confirmed for the G. max
gene (GmDHNI) by Yamasaki et al. (2013) through RT-PCR
analysis of seeds, leaves, and stems. The expression of the
MtDHN?2 gene from M. truncatula was not detected in any
of the experiments of Benedito et al. (2008) included in the
expression atlas (Supplementary Table 3). Contrastingly, half
of the legume DHN genes that belong to the Y,SK, type
(AdDHN2, AiDHNI1, and MtDHNI) exhibited a more tissue-
specific expression, restricted mainly to seeds (FPKM > 16,000
for M. truncatula), and a very low gene expression in other
tissues. Moreover, expression of the G. max Y,SK, genes
(GmDHN2 and GmDHN2) was only detected in seeds by
Yamasaki et al. (2013) (Supplementary Table 3).

A. duranensis DHN Genes Regulation

Under Abiotic and Biotic Stresses
We studied in more detail the regulation of two A. duranensis
genes (AdDHNI and AdDHN?2) in response to abiotic and biotic
stresses. This wild Arachis species has been used by our group in
functional genomics studies due to its contrasting responses to
abiotic and biotic stresses: tolerant to water deficit but somewhat
susceptible to Meloidogyne arenaria infection (Proite et al., 2008;
Leal-Bertioli et al., 2012; Guimaraes et al., 2017). The in silico
expression profile of AdDHNI and AdDHN2 was determined
using our previous RNA-seq data including A. duranensis roots
submitted to a dehydration treatment (Vinson et al., 2018) and
roots challenged with the RKN M. arenaria (Mota et al., 2018).
We then validated the in silico expression analysis based on
RNA-seq using qRT-PCR.

The RNA-seq expression profiling of AdDHN] transcripts in
A. duranensis roots showed opposite behaviors for expression
of this gene under the two stresses analyzed, with upregulation
in response to dehydration and downregulation in response to
nematode infection (Supplementary Figure 4). This opposite
expression behavior was further validated by qRT-PCR using
specific primers (Supplementary Table 2), corroborating the
predicted in silico analysis (Supplementary Figure 4). Contras-
tingly, no expression of AdDHN2Z could be detected either in silico
(no mapped reads) or by qRT-PCR (no amplified samples) under
the two stresses evaluated. These results are in accordance with
the expression atlas (Supplementary Table 3), which did not
show any basal expression of AADHN2 in A. duranensis roots.
Therefore, based on the expression profiling of both Arachis
DHN genes, only the AdDHNI gene was selected for a deeper
characterization at functional levels as an interesting candidate
involved in opposite responses to abiotic and biotic stresses.

Analysis of Arabidopsis Plants
Overexpressing AADHN1

To further investigate the involvement of AdDHNI in the
response to abiotic and biotic stresses through its overexpression
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in transgenic plants, a consensus coding sequence was
determined. The alignment of five A. duranensis sequences
showed high nucleotide conservation, except for the gene model
Aradu.JF4XP° which present a gap of 128 bp (Supplementary
Figure 5). The consensus of AdDHNI coding sequence
(675 bp) was then cloned and used to produce transgenic
Arabidopsis plants.

Freezing Treatment

The overexpressing (OE) lines at T3 generation were selected
based on their response to freezing-shock treatment (survival
rate and sugar content) and on the abundance of AdDHNI
transcripts. We observed an enhanced freezing tolerance in six
of the 13 OE lines submitted to freezing treatment (—18°C
for 1 h) which showed a greater survival rate than the
WT (Figures 2A,B). The plantlets from these six lines (15.2;
29.2; 30.5; 32.5; 36.7; and 40.2) displayed a normal regrowth
after the treatment and appeared to be more tolerant to the
freezing injury than WT plants, which were not able to resume
growth. Moreover, all of these six OE lines accumulated more
soluble sugars in leaves than WT plants under normal growth
conditions and exhibited a significant increase in sugar content
in response to the freezing treatment (Figure 2C). Accumulation
of sugars under adverse environmental conditions, including

“https://peanutbase.org/

freezing, could contribute to maintain cell turgor and to protect
membranes and proteins against stress damage (Krasensky and
Jonak, 2012). Accordingly, the overexpression of AdDHNI in
Arabidopsis seemed to improve freezing tolerance concomitant
with a higher concentration of solutes, under both normal
and stress conditions, as observed in previous studies (Mattana
et al, 2005). The qRT-PCR analysis subsequently confirmed
the overexpression of the transgene AdDHNI in these six
OE lines at different expression levels (Figure 2D). Overall,
the AADHNI transcript abundance did not correlate with the
enhanced freezing tolerance or the accumulation of soluble
sugars, in particular for the OE 32.5 line, indicating a possible
post-transcriptional regulatory mechanism of the transgene.
These findings are in agreement with the general presumption
that there is no clear relationship between the transcript levels
of overexpressed transgenes and the phenotypic effects observed
in transgenic lines, which can vary from a strong positive to no
significant correlation (Kerr et al., 2018; Ko et al., 2018). Based on
these analyses, the six freezing-tolerant OE lines were selected for
further analysis.

Dry-Down Assay

The water deprivation assays indicated that the six best freezing
tolerant OE lines also exhibited enhanced drought tolerance,
with less morphological damage compared to WT (Figure 3A).
From the 5th day of the dry-down assay, WT plants showed
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progressive symptoms of water deficiency (leaf wilt), followed by
growth retardation that resulted in 38.9% lower biomass at the
8th day, compared to the average of OE lines (Figures 3A,B).
This lower biomass was particularly noticeable in roots, with
around 55.4% less biomass in the WT compared to the average
of OEs. The RWC was also analyzed at the end of the dry-
down assay, with no significant difference observed between
leaf RWC values of OE and WT control plants, with values
falling within the expected RWC range of 76-88% (Figure 3C).
However, OF and WT stressed plants exhibited differences in
the reduction in RWC compared to the corresponding control
plants that occurred over the course of the experiment. The
reduction of RWC values observed in leaves of three OE lines
(29.2; 30.5; and 32.5) in response to water deficit (average of
18%) was significantly smaller than in the other lines (15.2; 36.7;
and 40.2) which were similar to the WT plants (around 39%).
The OE 32.5 line showed a distinct behavior with a RWC value
of 84% under drought conditions, which was almost the same
value found for plants under irrigated conditions and a good
indicator of drought tolerance due to the capacity of these plants
to maintain high leaf water status. These results suggest that
leaves of three OE lines (29.2; 30.5; and 32.5) can maintain their
levels of internal water higher than WT for eight consecutive days
without irrigation. For a more detailed investigation, a new dry-
down assay (biological repetition) was carried out with only these
three OE lines, under the same experimental conditions. SCMRs
recordings confirmed the responsiveness of OE and WT plants
to drought imposition that initiated with 70% FC and decreased
to 20% FC at the 8th day of treatment (Figure 3D). While the
control (irrigated) plants maintained a mean SCMR of 32 over
the treatment, stressed (non-irrigated) plants presented a gradual
increase from the 3th day, reaching values of approximately 41
five days after. In addition, two OE lines (30.5 and 32.5) displayed
reduced SCMR values up to the 6th day of treatment, compared
to WT plants, indicating a possible adaptive response to preserve
photosynthetic efficiency. Measurements of rosette area showed
a significant increase in the total rosette area of WT and OE lines
over the course of the stress treatment (Figure 3E). The larger
rosette surface area observed in the 32.5 line suggests that this
line was better able to maintain growth under stress compared to
the WT and in 29.2 and 30.5 OE lines.

Nematode Challenge

To examine the potential effect of AADHNI overexpression on
the nematode infection process in Arabidopsis, 4 weeks old OE
and WT plants were challenged with 1,000 M. incognita juveniles
(J2) and the level of infection assessed by the number of nematode
females in each root system at 60 DAL Overall, the three selected
OE lines were severely affected by M. incognita, with a significant
higher number of females found in the roots of all three OE
lines, when compared to the WT plants, indicating an increase
in the susceptibility due to ADHNI overexpression (Figure 4).
The increase in the M. incognita infection rates in the OE lines
ranged from 60% in 29.2 line to around 41% in 30.5 and 32.5
lines. No visible difference was observed in the morphology and
biomass of roots from OE lines and WT, which ranged from 298.5
to 188.8 mg of roots per plant (Figure 4).

qRT-PCR Analysis of Stress-Responsive Genes

To determine whether the overexpression of AdDHNI could
interfere with Arabidopsis hormone signaling involved in stress
responses, we analyzed the expression of a subset of nine
marker genes associated with ABA and JA pathways (Seo
et al, 2009; Yang et al., 2011; Sasaki-Sekimoto et al., 2013;
Naznin et al, 2014; Guo et al, 2015; Singh and Laxmi,
2015; Zhao et al., 2018; Supplementary Table 2). The relative
expression of these marker genes was compared between the
three OE lines (29.2, 30.5, and 32.5) and the WT plants. The
AdDHNI overexpression negatively regulated the expression
of two marker genes (ERDI and RD29A) from the ABA-
independent pathway which was both downregulated in the
three OE lines (Figure 5A). Conversely, transcripts of the
RD29B and RD22 genes from the ABA-dependent pathway
seemed to be activated by AdDHNI overexpression, as RD29B
could be detected in two OE lines but not in the WT
plants (Supplementary Figure 6) whereas RD22 was positively
regulated in the three OE lines (Figure 5B). Regardless of
the apparent interference with ABA-independent signaling, the
AdDHNTI overexpression induced the activation of downstream
ABA-responsive genes that promote improvement of drought
tolerance, including the orthologous of AdDHNI gene in
Arabidopsis (AtDHN) (Figures 5, 6).

Concurrently, AdDHNI overexpression promoted the
downregulation of three genes involved in the JA pathway (JAZI,
MYC2, and ORA59; Figure 5A) and the upregulation of PDF1.2,
a marker gene for JA/ET-mediated responses, which expression
was exclusive in OE plants (Supplementary Figure 6). These
alterations in the JA pathway could be owed to the blockage of
MYC2 due to AADHNI overexpression, as previously suggested
by Hanin et al. (2011) in Arabidopsis.

DISCUSSION

Fabaceae DHNs Are Mainly of Two Types
and Were Already Present in Their

Common Ancestor

Dehydrins (DHNs) are LEA proteins known to act in multiple
developmental processes and in response to various stresses,
and despite their role in abiotic stress tolerance, they remain
insufficiently studied in legumes (Fabaceae). The structure in
motifs and presence/absence pattern for the whole LEA gene
family has previously been described for six legume species
(Battaglia et al., 2013). However, this study neither analyzed
the evolutionary relationships between the DHN sequences
nor their distribution throughout whole genomes in relation
to conserved synteny. Here, by using phylogenomics methods
and taking advantage of the re-annotated versions of these
six genomes, as well as the recent genome sequencing of two
Arachis species, we provide new insights into molecular evolution
of the DHN family in legumes. Based on the presence and
conservation of the PFAM domain of DHNs, containing the
signature K-segment, we identified 20 likely functional DHN
genes in eight species of Fabaceae.
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FIGURE 4 | Roots of Arabidopsis plants stained by acid fuchsin from (A) WT and (B) 29.2 OE line, at 60 days after inoculation (DAI) with Meloidogyne incognita.
(C) Zoom in galls observed in 29.2 OE line. (D) Average number of females per plant roots of WT and OE lines inoculated with M. incognita. Values are means + SD
of 10 individuals and significant (P < 0.05) differences between WT and OE lines are marked with an asterisk.

Most DHN (19 out of 20) genes studied here were distributed
between two sub-types and all the species, except C. cajan,
possessed at least one representative of each sub-type, suggesting
that the common ancestor of all these species already possessed
at least one DHN of each type.

The presence of one type of each DHN in the common
ancestor was confirmed by current phylogenetic analysis,

which showed a clear separation of DHNs into two distinct
groups, those containing the Y-segment (nine Y,SK,- and one
YnKy-type), and those without the Y-segment (10 SKj-type).
However, the McScanX duplication and synteny analysis suggests
that the Y,SK,- and SK;-type DHNSs in these legumes do not
originate from the WGD event described in papilionoid (PWGD)
(Cannon et al, 2015). Indeed, the two DHN types tend to
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be co-localized in close proximity on the same chromosome
and were never connected by a WGD/tandem duplication
relationship in our analysis. This co-localization on the same
chromosome of one Y,SK, and one SK,-type was probably
derived from a common ancestral proximal duplication.

The extra copy of a Y,SK,-type in G. max, in contrast, was
clearly due to a WGD event in this species. It is known that
G. max underwent a WGD that occurred after the differentiation
of the other Glycine species (Schmutz et al., 2010).

Opverall, and despite the PWGD event, the number of DHNs in
each Fabaceae species is relatively low when compared to other
vascular plant species studied (e.g., six DHN genes per species
on average in poplar, Arabidopsis, barley and rice (Wang et al.,
2007; Bies-Etheve et al., 2008; Hundertmark and Hincha, 2008;

Tommasini et al., 2008). This reduced number is likely due to
multiple losses of DHN genes over the course of Papilionoideae
evolution, through events called Legume Lost Genes (LLGs),
recently proposed by Gu et al. (2016).

In Fabaceae, we found full length DHNs for only three of the
five known types: nine Y,,SK; as well as one Y, K, both described
as more frequent in monocot species (Abedini et al., 2017), and
10 SK,-type. Previous studies have described the presence of
additional segments, other than the three commonly associated
to the DHN genes (K-, S-, and Y-segments), called ®-segments,
preceding the S-segment at the N-terminal region and with
no sequence conservation between plant species (Graether and
Boddington, 2014; Abedini et al., 2017). These ®-segments
are characterized by an enrichment of glycine and threonine,
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and, more rarely, tryptophan, cysteine and phenylalanine
(Abedini et al., 2017; Malik et al., 2017), however, their function
is still not clear. Here, we identified two novel ®-segments
(DRGV[FL]DFLG) and (EE[VA]I[AV]TEE), in the legume DHN
genes from the SK, subclass, preceding the S-segment at the
N-terminal end of the proteins. These motifs have not yet been
described in plant DHNE.

DHN Segment Organization Does Not
Correlate With Their Subcellular
Localization but With Their Spatial

Expression Pattern

The analyses associating the presence and organization of the
conserved segments observed here (K-, S-, and Y-) demonstrated
that there is no correlation with the subcellular localization of
the DHN genes. However, previously described phosphorylation
motifs, may be involved in their location or translocation to the
nucleus. The motif LXRXXS can be phosphorylated by a kinase
and trigger translocation of the protein from the cytosol to the
nucleus. This conserved motif was observed in most of the DHN
protein sequences of Fabaceae, explaining the preferential nuclear
location of these proteins (Abedini et al., 2017).

While the conserved segments have no influence on DHN
subcellular location, it seems to be associated with their
expression in different plant tissues. Expression of genes
encoding Y,,SK, proteins was observed preferentially in seeds of
the Fabaceae species, agreeing with previous studies in grapevine
and Arabidopsis (Hundertmark and Hincha, 2008; Yang et al.,
2012). Conversely, SK,-type DHN genes display a ubiquitous
pattern, as they are expressed in both the vegetative tissues (roots,
leaves, and stems) and the dry seeds. This difference in the spatial
distribution of expression is correlated with the phylogenetic
separation of the genes, and could be associated with distinct
roles of the subclasses of DHN in the plant, as suggested by
Graether and Boddington (2014). The response of the AdDHN1
gene to drought imposition and its high expression levels in all
the analyzed tissues, led to our choosing to clone this gene, and
analyze its function further using the model plant Arabidopsis.

Overexpression of ADDHN1 in
Transgenic Arabidopsis Plants Led to
Better Resistance to Abiotic Stresses but
Increased Susceptibility to Nematodes

Several studies have shown the positive effect of DHN
overexpression on plant tolerance to different abiotic stress
conditions, mainly low temperatures, drought and salinity
(Graether and Boddington, 2014). Most of these studies have
concentrated on a few DHN genes isolated from model plants
or major crops, with few focusing on native species that are well
adapted to adverse environmental conditions.

Here, we isolated and studied the DHN gene AdDHN]I from
A. duranensis, a wild species native to low rainfall regions in
South America that has evolved molecular and morphological
adaptation mechanisms that aid survival in adverse and water-
limited environments (Leal-Bertioli et al., 2012). We cloned the

AdDHNI coding sequence under the control of a constitutive
promoter to generate transgenic Arabidopsis lines expressing
this candidate gene, which is potentially involved in both
abiotic and biotic stresses. The heterologous overexpression
of AdDHNI conferred different degrees of tolerance to a
freezing-shock treatment in seedlings and to a gradual water
deficit assay in substrate-grown plants. These results were
supported by plant phenotypes and physiological indices, such
as sugar and RWCs, chlorophyll meter readings, biomass and
rosette area. This suggests that AdDHNI confers a similar
protective role in both abiotic stresses and corroborates previous
studies showing that the overexpression of SK,-type DHNs
enhanced the tolerance to low temperatures and drought in
transgenic plants (Liu Y. et al., 2015; Bao et al., 2017).
Similarly, the overexpression of a YK,-type DHN isolated
from Saussurea involucrate, a wild species that also grows
in adverse environmental conditions, also conferred enhanced
tolerance to both cold and drought in transgenic tobacco plants
(Guo et al., 2017).

Although the role of DHNs in the response to a large
range of abiotic stresses is well reported, little is known about
their involvement in biotic stress responses. Some studies have
reported the induction of DHNs in response to filamentous
pathogen attack, such as Erysiphe necator in grapevine (Yang
et al, 2012) or in combination with water deficit as with
Phytophthora cinnamomi in oak (Turco et al., 2004), suggesting
a putative role of DHNs in modulating pathogen defense
responses (Hanin et al., 2011; Rosales et al., 2014). However,
to date, the potential effect of DHNs in other interactions with
different pathogens, including Metazoa such as nematodes, has
not been reported.

Here, in contrast to abiotic stress, the overexpression of
AdDHNI enhanced the susceptibility of transgenic Arabidopsis
lines to the RKN M. incognita, a biotrophic plant pathogen
with a wide host range and a very sophisticated strategy of
host colonization. The present study demonstrates for the first
time the increased susceptibility to a pathogen attack due to the
overexpression of a DHN gene in transgenic plants. However,
the mechanisms that are involved in these defense responses,
as well as the tradeoffs affecting the plant normal metabolism
are still unclear.

Overexpression of ADDHNT1 in
Arabidopsis Has Effects on ABA and JA

Plant Defense Pathways

It is well known that ABA- and JA-signaling pathways are
involved in response to both biotic and abiotic stresses,
and, although JA-dependent signaling is generally effective
against necrotrophic pathogens (Pieterse et al., 2012), it can
also be activated by wounding and some biotrophic pests
(Robert-Seilaniantz et al., 2011). However, these hormone
signaling pathways often interact in diverse manners in response
to a stimulus, a phenomenon referred to as “crosstalk”
(Pieterse et al, 2012; Van der Does et al., 2013; Singh and
Laxmi, 2015), leading to different, postponed or subdued
defense responses.

Frontiers in Plant Science | www.frontiersin.org

April 2019 | Volume 10 | Article 497


https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Mota et al.

DHN Gene With Contrasting Effects

Many studies support the idea that DHNs are ABA-regulated
proteins, as implied by the presence of motifs linked to ABA-
dependent and ABA-independent pathways in the promoter of
several DHN genes, in particular those containing the S-segment
(Zolotarov and Stromvik, 2015; Tiwari et al., 2018; Yu et al.,
2018). Here, we showed that the overexpression of AdDHNI
in transgenic Arabidopsis interfered with the expression of a
subset of ABA-marker genes in comparison compared to WT
plants. For instance, we observed in OE lines a contrasting
regulation in the two major ABA signaling pathways, illustrated
by the downregulation of ERDI and RD29A, which are part
of the NAC and DREB2 regulons, respectively, in the ABA-
independent signal transduction pathway, and the upregulation
of RD22 and RD29B, which are part of the MYB/MYC
and AREB/ABF regulons, respectively, in the ABA-dependent
pathway (Figure 6). These results suggest that the overexpression
of AdDHNI acts in the ABA-dependent pathway to promote
freezing and drought tolerance in transgenic Arabidopsis plants,
despite the unnoted function of the ABA-independent pathway.
This is supported by the induction in OE lines of the endogenous
Arabidopsis DHN gene (AtDHN), which is the orthologous
of AdDHNI. SK,-type DHNs, such as AtDHN and AdDHNI,
are part of the overall macromolecular protection mechanisms
activated by the complex transcriptional cascade downstream of
the DREB2A stress-regulatory system to avoid water loss during
drought stress (Yu et al., 2018). Moreover, Tiwari et al. (2018)
recently proposed that, apart from their role as a protective
protein, DHNSs interact with other proteins to act as a positive
regulator involved in ABA-mediated drought stress signaling.

In addition to ABA, other hormone signaling pathways
normally associated with biotic and wounding stresses, such
as the JA pathway, can also be activated by dehydration
stress due to cellular damage (Hanin et al, 2011). In our
work, we hypothesized that the overexpression of AdDHNI
suppresses the expression of MYC2, a central regulator in JA
synthesis, causing in turn ORA59 downregulation and enabling
the expression of PDFI1.2 (Figure 6). We also found that JAZI,
a negative regulator of JA signaling, is also downregulated
in the OE lines, possibly through a negative regulatory loop
(Chini et al., 2007), due to MYC2 repression (Figure 6).
The overexpression of DHNs causing MYC2 suppression in
transgenic plants and affecting their responses to pathogen
attacks has previously been suggested by Hanin et al. (2011).
These findings indicate that the interference of AdDHNI
overexpression in the JA pathway, compromising the modulation
of JA- and wound-responsive genes (Hanin et al, 2011),
contribute to an increase in nematode susceptibility in the OE
lines compared to WT.

Indeed, our recent transcriptome studies of wild Arachis
showed that both JA and ABA pathways are, similarly, activated
in response to dehydration in the drought-tolerant A. duranensis
(Vinson et al., 2018) whereas the JA pathway is the preferential
route triggered in the resistance response to the RKN M. arenaria
in A. stenosperma (Guimaraes et al., 2015; Mota et al., 2018).
However, the detailed mechanisms by which the overexpression
of AADHNI gene from A. duranensis interferes in the responses
to dehydration and nematode attack in transgenic Arabidopsis

and the crosstalk between both stresses remains unclear,
although its role in the modulation of ABA and JA signaling
pathways are suggested.

Overall, our findings reveal an important tradeoff between
biotic and abiotic defense responses following DHN gene
overexpression. Although enhanced resistance to abiotic stresses
tends to confirm and reinforce the protective role of DHN
proteins in abiotic stress tolerance, this comes with a cost for
the plant. Indeed, susceptibility to the infection by RKNs is
increased, suggesting a negative regulation in disease-resistance
responses. Tradeoffs between different processes in plants,
including stress responses, may occur due to resource restriction
and have an important effect on plant productivity and fitness,
with hormone crosstalk having a major role in regulating this
balance and prioritizing plant responses. A better understanding
of the molecular aspects involved in these defenses signaling
interactions is therefore vital to optimize plant engineering
programs aiming at improving resistance to abiotic and biotic
stresses and their tradeoffs in plants.
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Abstract Expansins are plant cell wall-loosening proteins
involved in adaptive responses to environmental stimuli and
various developmental processes. The first genome-wide
analysis of the expansin superfamily in the Arachis genus
identified 40 members in A. duranensis and 44 in A. ipaén-
sis, the wild progenitors of cultivated peanut (A. hypogaea).
These expansins were further characterized regarding their
subfamily classification, distribution along the genomes,
duplication events, molecular structure, and phylogeny. A
RNA-seq expression analysis in different Arachis species
showed that the majority of these expansins are modulated
in response to diverse stresses such as water deficit, root-
knot nematode (RKN) infection, and UV exposure, with an
expansin-like B gene (AraEXLBS8) displaying a highly dis-
tinct stress-responsive expression profile. Further analysis
of the AraEXLBS coding sequences showed high conserva-
tion across the Arachis genotypes, with eight haplotypes
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the accession KX588113 to KX588125.
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identified. The modulation of AraEXLBS8 expression in
response to the aforementioned stresses was confirmed by
gRT-PCR analysis in distinct Arachis genotypes, whilst
in situ hybridization revealed transcripts in different root
tissues according to the stress imposed. The overexpression
of AraEXLBS in soybean (Glycine max) composite plants
remarkably decreased the number of galls in transformed
hairy roots inoculated with RKN. This study improves the
current understanding of the molecular evolution, diver-
gence, and gene expression of expansins in Arachis, and
provides molecular and functional insights into the role of
expansin-like B, the less-studied plant expansin subfamily.

Keywords Drought - Meloidogyne - Ultraviolet (UV) -
Composite plant - Glycine max

Introduction

Expansins are cell wall loosening proteins involved in
extension and relaxation of cells in growing tissues through
a non-enzymatic activity (McQueen-Mason et al. 1992).
Plant expansins are also implicated in responses to many
abiotic and biotic stresses, such as drought; salinity; cold;
heat; oxidative stress; herbivore attack and phytopathogen
infection (Marowa et al. 2016), indicating that these pro-
teins constitute a common component in the response of
plants to stress. The role of expansins in stress responses
has been reinforced by studies showing that the ectopic
overexpression in transgenic plants of some expansin-
coding genes leads, in general, to enhanced overall plant
growth and tolerance to abiotic stress (Cosgrove 2015;
Marowa et al. 2016; Sasidharan et al. 2011). In contrast, the
reduction of expansin transcripts, which inhibits cell expan-
sion, leads to an increase in resistance to plant diseases
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possibly due to a more efficient cell wall physical protec-
tion (Ding et al. 2008; Gal et al. 2006). Expansins are also
involved in responses to oxidative stress (Han et al. 2015)
derived from enhanced production and accumulation of
Reactive Oxygen Species (ROS) (Baxter et al. 2014). As a
secondary stress, oxidative damage is generally ubiquitous
in almost all types of stresses, including ultraviolet (UV)
exposure, thus supporting the idea that expansins are com-
mon and crucial players in the response to multiple and
simultaneous stresses. Nevertheless, the non-enzymatic
mechanisms by which expansins influence the ability of
plants to withstand associated stresses remain uncertain.

The expansin superfamily is ubiquitous in the plant
kingdom and classified into four subfamilies: a-expansin
(EXPA), p-expansin (EXPB), expansin-like A (EXLA) and
expansin-like B (EXLB) (Kende et al. 2004). It has been
assumed that expansin genes belonging to the same phy-
logenetic group share almost similar functions and effects
regarding plant development and growth (Marowa et al.
2016). To date, research efforts have been concentrated
on elucidating the mode of action and the biological func-
tion of expansins belonging to the two largest subfamilies,
EXPA and EXPB, and, to a lesser extent EXLLA, whilst lit-
tle attention was given to the EXLB members (Cosgrove
2016; Marowa et al. 2016).

Recently, genome-wide investigations of expansins in
species belonging to Fabaceae family, such as Glycine max
(soybean), Phaseolus vulgaris (common bean) and Med-
icago truncatula (Cosgrove 2015; Liu et al. 2015; Zhu
et al. 2014) have brought new insights into the molecular
and evolutionary history of expansins in legumes, as well
as their functions and regulatory mechanisms. In G. max,
the expansin superfamily has expanded predominantly
by segmental duplication and presents a broad functional
divergence among subfamilies (Zhu et al. 2014). Like-
wise, studies in M. truncatula revealed that both segmen-
tal and tandem duplications contributed to the evolution
and diversification of expansins and that genes involved in
same processes are closely located on chromosomes (Liu
et al. 2015). In this regard, the recently available genome
sequences of Arachis duranensis and A. ipaénsis, the wild
progenitors of cultivated peanut (A. hypogaea) (Bertioli
et al. 2016; Chen et al. 2016), represents a great opportu-
nity to advance the knowledge on plant expansins in Ara-
chis and other legumes.

Wild Arachis species have been exploited in the last
years as sources of alleles to enhance environmental adapt-
ability and to disclose candidate genes, genetic markers,
and genomic sequences for peanut breeding improvement
(Brasileiro et al. 2014; Janila et al. 2016). In this context,
previous transcriptome analysis revealed several differ-
entially expressed genes responsive to drought, including
expansin genes, in A. duranensis and A. magna (Brasileiro

@ Springer

et al. 2015; Guimaraes et al. 2012). Moreover, A. steno-
sperma transcriptome survey identified, amongst other
candidates, expansin genes putatively involved in resist-
ance to the root-knot nematode (RKN) Meloidogyne are-
naria (Guimaraes et al. 2015). Either through harboring
improved performance under water-limited conditions (A.
duranensis and A. magna) or higher resistance to several
pathogens (A. stenosperma), these wild species proved to
be valuable for stress-related gene discovery.

The potential of expansin-coding genes to enhance stress
tolerance, associated with the limited knowledge of their
roles in plant responses to environmental cues, highlights
the importance of characterizing the expansin superfamily
and their functional mechanisms, in order to enable their
use for plant improvement. The present study reports the
first genome-wide identification and analysis of the expan-
sin superfamily in the genus Arachis and the molecular and
functional characterization of a novel stress-responsive
expansin-like B gene (AraEXLBS), a member of the less-
studied expansin subfamily.

Results

Genome-wide identification and analysis of Arachis
expansins

Overall, 40 and 44 putative expansins were identified
in the genomes of A. duranensis and A. ipaénsis, respec-
tively, with most of them ranging between 250 and 275
amino acids (AAs) in size and harboring signal peptides
for secretion (Supplementary Tables 1 and 2), as expected
from canonical plant expansins (Sampedro and Cosgrove
2005). Using a phylogenetic analysis, most of the Arachis
expansin genes could be assigned to the four subfamilies
proposed by Kende et al. (2004) with high confidence val-
ues (Fig. la; Supplementary Figs. 1, 2, 3). The phylog-
eny showed that EXPA, EXPB and EXL (A and B) sub-
families formed highly supported monophyletic groups.
However, within the EXL group, EXLB proteins did not
form a highly supported monophyletic group but were
interspersed by the highly supported EXLA monophyl-
etic group, although this separation of the EXLBs in two
groups received only a moderate bootstrap support value
of 47 (Fig. 1a). A further phylogenetic analysis, including
only EXLAs and EXLBs, confirmed either the separation
of EXLB in two subgroups (Supplementary Figs. 4a, 5)
or low support for the monophyly of EXLBs (Supplemen-
tary Fig. 4b). Among A. duranensis expansins, the EXPA
subfamily constituted the largest clade with 25 members,
followed by eight EXLB, six EXPB and one EXLA mem-
ber, whilst for A. ipaénsis, expansins were classified as
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Fig. 1 Phylogenetic analysis and expansin distribution in Arachis
duranensis and Arachis ipaénsis. a Phylogenetic analysis of the
expansin superfamily in A. duranensis (Ad); A. ipaénsis (Ai); Glycine
max (Glyma); Phaseolus. vulgaris (Phvul) and Medicago truncatula

27 EXPA, eight EXLB, eight EXPB, and a single EXLA
(Fig. 1a; Supplementary Tables 1, 2, 3).

Expansins were unevenly distributed on all the chromo-
somes of both Arachis species (Fig. 1b). Whilst the EXPA
members (blue) were distributed on each chromosome of
both species, EXLB (red) and EXPB (green) tend to be
grouped on chromosomes 1 and 2, respectively, and appear

(Medtr). b Distribution of expansin genes in the ten chromosomes of
each A. duranensis (light gray; AO1-A10) and A. ipaénsis (dark gray;
B01-B10). Synteny between the two genomes is represented by lines.
EXPA (blue), EXPB (green), EXLA (purple) and EXLB (red)

to be mutually exclusive in their locations in each species.
Similar uneven distribution of the EXLB members, clus-
tered in one or two chromosomes, was previously observed
in Malus x Domestica (Zhang et al. 2014b) and G. max
(Zhu et al. 2014).

Whole genome level analysis showed that the major-
ity of the predicted protein-coding genes for A. duranensis
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Fig. 1 (continued)

(87.2%) and A. ipaénsis (88.6%) were duplicated. In both
genomes, these duplicated copies resulted mostly from dis-
persed gene duplication (>68%) all around the genomes,
whilst less than 17% resulted from whole genome duplica-
tion (WGD) (Supplementary Table 4). In contrast, expan-
sion of the expansin superfamily genes mainly resulted
(>50%) from WGD/segmental duplication events in both
species rather than from dispersed duplications (Supple-
mentary Table 7). Within the expansin subfamilies (Sup-
plementary Table 5), the most common type of duplication
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for EXPA and EXLB was WGD/segmental duplication,
whilst for EXPB, tandem duplications represented the
majority. Further analysis also showed that the expansion
of the expansin subfamilies in Arachis was comparable to
that observed in Arabidopsis thaliana and G. max (Supple-
mentary Table 5).

To predict the selective pressure between Arachis
expansins duplicated genes, the ratio of Ka (rate of
non-synonymous mutations)/Ks (rate of synonymous
mutations) was calculated and revealed that only the
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AIEXLB5/AIEXLBS genes pair from A. ipaénsis appeared to
have undergone positive selection (Ka/Ks ratio > 1).

Phylogenetic analysis indicated that most duplication
events of the expansin genes preceded A. duranensis and
A. ipaénsis divergence (Fig. 1a) and might have occurred in
a common ancestor, most probably since the divergence of
the Dalbergioid clade (Bertioli et al. 2011). Although large
inversions of both arms have been previously observed in
chromosome 1 of Arachis species (Bertioli et al. 2016),
most of the conserved syntenic blocks of duplicated
expansins are located on chromosomes 1, 2 and 3 (Fig. 1b).
Moreover, the high density of expansin genes in A. duran-
ensis chromosome 8 is in accordance with the gene-rich
characteristic of this abnormally small ‘A chromosome’
that contains low repetitive content and many genes (Ber-
tioli et al. 2016).

Arachis expansin gene and protein structures

Arachis duranensis and A. ipaénsis shared conserved
expansin gene structures (Fig. 2) and showed diverse organ-
izations comprising of two to six exons. Members of the
same phylogenetically-determined subfamily were charac-
terized by a similar intron/exon organization; in particular,
those of the EXPB subfamily, in which all members con-
sisted of four exons, except AiEXPBS. The majority of the
EXPA members (82%) had three exons, while EXLB genes
presented the largest number of exons, ranging from four to
six, similar to Malus x Domestica and G. max (Zhang et al.
2014b; Zhu et al. 2014). The EXLA members had the same
gene structure (4-exon/3-intron) in both Arachis species
which differs from the usual 5-exon/4-intron EXLA struc-
ture of other plants (Ding et al. 2016; Krishnamurthy et al.
2014; Sampedro et al. 2005).

Predicted expansin protein structures (Fig. 2) showed a
highly conserved pattern of DPBB and CBM63 Interpro
domains (Cosgrove 2015) (Supplementary Figs. 2, 3), pre-
ceded by a signal peptide with 21 to 36 AA in most N-ter-
minus. Also, the highly conserved intron/exon structure
of Arachis expansins within each subfamily supports the
classification proposed here, as well as the evidence of the
close evolutionary relationship among them. Two EXPA
members (AdEXPA3 and AdEXPAI3) contained unusual
additional copies of DPBB or CBM63 domains in their pre-
dicted AA sequences. Since these atypical structures could
be the result of gene prediction errors, they were not con-
sidered for further characterization.

RNA-seq expression profiling of expansin genes
under biotic and abiotic stresses

In order to gain broader understanding of the Arachis
expansin superfamily gene regulation in response to

stress, our previous transcriptome data of A. duranensis
and A. stenosperma plants submitted to abiotic (water
deficit and UV exposure) and biotic (RKN M. arenaria
inoculation) stresses were here exploited. The expres-
sion profile (Fig. 3) indicated that all the Arachis expan-
sin genes were modulated in response to at least one of
the imposed stresses, with distinct expression behaviors
depending on the species and stress. The hierarchical
clustering analysis classified the expansin genes into five
clusters (A-E) according to similarities in their transcript
abundance patterns (Fig. 3). Clusters A and C were the
most distinct, as each harbored only one representative,
AdEXLBS and AdEXPB6, respectively, as a result of their
unique expression profiles. Clusters B and D contained
a similar amount of genes (14 and 13, respectively),
encompassing representatives of three subfamilies
(EXPA; EXPB and EXLB), whereas cluster E, with nine
genes, included a single member of EXLA subfamily
(AdEXLAI) but no representatives of the EXPB subfam-
ily. Genes forming cluster D showed slight variations on
their expression levels in response to the variable stresses
applied. Differently, higher levels of gene expression and
contrasting expression behaviors of A. duranensis expan-
sin genes and A. stenosperma orthologs were observed
between clusters B and E (Fig. 3). In cluster E, the major-
ity of expansins were upregulated in A. stenosperma
orthologs upon M. arenaria inoculation in roots (SN3,
SN6 and SN9) or UV exposure in leaves (SUV), whereas
a general downregulation was observed in A. duranensis
(DN3, DN6 and DNO; Fig. 3). Interestingly, in cluster B,
the opposite expression behavior occurred in response to
M. arenaria infection (Fig. 3), in particular for AdEXLBI,
AdEXLB3 and AdEXPB3 genes, which showed a strong
upregulation in A. duranensis. Regarding the drought
imposition treatment, however, the expression profile
displayed by expansins belonging to clusters B, C and E
(Fig. 3) were quite similar between A. duranensis (DDro)
and A. stenosperma orthologs (SDro). These results sug-
gest that Arachis expansin genes may exhibit both func-
tional differentiation in the two species and overlapping
responses between abiotic and biotic stresses.

An expansin-like B gene (EXLBS8) has drawn attention
as it represented an outlier among the Arachis expansin
genes, with a highly specific expression in response to each
stress (Fig. 3). Moreover, our previous studies suggested
the involvement of EXLBS8 in RKN-resistance in A. steno-
sperma (Guimaraes et al. 2015), as well as in drought toler-
ance in A. duranensis and A. magna (Brasileiro et al. 2015).
EXLBS gene from wild Arachis species (hereafter named
AraEXLBS) was therefore selected for a broader characteri-
zation at molecular and functional levels, as the most prom-
ising candidate, among the Arachis expansin genes, to be
further exploited for plant genetic engineering.
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Fig. 2 Protein and exon/intron gene structure of expansins in a Ara-
chis duranensis and b Arachis ipaénsis. Protein structure diagram
(left): DPBB and CBM63 domains are represented by purple and
green boxes, respectively, and peptide signals by red boxes. Gene
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structure diagram (right): exons are represented by blue boxes and
introns by linking single lines. The number of introns and exons,
respectively, is after each diagram
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Fig. 3 Heatmap of expansin transcripts of Arachis duranensis genes
and Arachis stenosperma orthologs. Expression patterns (log2-based
values) in roots of A. duranensis (D) expansin genes and A. steno-

Characterization and phylogenetic analysis
of AraEXLBS gene

The 13 AraEXLBS coding sequences here identified (NCBI
accession numbers KX588113 to KX588125), together
with three additional available sequences, were used for
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AdEXPA14
AdJEXPA23
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AdEXPA2
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AdJEXPA19
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AdJEXPA24
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sperma orthologs (S) at 3 (N3), 6 (N6) and 9 (N9) DAI with M.
arenaria, during drought stress (Dro) and after UV exposure (UV),
based on RNA-seq data

the phylogenetic analysis. These 16 AraEXLBS8 genes from
different Arachis genotypes showed 97.7% of identity,
with aligned segment sizes ranging from 740 to 755 bp.
Overall, 19 nucleotide substitutions were detected, with
the majority (n=12) occurring in exon 3 (Table 1; Sup-
plementary Tables 6, 7). Based on Blosum62 matrix, most
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Table 1 Haplotypes of AraEXLBS8 gene in the 16 Arachis genotypes based on coding sequences segment (755 bp)

SNP 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 Genome type

H Fs Fr El E2 E3 E4 A B K AB
HI 5 31 G C G C cC A G A C A A C A A T C C Cc C - - =5
H2 1 6 * ® * * ® * * ® * * * * * * C ® * ® % 1 - - _
H3 1 6 * * T T ® * * * * * ® * * * C * * * * 1 - - _
H4 1 6 * T * * ® * * * * G * * * G * * * * * _ _ _ 1
HS 1 6 * * T * * T % * * * C * * * C G * G T - - 1 -
H6 3 19 * * T * * * * G * * * * C * T G T 21 - -
H7 1 6 * * T * G C * T * * C T * * C * * G T -1 - -
H8 3 19 A * T * ¥k * * * * C T * * C * * G T 1 2 - -

H Haplotype; SNP single nucleotide polymorphism; Fs simple frequency; Fr relative frequency (%); E exon; * the same base of the first haplo-

type (HI)

of substitutions can be considered relatively conserva-
tive. Although four SNPs (1; 2; 11 and 13) were identi-
fied as non-synonymous/non-conservative (Supplemen-
tary Tables 6, 7), these nucleotide substitutions did not
seem to change protein conformation, as suggested by the
AraEXLBS8 3D protein modeling predicted for four species
(A. duranensis; A. stenosperma; A. ipaénsis and A. bati-
zocoi) which showed no differences among their tertiary
structure (data not shown). Interestingly, even without any
putative effect on protein folding/structure, SNPs 11 and 13
occurred in the vicinity of a catalytic site presented in the
crystal structure of a native Zea mays EXPB1 (Yennawar
et al. 2000).

Eight haplotypes were further identified without any
recombination event occurring (Table 1). Haplotype 1 (H1)
stands out as it comprised all tetraploid genotypes (AB)
analyzed here, with the highest SNP frequency being 31%.
Other haplotypes included only wild diploids, such as the
H6 with two A (A. villosa and A. stenosperma) and one B
(A. gregoryi) genome species, while the H8 comprised one
A (A. cardenasii) and two B (both A. ipaénsis) species.

Phylogenetic analysis conducted with the above 16
AraEXLBS8 coding sequences showed two distinct groups,
with a posterior probability support value from 0.52 to
1, based on Bayesian Inference analysis (Supplemen-
tary Fig. 6). The first clade comprised all six tetraploids
[AB: wild (n=1), synthetic (n=1), and cultivated (n=4)]
derived from two distinct genotypes of A. duranensis (A
genome) whilst the second clade was composed exclusively
of diploids species with different genomes (A, B, and K).

AraEXLBS expression in response to stresses
The expression levels of AraEXLBS analyzed by qRT-PCR
in roots collected at the endpoint of the dry-down assay

showed a significant and general upregulation in response
to water deficit in all of the 13 genotypes studied (Fig. 4a).
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Notably, the three wild species with higher expression (A.
gregoryi, A. villosa and A. stenosperma with RQ=41.5-;
16.3- and 11.5-fold, respectively) are those that were
grouped as H6 (Table 1).

Regarding the response to RKN, the AraEXLBS8 expres-
sion in roots during early stages of M. arenaria infection
(3 DAI) displayed a clear contrasting behavior in the three
Arachis species tested (Fig. 4b): upregulation (3.2-fold)
in the RKN-resistant A. stenosperma and downregula-
tion in the susceptible A. hypogaea ‘Runner’ (0.3-fold)
and in the moderately resistant A. duranensis (0.6-fold).
Despite the current lack of knowledge on the mechanisms
through which AraEXLBS8 might operate to contribute to
RKN resistance, our results showed a clear trend between
AraEXLBS8 expression and plant resistance since the spe-
cies displaying the lowest expression was the least resist-
ant (A. hypogaea ‘Runner’) and the species with the high-
est expression was the most resistant (A. stenosperma).
Distinct expression behavior was also observed in response
to UV treatment in leaves, where AraEXLB8 was highly
induced in A. stenosperma (24.3-fold) but to a lesser extent,
in A. duranensis and A. hypogaea ‘Runner’ (5.3- and 1.8-
fold, respectively) (Fig. 4c).

To depict the spatial distribution of AraEXLBS tran-
scripts in roots, eight Arachis genotypes were analyzed by
in situ hybridization (ISH) using samples collected at the
endpoint of the dry-down or few days after M. arenaria
inoculation. RNA was preserved in all samples as shown
by the orange acridine treatment (Fig. 5a). Regardless of
the morphological disorganization of the root cells due to
drought stress, ISH signals were detected in the outer corti-
cal and epidermal cells, with evident signals in A. grego-
ryi (Fig. 5b) and A. villosa (Fig. 5¢), and lack of signals
in well-watered control roots (Fig. 5d). In RKN-inocu-
lated roots, AraEXLBS transcripts were mostly present in
the phloem and surrounding endodermal cells, with sig-
nals more evident in A. stenosperma (Fig. Se) than in A.
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Fig. 4 Relative quantification ( A)
(RQ) of AraEXLBS tran- 60
scripts. Expression profiles of
AraEXLBS8 determined by qRT-
PCR in a roots of 13 Arachis 50
genotypes at the NTR around
0.3; in A. hypogaea ‘Runner’, A.
duranensis and A. stenosperma 0
b roots inoculated with M. are-
naria at 3 DAI and c leaves 24 h §
after UV treatment. Asterisks é
significantly regulated genes; £ 30
letters statistical differences g,
between genotype samples @ be
5 20
s .
a cd
100+———2*
0 - o .
§ &
L
¥ 0§ 3
S
< < <

(B) AraEXLBS in roots submitted to RKN-

A. villosa

b‘fd cd bfd cd
| cd cd cd I [ .

. - d
) = 3 ] 3 Q\ t¢~ 3
s S 3 . 3
5 0 < § &% § S BE &€
A < < < < =

(C)AraEXLB in leaves submitted to UV stress

infection 40
7
a
a 35 *
6 *
30
]
g’ g
= é 25
24 :
= 20
g (4
o3 S
2 £ 15
s S
g2 =
10 ab
b b
1 b‘C 5 *
0 . L O,j , , -
A. hypogaea  A. stenosperma  A. duranensis A. hypogaea  A. stenosperma  A. dur is
‘Runner’ 'Runner’

hypogaea ‘Runner’ (data not shown). No signals were
observed in stressed samples hybridized with a sense
(T7) probe (Fig. 5f). Hybridization signals showed differ-
ent intensity depending on the plant genotype and tissue
accordingly to the stress imposed.

Overexpression of AdEXLBS in G. max composite
plants

Three weeks after Agrobacterium rhizogenes transforma-
tion, G. max composite plants developed transgenic hairy
roots at the wounding sites (with an efficiency of 78 and
60% with empty and pPZP-AJdEXLB8 vectors, respec-
tively), which were inoculated with 1,000 M. javanica

juveniles. After 60 days, the amount of eGFP-positive
roots per composite plant varied between empty and pPZP-
AdEXLB8 vectors (36 and 19% of the total hairy roots,
respectively) (Supplementary Table 8).

Meloidogyne javanica juveniles were able to complete at
least one full life cycle in G. max transgenic hairy roots,
as all of the eGFP-positive roots transformed by the empty
vector showed gall and egg mass formation, with an aver-
age of 19 galls per gram of root (Fig. 6a, b; Supplemen-
tary Table 8). Conversely, galls were poorly observed in
the eGFP-positive roots transformed with pPZP-AdEXLBS
(average of 3 galls per gram of root), which constitutes a
significant reduction of 82% in the number of galls com-
pared to the empty vector control, with results varying for
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Fig. 5 AraEXLBS in situ hybridization. a Preserved RNA (red) after
acridine orange treatment in root cells of a non hybridized RKN-
inoculated A. stenosperma root (3 DAI). Drought-stressed roots of
b A. gregoryi and ¢ A. villosa with hybridization signals detected in
cortical and epidermal root cells. d Well-watered (control) roots of
A. gregoryi, with no hybridization signals. e RKN-inoculated roots

different transformation events (Fig. 6¢c—e; Supplementary
Table 8).

Discussion

Expansin induction as a preliminary step towards plant
adaptation to environmental constraints and pathogen
attack has been suggested as one of the mechanisms under-
lying plant resilience to overcome such stresses (Marowa
et al. 2016). Despite their potential role in enhancing plant
performance under adverse conditions, molecular and
functional characterization of the expansin genes remains
incomplete for most species. In this study, expansin super-
family organization, expression dynamics, and evolution
was investigated in wild Arachis species known for harbor-
ing resistance to a large range of biotic and abiotic stresses
(Bertioli et al. 2011). Their involvement in responses to
drought, nematode infection, and UV treatment is further
supported by current results.
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showing evident signals in the vascular cylinder and surrounding
endodermal cells, as well as some signals in epidermal cells, of A.
stenosperma (3 DAI). f A. stenosperma inoculated roots (3 DAI) with
no signals after T7 hybridization with the sense (T7) probe (technical
control). ISH signals indicated by arrows. Bars =20 um

WGD contributed to the expansion of Arachis expansins

The number of expansin genes herein identified in A.
duranensis (40) and A. ipaénsis (44) was consistent with
that previously described for other legumes which share
a genome duplication with Arachis at the estimated time
of Papilionoid origin (Shirasawa et al. 2013), as M. trun-
catula (42), P. vulgaris (36) and G. max (75). The higher
number of expansin genes in G. max may reflect its later
lineage-specific duplication. Arachis expansins could be
further classified into the four subfamilies as proposed by
(Kende et al. 2004). However, while EXPA, EXPB and
EXLA formed highly supported monophyletic groups, the
monophyly of EXLB was not highly supported and EXLBs
were separated into two groups interspersed by EXLASs in
the main phylogenetic analysis (Fig. la). Interestingly, a
similar nonsupport of EXLB monophyly and a separation
in two subgroups was also observed in a recent Bayesian
phylogeny including Amborella, Arabidopsis and Oryza
(Seader et al. 2016). However, this separation of EXLBs in
two groups is only supported by low bootstrap (Fig. 1a) or



Plant Mol Biol (2017) 94:79-96

89

Fig. 6 Glycine max hairy roots infected with Meloidogyne javanica
at 60 DAL a, b Hairy roots transformed with empty and ¢, d pPZP-
AdEXLBS binary vectors under a and ¢ white light and b and d

posterior probability (Seader et al. 2016) values. Other phy-
logenies, including different species, found a monophyly
of EXLBs and a separation between EXLAs and EXLBs
(Dal Santo et al. 2013; Sampedro et al. 2005; Zhang et al.
2014b; Zhu et al. 2014). However, these topologies either
received only moderate support for the monophyly of
EXLB (e.g. Supplementary Figs. 1, 4b) or received higher
support but either included less representatives of the
EXLB family (Sampedro et al. 2005) or made use of less
sophisticated phylogenetic methods, known to be more
prone to biases such as long branch attraction (Dal Santo
et al. 2013; Sampedro et al. 2006; Zhu et al. 2014). Overall,
these different phylogenies cast doubt on the support for a
monophyly (or polyphyly) of EXLBs, which depends on
the taxon sampling and on the phylogenetic method used.
However, all the phylogenies converge in supporting with
high confidence values, the grouping of all EXLs together
and the monophyly of all the other families.

The largely duplicated nature of plant genomes was no
exception in A. duranensis and A. ipaénsis, with current
whole genome analysis showing that the majority of pro-
tein-coding genes are duplicated, consistent with (Bertioli
et al. 2016). The expansion of the Arachis expansin super-
family seemed to be mainly achieved by the retention of
gene copies after whole genome duplication, as observed
for G. max and A. thaliana (Zhu et al. 2014), or triplica-
tion, as for Brassica rapa (Krishnamurthy et al. 2014). Dif-
ferently, in the monocot Oryza sativa, tandem duplication
was the predominant contributor with a major influence
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in expansin superfamily expansion (Sampedro et al. 2005;
Zhu et al. 2014). Hence, present results support previous
evidence that the expansion of the plant expansin super-
family is lineage-specific, and is mostly due to whole
genome duplications in eudicots and tandem duplication in
monocots (Sampedro et al. 2006). Retention and diversifi-
cation of gene copies after duplications is one of the main
forces in the evolution of higher plants (Freeling 2009;
Rodgers-Melnick et al. 2012) and could be associated with
subfunctionalization or neofunctionalization of expansin
gene duplicates in angiosperms, resulting, for example, in
differences in cell wall composition of grasses compared
with eudicots (Cosgrove 2015; Sampedro et al. 2015).

In the Arachis expansin subfamily, it seems that the
abundance of EXPA genes, distributed in every chromo-
some of both Arachis species, might be a result of multi-
ple duplication events, with WGD being the major con-
tributor for their abundance. Conversely, the majority of
EXPB gene copies derived from tandem duplications.
These duplications were probably responsible for the large
EXPB cluster observed in chromosomes 2 of both spe-
cies. In general, tandem duplications are expected to have
a lower impact on the genome than WGD that initially
doubles the number of all genes. The EXLB subfamily
appears to have expanded specifically in legume species,
ranging from 4 to 15 members per genome, whilst in other
eudicots, they range from 1 to 4 (Supplementary Table 3).
Moreover, in monocots, EXLB duplication showed a dif-
ferent evolution pattern, lacking in Zea mays (Zhang et al.
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2014c) and having only one representative in O. sativa
(Sampedro et al. 2005). Herein, the results showed that
50% of the EXLB genes were assigned to the WGD cat-
egory of duplication. Actually, the EXLB that are mainly
concentrated on chromosome 1 are part of a long block of
duplicated genes conserved with chromosome 5. The rem-
nant of this WGD are the couples of duplicates EXLB5 and
EXLB7 on chromosome 1 that correspond to EXLBS and
EXLB6 on chromosome 5. This observation holds true for
both Arachis species. The following series of events for the
expansion of EXLBs in Arachis can thus be hypothesized:
first an ancestral series of proximal or tandem duplications
gave rise to an ancestral cluster of EXLBs. Then follow-
ing a WGD event all these EXLBs were initially duplicated
and distributed to the ancestors of chromosome 1 and 5.
Then, unbalanced gene loss led to preferential retention
on chromosome 1. This phenomenon of genome domi-
nance after WGD leading to more genes retained on one
of the duplicated regions has been frequently observed in
plants (Murat et al. 2014). Overall, the higher abundance
of EXLB genes in Arachis suggests a selective advantage
to retain these multiple copies after a series of duplication.
This implies that the EXLB genes could be part of wild
Arachis mechanisms that ensure successful adaptability in
their native adverse environments (Rodgers-Melnick et al.
2012). Consistent with the possible recruitment of EXLB
for new functions, a strong positive selection was identi-
fied between AiEXLB5/AiEXLBS8 gene copies, suggesting a
functional divergence of this duplicated pair over the evo-
lutionary history of (A) ipaénsis genome. The influence of
positive selection in the expansin gene superfamily evolu-
tion has previously been reported for G. max, but not for
other angiosperms such as (B) rapa or Z. mays (Krishna-
murthy et al. 2014; Zhang et al. 2014c). This reinforces
the present findings that AraEXLB5 and AraEXLBS8 are
stress-responsive genes (Brasileiro et al. 2015; Guimaraes
et al. 2015), as positive selection is often observed in genes
involved in defense/immunity and response to environmen-
tal constraints (Chen et al. 2010).

Arachis expansin genes are widely modulated
by stresses

Genome-wide expression analysis demonstrated that
expansin genes, regardless of the subfamily, were broadly
expressed in roots of A. duranensis and A. stenosperma,
and in leaves of A. stenosperma, and were widely respon-
sive to external stimuli, thus confirming their involvement
in stress responses. This expansin ubiquitous expression
in roots and leaves was previously observed in many plant
species, including legumes (Liu et al. 2015; Zhu et al.
2014), which is consistent with their role in root and root
hair development, water and nutrient uptake (Che et al.
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2016; Cho and Cosgrove 2004) and leaf growth and stoma-
tal plasticity (Lii et al. 2013; Zhang et al. 2011). Moreover,
the recently published A. hypogaea expression atlas based
on 22 different tissue types and ontogenies (Clevenger et al.
2016) showed that 36 homologs out of the 38 A. duranensis
expansin genes are expressed (absolute expression above 1)
in at least one of the tissues that represent the full develop-
ment (vegetative, reproductive and seed) of peanut. Some
of these expansin genes also displayed preferential tissue
expression (Clevenger et al. 2016): two AdEXPB genes
were exclusively expressed in roots or in reproductive shoot
tips, whilst five AdEXLB transcripts were predominantly
located in nodules. This indicates that, although expansins
are implicated in a variety of plant processes, some Arachis
genes might have evolved towards tissue-dependent func-
tional specialization, as suggested for other species (Clev-
enger et al. 2016; Dal Santo et al. 2013; Lu et al. 2015;
Zhang et al. 2014c). As the expression pattern of a gene is
usually closely associated with its function, it is assumed
that there are species-specific and/or stress-specific features
in the biological functions of the Arachis expansin genes.

The involvement of expansins in adaptive responses
to abiotic stresses has been widely reported and usually
associated with the control of cell water loss and osmotic
adjustment, probably by promoting cell wall extensibility,
or with the general ROS-scavenging defense response to
avoid oxidative damage (Marowa et al. 2016; Sasidharan
et al. 2011). Here, the majority of the expansin genes were
modulated according to the Arachis species and stress
(drought and UV). Recently, Lu et al. (2015) also demon-
strated that the responsiveness of Solanum lycopersicum
expansins differs depending on the duration and type of
stress imposed (drought, cold or heat). The combined evi-
dence implies that different expansins could have distinct
functions in response to abiotic stress via an ABA-inde-
pendent pathway, as previously suggested (Cho and Cos-
grove 2004).

Likewise, the overall expression levels of expansin tran-
scripts upon a M. arenaria RKN infection revealed a gen-
eral opposite profile in the RKN-resistant A. stenosperma
and in the moderately RKN-resistant A. duranensis. This
might reflect different mechanisms of resistance displayed
by these species, which triggers the HR exclusively in A.
stenosperma and an unknown defense response conferring
partial resistance in A. duranensis (Proite et al. 2008). Fur-
ther knowledge about the involvement of expansins in this
parasitic association must, therefore, be pursued.

AraEXLBS is a promising molecular marker
Among the A. duranensis expansin genes, AdEXLBS

exhibited a distinct and highly specific expression profile
in response to both stresses, corroborating its previously
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association with Arachis drought tolerance (Brasileiro et al.
2015; Ding et al. 2014) and RKN resistance (Guimaraes
et al. 2015; Tirumalaraju et al. 2011). AraEXLBS8 nucleo-
tide characterization evidenced the synonymous SNP15
as a promising molecular marker since it occurred exclu-
sively on tetraploid genotypes (natural and synthetic). As
previously suggested by Barkley et al. (2007), this type
of polymorphism can be further exploited to design new
molecular markers to distinguish cultivated tetraploids and
wild diploids species in botanical and evolutionary studies.
The haplotypes established here based on the AraEXLBS
nucleotide diversity indicated that they do not share ploidy
level (diploidy and tetraploidy), plant life cycle (annual
and perennial) or genome type (A, B, D and K), and do not
necessarily reinforce phylogenetic proximities, as previ-
ously observed for A. magna and A. ipaénsis (Bechara et al.
2010; Krapovickas and Gregory 1994).

The AraEXLBS8 gene conservation based on cDNA
sequences was higher (97.5%) than that observed in pre-
vious studies conducted with conserved regions or larger
sampling of Arachis sequences (Bechara et al. 2010; Cunha
et al. 2008; Moretzsohn et al. 2013), reinforcing the close
phylogeny for the genotypes here observed. The high lev-
els of conservation on AraEXLB8 cDNA sequences might
reflect Arachis reproductive habits, such as autogamy and
geocarpy that limit its crossability and seed dispersion
(Bertioli et al. 2011; Krapovickas and Gregory 1994).

AraEXLBS is a promising candidate for plant genetic
engineering

The cDNA substitution characterizing the haplotype 6 (H6)
can be further associated with the AraEXLBS8 expression
levels since the three H6 genotypes (A. stenosperma, A.
villosa, and A. gregoryi) displayed the highest induction in
response to drought. This overall induction of AraEXLBS is
coincident with the progressive decline in transpiration pre-
viously observed in wild Arachis species during a dry-down
assay (Leal-Bertioli et al. 2012). Given that expansins are
involved in root water uptake and growth (Lii et al. 2013;
Zhang et al. 2011), it is possible that this protein, via root-
to-leaf signaling, is implicated in both drought response
mechanisms triggered upon the perception in roots of soil
water availability restriction. Moreover, in situ detection of
the AraEXLBS transcripts indicates cell- and tissue-specific
distribution, mostly in cortical and epidermal root cells,
the primary site of water decrease perception. These cells
might undergo morphology changes to avoid primary tis-
sue damage by increasing expression of drought-responsive
genes, such as AraEXLBS, involved in perception and sign-
aling of this stress.

Several studies associate the EXPA, EXPB and EXLA
genes with drought perception and adaptation (Marowa

et al. 2016), but few reports have identified EXLB as
drought-responsive genes. Previously, our group reported
that AraEXLBS is highly upregulated in response to water
deficit in roots and leaves of A. duranensis and A. magna
(Brasileiro et al. 2015) with its induction considered to
be a preliminary step toward drought acclimation through
adjusting cell wall extensibility (Harb et al. 2010). The
responsiveness of AraEXLBS orthologs to water deficit was
also observed in roots of a drought-tolerant A. hypogaea
genotype (Ding et al. 2014) and other legumes species, M.
truncatula (Zhang et al. 2014a). Here, the increased expres-
sion levels of AraEXLBS in the 13 Arachis genotypes stud-
ied, particularly in those belonging to the H6 group, asso-
ciated with its specific distribution in surface cells of the
roots, suggest that AraEXLBS is involved in the network
of molecular responses triggered by plants to circumvent
dehydration damaging effects, making this gene a promis-
ing candidate for drought tolerance engineering.

Additional expression analysis in response to nematode
infection in roots and UV treatment in leaves reinforce the
prompt AraEXLBS8 responsiveness to other stresses, with
different levels of expression displayed by the Arachis gen-
otypes that harbor different levels of pathogens resistance.
The upregulation of AraEXLBS8 orthologs in response to
nematode infection was also reported in the Arachis RKN-
resistant genotypes (Guimaraes et al. 2015; Tirumalaraju
et al. 2011) as well as the downregulation of a P. vulgaris
EXLB gene at the later stages of its compatible interaction
with M. incognita (Santini et al. 2016). The shift in the
spatial distribution of the AraEXLBS8 transcripts in RKN-
inoculated Arachis roots, comparing to those detected in
drought stressed, indicates the precise and stress-depend-
ent regulation of this gene. The presence of AraEXLBS in
some cells of vascular bundles reinforces its involvement in
RKN infection response, as nematodes in the early parasitic
stages (J2) are mainly located within the differentiating
vascular bundle (Ozalvo et al. 2014). These results suggest
that, regardless of the mechanism of resistance displayed,
the AraEXLBS8 gene might have a more downstream role in
the pathogen triggering response (PTI), and reinforces the
need for a further understanding of molecular, biochemical
and cellular events that culminate in pathogen resistance.
The notable induction of AraEXLBS in A. stenosperma
leaves in response to UV can be also associated with the
general ROS-scavenging and signal transduction pathways
that triggered changes in the expression of some genes,
as expansins, and in the production of secondary metabo-
lites, as resveratrol, to control numerous biological pro-
cess, including pathogen defense (Baxter et al. 2014; Han
et al. 2015; Lopes et al. 2013), and therefore, contributing
to the HR resistance mechanism of A. stenosperma, as pre-
viously suggested (Guimaraes et al. 2010; Morgante et al.
2013). UV irradiation and other physical stresses induce
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‘cross-tolerance’ responses that are commonly associated
with pathogen defense and reactions to wounding, promot-
ing increased resistance to pathogens (Mintoff et al. 2015).

In planta functional validation of AJEXLBS was carried
out in G. max composite plants since A. hypogaea stable
transformation is currently limited and time-consuming
(Brasileiro et al. 2014; Kuma et al. 2015). This approach
allowed the successful AdEXLBS overexpression in hairy
roots, leading to a remarkable reduction in the number of
galls produced by M. javanica. Like M. arenaria, the M.
javanica RKN causes important damages in host plants,
reducing drastically the productivity of many tropical
crops, and it is particularly aggressive in G. max, the most
important commodity in the world (Beneventi et al. 2013).
Since each hairy root obtained is an independent trans-
formation event, a relative high number of eGFP-positive
events could be analyzed, reinforcing that G. max compos-
ite plants are an efficient and fast system to validate Arachis
RKN resistance candidates (Kuma et al. 2015). Moreover,
the selection of transgenic events by eGFP fluorescence
allowed the assessment of RKN infection uniquely in
AdEXLBS8-expressing roots, increasing the accuracy and
speed of the analysis.

The literature is contradicting in terms of expansin roles
in plant-microbe interactions, as the suppression of specific
expansin genes reduced the infection by either pathogens,
including nematodes (Ding et al. 2008; Gal et al. 2006;
Marowa et al. 2016), or symbionts, as arbuscular mycorrhi-
zal fungus (Dermatsev et al. 2010), whilst our results sug-
gest that the overexpression of AraEXLBS gene mediates
RKN defense in G. max roots. The extent to which these
non-enzymatic proteins act as physical barriers against
microbes or as a source of signals to activate defense
responses remains unclear, albeit their induction by auxin
could be an underlying mechanism that should be consid-
ered (Sasidharan et al. 2011). The preferential expression
of the Arachis EXLB genes in rhizobium-induced nodules
(Clevenger et al. 2016) besides their overall induction upon
RKN infection may indicated that the EXLB genes are
common components in the establishment of both parasit-
ism and symbiosis and seem to play an important role in
plant—microbe interactions. In fact, besides expansins, it
has been demonstrated that rhizobia and RKN interactions
with legumes share a significant number of target genes and
display similar molecular mechanisms of symbiosis and
pathogenesis to facilitate successful colonization (Damiani
et al. 2012).

The effectiveness of AdEXLBS overexpression to reduce
a RKN infection in stable transgenic plants of soybean and
other legumes will enable the assessment of its potential to
foster crop improvement for the mitigation of both, abiotic
and biotic stresses, which is of utmost importance in the
face of the predicted climate changes.
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Materials and methods

Identification of the Arachis expansin superfamily
and phylogenetic analysis

The protein sequences of A. thaliana and G. max expansins
(http://www.personal.psu.edu/fsl/ExpCentral) were used to
retrieve A. duranensis and A. ipaénsis expansin sequences
from genome assemblies available in PeanutBase (http:/
peanutbase.org/) Genome Threader software with default
parameters (Gremme et al. 2005). Additional sequences
were obtained from this database using “expansin” as key-
word and TBLASTN searches (e-value le—3) against the
genomes. The presence of the canonical expansin domains
DPBB (PF03330) and CBM63 (PF01357) (Cosgrove 2015)
was examined using the CDART tool (http://ncbi.nlm.nih.
gov/Structure/lexington/lexington.cgi) and only sequences
containing both of the domains were retained.

For phylogenetic analysis, all of the putative Arachis
expansin protein sequences were aligned using MAFFT
software, including sequences from P. vulgaris, M. trunca-
tula and G. max (https://phytozome.jgi.doe.gov/pz/portal.
html) and Arabidopsis thaliana (https://www.arabidopsis.
org). To provide a more accurate alignment and construc-
tion of the phylogenetic tree, sequences with over 90%
similarity were trimmed with trimAl (Capella-Gutiérrez
et al. 2009). Phylogenic trees were constructed using the
Maximum-Likelihood method as implemented in the
RAXML software (Stamatakis 2006), with an automatic
search of the fittest model and parameters as well as a boot-
strap search automatically stopped upon congruence. The
nomenclature of A. duranensis and A. ipaénsis expansins
was given according to the synteny between the species
and classification in subfamilies accordingly to Kende et al.
(2004).

Genomic distribution, duplication pattern,
and structure of expansin genes

The location of the putative expansin genes in A. duranen-
sis and A. ipaénsis chromosomes was obtained from gene
model annotations (http://peanutbase.org/) and all predicted
protein sequences were submitted to self and all-against-all
BLASTP analyses (e-value le—10). The expansins distri-
bution and respective gene duplication patterns in chro-
mosomes were analyzed by the MCScanX software with
default parameters (Wang et al. 2012) and the results were
formatted with custom perl script to Circos format (http://
circos.ca/) for graphical representation. To detect positive
selection between genes, the ratio of Ka/Ks between the
gene copies of expansin sequences was computed using the
Nei-Gojobori statistics (Nei and Gojobori 1986), as imple-
mented in McScanX.


http://www.personal.psu.edu/fsl/ExpCentral
http://peanutbase.org/
http://peanutbase.org/
http://ncbi.nlm.nih.gov/Structure/lexington/lexington.cgi
http://ncbi.nlm.nih.gov/Structure/lexington/lexington.cgi
https://phytozome.jgi.doe.gov/pz/portal.html
https://phytozome.jgi.doe.gov/pz/portal.html
https://www.arabidopsis.org
https://www.arabidopsis.org
http://peanutbase.org/
http://circos.ca/
http://circos.ca/

Plant Mol Biol (2017) 94:79-96

93

Arachis expansin gene exon/intron organization retrieved
from PeanutBase (http://peanutbase.org/) was submitted
to GSDS software (http://gsds.cbi.pku.edu.cn/). InterPro
and SignalP were used for protein domain and signal pep-
tide prediction, respectively, and the isoelectric points and
molecular weights of the proteins obtained from ExPASy
(http://expasy.org/).

RNA-seq expression profiling of Arachis expansin genes

Illumina RNA-seq data previously obtained by our group
from roots of A. duranensis and A. stenosperma plants
submitted to drought (available at http://peanutbase.org)
or inoculated with RKN M. arenaria (collected at 3, 6 or
9 days after inoculation; DAI) (Guimaraes et al. 2015) or
from leaves of A. stenosperma submitted to UV exposure
(unpublished results) were used for the expansin genes
expression analysis. The genome of A. duranensis was
used to create an index with the Kallisto program (version
0.42.3) and only high quality reads from the transcriptome
were then used for the quantification against the created
index, with default settings (Bray et al. 2016). For the dif-
ferential expression analysis, the edgeR package (Robinson
et al. 2010) was employed. The log2 of fold-change value
between control and treated samples in both species was
used for the heatmap generation using heatmap2R package
(Warnes et al. 2015).

AraEXLBS diversity in Arachis genotypes

Total RNA was isolated from young leaves of 13 Arachis
genotypes (Supplementary Table 9) and the correspond-
ing cDNAs used for RT-PCR as described by Morgante
et al. (2011), employing AraEXLBS-flanking primers
(EXPF 5'-AGTGCTTCATCTCAAAATGGAACT-3" and
EXPR  5-TCTATTCAAGCTGGATTTGAGTATCA-3').
Sequenced amplification products were aligned using the
Sequencher software (Gene Codes, Ann Arbor, USA) with
three additional available AraEXLBS sequences from A.
duranensis and A. ipaénsis (http://peanutbase.org/gbrowse)
and A. hypogaea ‘Tifrunner’ [GO326087.1; (http://www.
ncbi.nlm.nih.gov)]. Nucleotide substitutions were defined
by BLOSUMS62 matrix (Henikoff and Henikoff 1992) and
hydrophobicity (Kyte and Doolittle 1982) while DNA
sequence variation by DnaSP software (http://www.ub.es/
dnasp/).

Phylogenetic analysis was conducted using the
above 16 AraEXLBS8 coding sequences and four addi-
tional outgroups (G. max GI:955303815; P. vulgaris
GI:593787101; C. arietinum GI:828330493 and M. trun-
catula Medtr5g013440.1). The phylogeny was constructed
by Bayesian Inference using MrBayes program (http:/
mrbayes.sourceforge.net/) with default parameters and

performed with 20 million generations. The phylogenetic
model (GTR+1) was selected as the fittest model accord-
ing to ModelTest and the consensus trees were inspected in
FigTree software (http://tree.bio.ed.ac.uk/software/figtree/).

AraEXLBS qRT-PCR analysis and in situ transcripts
detection

Dry-down assay

Normalized transpiration rates (NTR) were determined for
4-week-old plants of 13 Arachis genotypes (Supplementary
Table 9) throughout a soil gradual water deficit assay (dry-
down), as previously described (Leal-Bertioli et al. 2012).
Roots were collected when each drought stressed (DS)
individual reached a NTR value around 0.3 relative to well-
watered (WW) controls. Samples from three individuals
were assembled forming three independent biological rep-
licates for each treatment (WW and DS), and per genotype.

RKN inoculation assay

Arachis stenosperma, A. duranensis and A. hypogaea ‘Run-
ner’ 4-week-old plants (Supplementary Table 9) were inoc-
ulated with M. arenaria race 1 at juvenile stage 2 (J2) as
described by Morgante et al. (2013). Root samples from
five individuals were collected at zero (control), 3 DAI
(stressed), and assembled to form two independent biologi-
cal replicates per treatment and genotype.

UV assay

Young leaves were collected from 7-week-old plants of
A. stenosperma, A. duranensis and A. hypogaea ‘Runner’
(Supplementary Table 9) and submitted to UV-C light treat-
ment for 2 h and 30 min, essentially as described by Lopes
et al. (2013). Samples from five individuals were collected
before (control) and 24 h after (stressed) UV treatment and
assembled to form three independent biological replicates
for each treatment and genotype.

Quantitative RT-PCR (qRT-PCR) analysis

Total RNA was extracted from samples and the cDNA syn-
thesized as previously described (Morgante et al. 2011).
The qRT-PCR reactions were conducted in a 7300 Real-
Time PCR System (Applied Biosystem) using primers of
the A. duranensis ELXBS (AdEXLBS8) gene, as previously
described (Brasileiro et al. 2015). In accordance to Mor-
gante et al. (2011), ACT1 and UBI2 were used as reference
genes for samples subjected to dry-down whereas 60S and
GAPDH to RKN inoculation and UV treatments. The rela-
tive quantification (RQ) of transcripts was determined as
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described by Brasileiro et al. (2015) and statistically tested
using one-way ANOVA followed by Tukey’s test.

In situ hybridization (ISH) analysis

Root fragments were isolated and processed in accordance
to (Morgante et al. 2013). A 659 bp cDNA sequence of
AdEXLBS was amplified (EXPuniF: 5'-"ACTGCCAGTCAC
TTGGAACC-3' and Exp464R: 5-AGATCCATTCCGCCA
TAGC-3"), cloned into pGEM®-T Easy (Promega, Madi-
son, USA) and used to produce dig-labeled RNA probes
(DIG RNA Labeling Kit SP6/T7, Roche). Slides were then
hybridized with 2 ng of probe and hybridization sites were
immunocytochemically detected as described (Morgante
et al. 2013).

Meloidogyne javanica bioassay in G. max composite
plants overexpressing AdEXLBS8 gene

The coding region (753 bp) of AJEXLBS was cloned
(Epoch Life Science, Texas, USA) under the control of
the A. thaliana actin 2 promoter, at the Xhol restriction
site of the binary vector pPZP-201BK-EGFP (Chu et al.
2014) containing an enhanced Green Fluorescent Protein
(eGFP) to form the pPZP-AdEXLBS vector. Agrobacterium
rhizogenes strain ‘K599’, harboring pPZP-201BK-EGFP
(empty) or pPZP-AdEXLBS, vectors was then used to gen-
erate G. max ‘Williams 82’ composite plants employing
fresh bacterial paste inoculum (Chu et al. 2014), basically
as described before (Kuma et al. 2015). Transgenic roots
were identified one week later through eGFP fluorescence
under GFP1 filter set on a M205 stereomicroscope (Leica
Microsystems, Wetzlar, Germany) and the eGFP-negative
roots were excised before plant transfer to a 3:1 sand:plant
gel mixture (v:v) and acclimation in greenhouse condi-
tions. Three-week-old composite plants were challenged
with approximately 1000 J2 of M. javanica and the num-
ber of galls determined at 60 DAI. The qRT-PCR analysis
of AdEXLBS expression in eGFP-positive roots was con-
ducted as described above. Outliers in galls counting data
were removed by Grubbs’ test and means compared by
unpaired t-test using Graphpad software (http://graphpad.
com/quickcalcs/ttest1/).
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3. CONCLUSIONS

Several studies have characterized genes responding to individual stresses in plants. Nonetheless,
considering the predicted climate changes and its impact on plant resistance, there is a strong need
to identify genes responding to multiple stresses simultaneously, in order to produce more adapted
crops (Mittler, 2006). This challenge can be met by the exploitation of cultivated species wild
relatives. These wild relatives are genetically diverse and were selected during evolution, to resist
to a range of abiotic and biotic stresses.

In the present study, the peanut wild relative 4. stenosperma was used as source of resistance genes
against root knot nematodes (RKN) and drought. The analysis of its transcriptome under drought
(Chapter I), nematode infection (Chapter I) and both stresses simultaneously (Chapter II), led to
the identification of several candidate genes to Meloidogyne spp. resistance and drought tolerance

(Chapter III).

In Chapter I, universally conserved genes responsive to root-knot nematodes were identified,
across four species, A. stenosperma, C. arabica, G. max and O. glaberrima, all inoculated with
different species of RKN, which allowed the identification of 17 commonly regulated orthogroups.
Among these orthogroups the majority of the genes were assigned to receptor kinases, which are
known as the first layer of defense in plants (Tang et al., 2017). In addition, genes assigned to cell
wall proteins and modifiers, seemed to be conserved among evolutionary distant plant species.
Also in this chapter (Chapter I), the comparison of the transcriptome of two contrasting Arachis
species for RKN resistance, 4. stenosperma highly resistant to M. arenaria, and A. duranensis
moderately susceptible led to the identification of key genes in the resistance to this RKN,
including those from the NBS-LRR family, which are strongly regulated in the resistant species.
Exclusive genes from A. stenosperma were found to be next to important QTL for nematode
resistance and appear to be physically close, forming a cluster of genes. This cluster formation was
previously described, and are often required for an effective resistance in plants (Nieri et al., 2017;
Sinapidou et al., 2004). Also, the transcriptome of these two species was compared in response to
drought stress. A. duranensis is considered a more drought-tolerant species while 4. stenosperma
is a sensitive species (Leal-Bertioli et al., 2012). Many differentially expressed genes (DEGs) in

A. duranensis were identified, disclosing important genes in response to drought stress.
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In Chapter II the molecular responses of A. stenosperma submitted to both drought and RKN
simultaneously were analyzed, and we demonstrated that the responses to individual stresses is not
the same as the response to combined stresses, trigging specific transcriptomic responses. We also
showed that the drought stress is dominant over the biotic response and that the combined
treatment showed a great transcriptional reprograming, with a general upregulation of genes from
the ethylene and abscisic acid pathways and a downregulation of genes from the jasmonic acid
pathway. These results are in accordance with the central role of the ABA hormone, with ERF and

MYC as central transcription factors in the response to combined response (Bostock et al., 2014).

The use of innovative approaches in the present study proved to be a powerful tool for the
prospection of stress-related genes. The pipelines generated by this study, as well as the databases
of orthologs genes from several species, and the transcriptome of RKN-resistant species A.
stenosperma, will be used in future projects and will also be available to the scientific community.
Also, the present study allowed the identification of core conserved genes across different species
and multiple stresses which can be exploited for other plant-pathogen interactions.

The characterization of three important plant gene families related to defense, NBS-LRR, dehydrin
and expansin added knowledge in their function and response to biotic and abiotic stresses.
Ultimately, the production of transgenic plants overexpressing the candidate genes found in this
study, have the potential to enhance the effectiveness and durability of the resistance/tolerance of

important crops to drought and RKN infection.
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Abstract

Background: The Root-Knot Nematode (RKN), Meloidogyne arenaria, significantly reduces peanut grain quality and
yield worldwide. Whilst the cultivated species has low levels of resistance to RKN and other pests and diseases,
peanut wild relatives (Arachis spp.) show rich genetic diversity and harbor high levels of resistance to many
pathogens and environmental constraints. Comparative transcriptome analysis can be applied to identify candidate
resistance genes.

Results: Transcriptome analysis during the early stages of RKN infection of two peanut wild relatives, the highly
RKN resistant Arachis stenosperma and the moderately susceptible A. duranensis, revealed genes related to plant
immunity with contrasting expression profiles. These included genes involved in hormone signaling and secondary
metabolites production and also members of the NBS-LRR class of plant disease resistance (R) genes. From 345
NBS-LRRs identified in A.duranensis reference genome, 52 were differentially expressed between inoculated and
control samples, with the majority occurring in physical clusters unevenly distributed on eight chromosomes with
preferential tandem duplication. The majority of these NBS-LRR genes showed contrasting expression behaviour
between A. duranensis and A. stenosperma, particularly at 6 days after nematode inoculation, coinciding with the
onset of the Hypersensitive Response in the resistant species. The physical clustering of some of these NBS-LRR
genes correlated with their expression patterns in the contrasting genotypes. Four NBS-LRR genes exclusively
expressed in A. stenosperma are located within clusters on chromosome Aradu. A09, which harbors a QTL for RKN
resistance, suggesting a functional role for their physical arrangement and their potential involvement in this
defense response.

Conclusion: The identification of functional novel R genes in wild Arachis species responsible for triggering
effective defense cascades can contribute to the crop genetic improvement and enhance peanut resilience to RKN.
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Background

Root-Knot Nematode (RKN), Meloidogyne arenaria,
affects peanut production in the US, Africa and Asia and
can result in significant yield losses [1]. Whilst the culti-
vated species (Arachis hypogaea) has low levels of RKN
resistance, peanut wild relatives (Arachis spp.) show rich
genetic diversity harboring high levels of resistance to
many pathogens and environmental constraints [2-5].
All A. hypogaea cultivars with improved RKN resistance
were developed through the introgression of two segments
of a single chromosome from the wild relative A. cardenasii
[6-9], thus making the identification of additional resist-
ance sources critical to avoid resistance breakdown and
assure breeding advances.

The wild species A. stenosperma harbors high levels of
resistance against the peanut RKN M. arenaria and
various foliar fungi [10-14]. Overall, the penetration and
development of the RKN in the resistant species was
reduced in comparison to the susceptible, with dark blue
cytoplasm and altered organelle structures observed in the
central cylinder, indicating a hypersensitive-like response
(HR). In the moderately susceptible A. duranensis, the
nematode reproduction occurs, albeit at lower levels and
with a development delay when compared to the suscep-
tible A. hypogaea [12].

In response to RKN infection, our previous studies
showed that A. stenosperma bares a mechanism of resist-
ance known as the Hypersensitive Response (HR) [15,
16], which is often triggered by Resistance genes (R)
[17]. In addition, the recent identification of four QTLs
in A. stenosperma reducing RKN galling and egg produc-
tion [12], reinforces the importance of this species as a
new source of resistance.

Plant R genes are key to many plant-pathogen interac-
tions, as they enable plants to recognize pathogens and
activate inducible defenses which often culminate in
rapid HR response [18]. The vast majority of plant R
genes are NBS-LRR, as they encode proteins with an
amino-terminal variable domain, a central Nucleotide
Binding Site (NBS) and a carboxy-terminal Leucine Rich
Repeats (LRR) domain [19]. Both classes of NBS-LRR
genes (TIR-type and CC-type/non-TIR) are commonly
present in multigene clusters in plant genomes and can
occur as true alleles across naturally variant genetic
backgrounds [17]. Although many plant genomes have
been sequenced and thousands of putative R genes, the Re-
sistance Gene Analogs (RGAs) identified, only a relatively
small number of R genes associated with nematodes resist-
ance have been isolated and fully characterized [20, 21].

In Arachis, the first survey of RGAs using degenerate
primers targeting the NBS domain revealed 78 NBS-LRR
encoding sequences with unknown function [22]. Later,
hundreds of RGAs were isolated from different peanut
cultivars using the same strategy and genome BAC
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sequencing [23-25]. More recently, a genome-wide ana-
lysis of NBS-LRR genes in the peanut progenitor wild
species, A. duranensis and A. ipaénsis, identified over
300 representatives classified in four NBS-LRR family
types [26, 27]. However, only a relatively small number
of NBS-LRR involved in the responses to pathogens has
been unveiled [27, 28]. The analysis of A. stenosperma
transcriptome identified several candidate genes involved
in the defense signaling and response at the early stages
of its incompatible interaction with RKN, including
NBS-LRR genes [16], but the lack of a reference genome
hampered the accurate identification and characterization
of members of NBS-LRR and other complex gene families.
The recent availability of the sequenced genomes of A.
duranensis and A. ipaénsis [26], has greatly facilitated
genome-wide studies in the genus [27, 29-31]. Nonethe-
less, no studies have yet contemplated the set of NBS-LRR
genes expressed upon nematode infection.

The comparative transcriptome analysis of resistant and
susceptible genotypes to different stresses has provided
new insights into plant response mechanisms and can
identify new sets of candidate resistance genes [32-38].
This approach has not yet been explored in wild Arachis
species, but can be particularly fruitful, as these species
have relatively limited transcriptome data available, still
lack publicly available microarrays, reference transcrip-
tomes and comprehensive transcripts datasets.

In this study, we investigated the expression profiles of
candidate resistance genes to M. arenaria in two wild
Arachis species with contrasting responses, the highly
resistant A. stenosperma and the moderately susceptible
A. duranensis, with the focus on the NBS-LRR class of R
genes. Considering the narrow genetic base of peanut
and the single RKN resistance source available in the
crop cultivars, the identification and characterization of
new resistance genes in wild genotypes will substantially
contribute to expand the repertoire of resistances and
secure their durability.

Methods

Plant material and Illumina sequencing

Arachis duranensis (accession K7988) roots challenged
with M. arenaria race 1 were obtained as previously de-
scribed [14], using four-week-old plants inoculated with
20,000 M. arenaria juveniles (J2). RNA was extracted
from whole roots collected at 3, 6, and 9 days after in-
oculation (DAI) and non-inoculated plants as a control
(Ctrl), using a modified lithium chloride protocol [39],
and purified with Invisorb Plant RNA Mini Kit (Invitek,
Berlin, Germany). Two independent biological replicates
were produced by pooling equal amounts of total RNA
per collecting point and ¢cDNA was produced using the
Super Script II enzyme and oligo (dT) 20 primer (Invi-
trogen, Carlsbad, CA, USA), according to manufacturer’s
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instructions. Eight paired-end libraries were constructed
corresponding to the control and each of the three time
points of the interaction: A. duranensis (DCtrl), 3DAI
(DN3), 6DAI (DN6) and 9DAI (DN9) in biological dupli-
cates. Libraries were sequenced in Hi-Seq 2000 at FAS-
TERIS (www.fasteris.com), employing the mRNA-Seq
and TruSeq (TM) SBS v5 protocols (Illumina, San
Diego, CA). For A. stenosperma (accession V10309), we
used Illumina transcript reads produced earlier using the
same above conditions [16].

Gene expression analysis
[lumina raw reads from A. duranensis and A. stenos-
perma were trimmed by Trimmomatic version 0.33 [40]
and their quality checked by FastQC (http://www.bioinfo
rmatics.babraham.ac.uk/projects/fastqc). Cleaned high
quality reads were mapped to the annotated reference
genome of A. duranensis (accession V14167) [26] (https://
peanutbase.org) using the default settings of GMAP/
GSNAP package [41]. The reads from each species were
counted by HTSeq-Count [42] and the differential expres-
sion determined by the R-based statistical DESeq [43].
Mapped genes were considered as differentially expressed
genes (DEGs) if their relative gene expression levels showed
an adjusted p-value (FDR) < 0.05 and an amplitude of dif-
ferential expression of at least 4-FC (log2FC > 2.0 or < -2.0)
between RKN samples and controls. Due to typically low
levels of expression in plants, NBS—-LRR genes were
considered as differentially expressed genes with low
fold-change ((DEG) [44], if their relative gene expression
levels showed an adjusted p-value (FDR) < 0.05, regardless
of the fold change (FC) amplitude of differential expression
values. The visualization of commonly expressed genes
among the libraries was conducted by UpSetR (https://gehl
enborglab.shinyapps.io/upsetr/).

Functional classification

Functional annotation and classification of the DEGs
into categories via Gene Ontology (GO) terms was based
on A. duranensis gene models annotation (http://peanu
tbase.org/). The Hypergeometric test for overrepresenta-
tion from FUNC package [45] was used to test for sig-
nificantly enriched GO categories among A. duranensis
DEGs using default parameters, and only genes with a
FWER < 0.05 for overrepresentation were selected for
further analysis. Transcription factors DEGs were identi-
fied based on the classification of the Plant TF database
(http://planttfdb.cbi.pku.edu.cn/).

MapMan ontology

To include NBS-LRR genes and obtain an as comprehen-
sive as possible analysis [44], we used all A. stenosperma
and A. duranensis differentially expressed genes with low
fold-change ((DEG), which include all genes with
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significant differential relative gene expression between
nematode inoculated and control samples at an adjusted
p-value (FDR) < 0.05, regardless of its expression magni-
tude (FC). To identify their biological functions and
involvement in biotic stress pathways, gene models from A.
duranensis reference genome (https://peanutbase.org/)
covered by the above selected RNA-Seq reads of A. stenos-
perma and A. duranensis were submitted to Mercator [46]
against the Arabidopsis thaliana database, using default set-
tings. The results were submitted to MapMan to visualize
the expression of the genes in the biotic pathway [47].

NBS-LRR physical clustering, expression profile and
phylogenetic analysis

To identify physical gene clusters of NBS-LRR in A.
duranensis reference genome, the definition of Richly et
al., [48] was used; with two or more NBS-LRR genes oc-
curring within a maximum of eight ORFs and less than
250 kb apart.

The in silico expression profile of these NBS-LRR genes
was carried out by mapping the RNA-Seq data onto their
previously predicted classification in the A. duranensis
reference genome [26]. Those NBS-LRR genes differen-
tially expressed with low fold-change (; DEG) were used to
construct the expression clustering.

Clustering analysis of significant genes based on
common expression patterns was conducted using the
cutree function of gplots package from CRAN [49].

For the phylogenetic analysis of the Arachis NBS-LRR
family, the NB-ARC domain (PF00931) was used for the
HMMsearch against the 345 A. duranensis NBS-LRR
predicted protein sequences described by Bertioli et al.,
[26]. Only the sequences with more than 50% of the
full-length NB-ARC domain were kept and aligned using
MAFFT software [50], using --auto parameter to select
the best alignment strategy. We eliminated all columns of
the alignment that contained more than 10% of gaps by
using trimAl, to provide a more accurate alignment and
construction of the phylogenetic tree [51]. Construction of
the phylogenetic tree was conducted using RAxXxML
software [52] with an automatic detection of the fittest
evolutionary model and an estimated gamma distribution
of rates of evolution. For bootstrap replicates, the ‘-auto-
MRE’ option to automatically stop RAXxML upon conver-
gence was used. Duplication analysis was conducted with
McscanX (http://chibba.pgml.uga.edu/mcscan2/) as previ-
ously described for A. duranensis [29].

Expression analysis by qRT-PCR

The expression analysis of candidate genes was conducted
by qRT-PCR using inoculated samples gathered in pools
and the respective Ctrl samples. For this, total RNA from
three individuals at each collecting point (3, 6, and 9 DAI)
were pooled at equal amounts to constitute a biological
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replicate of inoculated samples. Two independent replicates
of inoculated (STR) and control samples were thus formed
for each species (A. stenosperma and A. duranensis) and
used for cDNA synthesis as described above.

Reactions were carried out using three technical repli-
cates for each sample using the Platinum® SYBR® Green
qPCR Super Mix-UDG w/ROX kit (Invitrogen, Carlsbad,
CA, USA) according to manufacturer's recommenda-
tions on StepOne Plus Real-Time PCR System (Applied
Biosystem Foster City, CA, USA). The qRT-PCR analysis
and specific primer pairs design were conducted for 17
NBS-LRR genes (Additional file 1: Table S1) as previ-
ously described [14]. Average cycle threshold (Cq) values
were estimated using the online real-time PCR Miner
tool [53] and normalized to two reference genes (60S
and ACT1), as previously established [39]. Expression
ratios of transcripts from the inoculated pool relative to
Ctrl pool were determined and statistically tested using
REST 2009 software [54].

Results

RNA-Seq data for both A. stenosperma and A. duranensis
mapped to the A. duranensis reference genome

On average, 97% of A. duranensis cleaned RNA-Seq
reads from the three time-points studied could be
mapped to the A. duranensis reference genome where
they illuminated around 25,000 gene models (Table 1).
In comparison, over 95% of the A. stenosperma cleaned
reads were cross-mapped to the A. duranensis reference
genome where they illuminated over 22,000 gene
models. The intersection of the two datasets shows that
25,000 gene models are supported by both A. duranensis
and A. stenosperma reads which represent 68% of the
approximate 36,000 A. duranensis gene models [26]
(Table 1). Hence, a large set of genes could be compared
regarding differential expression between the two closely
related Arachis species upon infection by M. arenaria.
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Different genes at different time points are regulated
during upon nematode infection in the two Arachis
species

We identified 189 and 657 DEGs after RKN infection in
A. duranensis and A. stenosperma respectively, which
showed statistical significance at adjusted p-value (FDR)
<0.05 and two-fold change [log2 ratio of (control/stress)
>2 or <-2]. For the highly resistant A. stenosperma most
DEGs were modulated at 6 DAI (472) and least at 3 DAI
(79), whereas in the moderately susceptible A. duranen-
sis the majority of responsive genes occurred at 3 DAI
(124), with a steady decrease in the numbers to 9 DAI
(46) (Fig. 1a). This suggests that nematode resistance in
A. stenosperma involves not only the modulation of a
larger (3.5 fold) set of genes but also different and spe-
cific time points when compared to A. duranensis.

Only 63 DEGs were found to be shared between the two
species (Fig. 1b) with the majority occurring between A.
duranensis 3 DAI and A. stenosperma 6 DAI/9DAI (23),
reinforcing distinct defense responses displayed by the two
species against the nematode infection. Also, most exclu-
sive genes appeared at the more relevant time point for
the onset of the resistance response in each species with A.
stenosperma harboring 294 exclusive genes at 6 DAI, while
A. duranensis exhibited 57 unique genes at 3 DAI (Fig.
1b). Within A. stenosperma, the highest number of shared
DEGs occurred between 6 and 9 DAI (73), followed by 3
and 6 DAI (28), indicating that the main specific molecular
responses take place around the sixth day resulting in
bursts of gene expression. In A. duranensis, most genes at
3 DAI are shared between the three time points and also
with A. stenosperma at 6 and 9 DAI (23). Overall, the
number of genes shared between all the time points in A.
stenosperma is superior to that in A. duranensis, 19 and 6,
respectively (Fig. 1b). This suggests that for the onset of
the HR in the resistant species, a considerable number of
genes must be triggered around the sixth post-infection

Table 1 Statistics of Arachis spp. reads mapped onto the A. duranensis reference genome and analysis of the differentially expressed

genes (DEGs) under RKN infection against the control

Library® Number of % of mapped Number of % of mapped Number of | DEG Number of DEG
mapped genes reads mapped genes reads (FDR < 0.05) (FDR < 0.05)
Replicate 1 Replicate 2 (Log2FC >2 or < -2)

DCTR 25,096 97.58 25,023 97.82 N/A N/A

DN3 25,338 9742 25,389 97.95 2,078 124

DN6 25,466 98.01 24,999 9797 791 61

DN9 24,969 97.83 24,564 97.76 685 46

SCTR 22914 96.39 22,375 96.89 N/A N/A

SN3 21,602 954 22,237 96.37 472 79

SN6 21,337 94.81 21914 95.88 2,314 472

SN9 22,193 96.39 21,615 96.31 479 128

2 Different time points after M. arenaria inoculation in A. duranensis DCTR - control; DN3 - 3 DAI; DN6 - 6 DAI; DN9 - 9 DAI; and A. stenosperma SCTR - control;

SN3 - 3 DAI; SN6 — 6 DAI; SN9 9 DAI. N/A - Not Applied
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Fig. 1: Differentially expressed genes (DEGs) in A. duranensis (DN) and A. stenosperma (SN) during M. arenaria infection at 3, 6 and 9 days after
inoculation. a Barplot representing the number of DEGs up (red) and down (green) regulated at different time points of the analysis in A.
duranensis (DN3, DN6, DN9) and A. stenosperma (SN3, SN6, SN9) infected roots. b Graphic representation of all the intersections between the
DEGs in A. duranensis (DN3, DN6, DN9) and A. stenosperma (SN3, SN6, SN9) infected with M. arenaria. The red bars indicate the intersections
between A. duranensis and A. stenosperma. The set size represents the number of DEGs at each condition (genotype/DAl) and the black dots,
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day (6 DAI), with few remaining differentially expressed
up to 9 DAI (Fig. 1b). There are no common DEGs across
the three treatments and the two species.

The contrasting expression behavior of some genes in
response to RKN between these two species (Fig. 1) was
further corroborated by the distinct expression profiles of
14 candidate genes previously identified as candidates
involved in A. stenosperma resistance to RKN [14, 16]
(Additional file 2: Table S2). These genes are involved in
pathogen perception, signal transduction, protein ubiquiti-
nation, hormone signaling and secondary metabolites
production (AsCHI2, AsGH3, AsTIR-NBS, AsBger,
AsIOMT, AsKel, AsTAT, AsALKBH2, AsSLP, AsBTB,
AsAraHS, AsTMV, AsPRR37 and AsSAG), which are
crucial steps for the triggering and accomplishment of
plant defense response. Accordingly, the majority of these
genes showed not only upregulation in A. stenosperma (6
DAI), but also a significant downregulation in A. duranensis
at 3 DAI (Additional file 3: Figure S1), reinforcing the rele-
vance of these early time points and strengthening their
roles in this defense response.

The differentially expressed genes encompass different
functional categories in the two Arachis species

Gene ontology (GO) was applied to categorize the func-
tion of DEGs identified in both species and to analyze the
enrichment of these categories in each of the three time
points after nematode inoculation (3, 6, 9 DAI) (Fig. 2). In
the molecular function category, many GO terms related
to catalytic activities, oxygen reduction and scavenging of

ROS products such as peroxidases, oxireductases, pectin-
esterases and other antioxidant enzymes were significantly
enriched in A. stenosperma, at 3 and 6 DAL, when the HR
response occurs (Fig. 2) [55]. There is a clear enrichment
for protein kinase activity in A. duranensis roots at 3 DAI
when most genes are regulated in this genotype in
response to the nematode. This is probably a result of
intense cell activity, as kinases are known to regulate the
majority of cellular pathways, especially those involved in
signal transduction. In the biological process category, an
enrichment of terms related to protein phosphoryl-
ation, compatible with kinase activity occurs at 3 DAI
in A. duranensis, while the response to oxidative stress is a
frequent GO term in A. stenosperma. Abundance of terms
related to DNA replication and cellular components
movement is also observed in the last two stages of A.
duranensis interaction (6 and 9 DAI) suggesting the begin-
ning of feeding sites formation (Fig. 2).

There was also enrichment for GO terms corresponding
to localization or activity in the cell wall, inner cell mem-
brane, and cell periphery. In A. duranensis at 6 and 9 DAI,
there was an enrichment of GO terms corresponding to
minichromosome maintenance complex (MCM), which is
involved in both the initiation and the elongation step of
eukaryotic DNA replication. Because of its role in genome
duplication in proliferating cells, deregulation of the MCM
function can result in chromosomal defects that may con-
tribute to tumorigenesis. This coincides with the initial phase
of cell gall formation in the moderately susceptible A. dura-
nensis [15] and was not identified in A. stenosperma (Fig. 2).
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RKN infection triggers expression of pathogen-defense
related pathways

In the depiction “biotic response to stress”, responsive
genes from both species belonging to families known to
be involved in plant defense towards nematode infection
(R genes, PR-proteins, secondary metabolites) were iden-
tified (Fig. 3). These genes were distributed in two main
pathways (central and laterals) (Fig. 3), which include
genes modulated in response to RKN mechanism of
parasitism. First, as RKN penetrate the host roots, they
cause mechanical wounding which initiates Jasmonic
Acid (JA) and Ethylene (ET) production, leading to the
activation of signaling molecules, Transcription Factors
(TFs), cell wall enzymes, and secondary metabolites, as
shown in both lateral sides of Fig. 3. Then, as RKN
produce elicitors to establish the feeding sites, they also
trigger a specific defense response, initiated by R genes
and mediated by signaling molecules, including kinases
(MAPK), culminating with the production of PRs and
other defense proteins, as visualized in the central region
of the MapMan illustration (Fig. 3).

The distribution of transcripts (;DEG) into defense
pathways showed clearly the differences between the
expression patterns of suites of genes activated in two
contrasting species (Fig. 3). We theorize that in the
resistant A. stenosperma, the immune response might be
triggered by proteins that recognize specific effectors,
such as resistance (R) proteins, as R genes seem to be
most upregulated at 6 DAI and to a lesser extent at 9
DALI (Fig. 3). This is in clear contrast with A. duranensis

transcripts assigned to the same function, that showed a
general downregulation at 3 and 6 DAIL Following R
genes activation, a respiratory burst and an enrich-
ment of signaling molecules were observed mainly in A.
stenosperma which might contribute to the control of the
pathogen spread, leading to a striking rise in the expres-
sion of defense proteins (PRs) at 6 DAI, which coincides
with HR in this species [55] (Fig. 3).

Pathogen-related proteins (PRs) were detected as the
most represented defense protein, with 91 representa-
tives modulated in both species, albeit with opposite
expression trends. In A. duranensis 33 exclusive PR
genes were mostly downregulated (3 DAI), while 21
unique to A. stenosperma were predominantly upregu-
lated (6 DAI). Transcripts associated with pathogen cell
wall breakdown (f3-glucanases), plant hormonal balance
and cell wall modification and production of secondary
metabolites were also differentially regulated in these
two species (Fig. 3).

It is notable that the major signaling pathways triggered
in A. stenosperma in response to M. arenaria seems to
involve JA and ET, especially at 6 DAI (Fig. 3), although
other hormones involved in plant development, such as
auxins, abscisic acid (ABA), and brassinosteroids, also
seem to participate in this defense response. In contrast,
the activation of the Salicylic Acid (SA) signaling pathway
seems to be more prevalent in A. duranensis than in A.
stenosperma, which might be related to the well described
jasmonate-salicylate antagonism occurring in other
plant-pathogen interactions [56].
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stenosperma (SN) infected with M. arenaria at three different time points (3, 6 and 9 days after inoculation). The color scale represents differential
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Transcription factors induced upon RKN infection
In the large-scale transcriptional reprogramming observed
in both species in response to RKN infection, four TF fam-
ilies WRKY, MYB, ERF and bZIP played a critical role (Fig.
3). Therefore, a more detailed expression analysis of 105
DEGs belonging to these families was conducted. Overall,
the expression of these TFs varied during nematode infec-
tion according to the species and time point observed,
with most genes showing a contrasting expression behav-
ior between the two species (Additional file 4: Figure S2).
A subgroup of 11 representatives of the WRKY family
showed upregulation in A. stenosperma, especially at 6
DAI, while downregulation in A. duranensis, mainly at 3
DAI (Additional file 4: Figure S2A), which suggests they
might play a role in their contrasting resistance response.
This is expected, as JA and SA plant defense pathways
activated in this interaction, require large scale transcrip-
tional reprogramming, including WRKY genes [57]. Like-
wise, four MYB genes showed strong upregulation in A.
stenosperma at 6 DAI and downregulation in A. dura-
nensis at 3 DAI (Additional file 4: Figure S2B). Mem-
bers of MYB family are modulated by wounding [58],

and in turn regulate some flavonoid genes involved in
plant defense response, as observed in this study.

Five bZIP representatives showed a contrasting
expression behavior in the two species studies, being
upregulated in A. stenosperma mainly at 3 and 6 DAI and
downregulated in A. duranensis at 3 DAI [59] (Additional
file 4: Figure S2C). The same trend was observed amongst
ERF members that are responsive to salt, cold, drought,
wounding and fungi [60] and were, in their majority,
strongly upregulated in A. stenosperma and downregu-
lated in A. duranensis (Additional file 4: Figure S2D).

NBS-LRR expression profiling upon RKN infection

The overall transcriptional reprogramming outline of
transcripts associated to A. stenmosperma resistance to
RKN (Fig. 3) and the occurrence of the HR response
strongly suggests that R genes, especially those encoding
NBS-LRR proteins, play a pivotal importance in this in-
compatible interaction. Therefore, they were further char-
acterized in this study in terms of expression behavior,
phylogeny and physical clustering aiming to dissect their
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functional roles in the RKN response in both Arachis
species.

From the 345 NBS-LRR-encoding genes of A. duranensis
[26], 52 were differentially expressed genes with low
fold-change (;1DEG) (FDR<0.05) in at least one condition
(genotype/DAI). Among these, 27 were modulated between
infected and control roots in A. stenosperma and 37 in A.
duranensis, of which only 12 were identified in both
species.

Most of these 52 NBS-LRR genes showed a contrasting
expression profile between A. duranensis and A. stenos-
perma upon nematode infection, with six expression
clusters identified (Fig. 4). Genes comprising clusters A, B
and C tend to show downregulation in A. stenosperma
and upregulation in A. duranensis, whilst those in cluster
D, E and F showed opposite expression profile. Cluster D
comprised all the NBS-LRR that were upregulated in A.
stenosperma at 6 DAI and most of those downregulated in
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A. duranensis at 3 DAL which are the critical points of the
onset of the defense response in each species [15].

In A. duranensis, most NBS-LRR genes were modu-
lated at 3 DAI (34) with 20 exclusives to this time
point (Additional file 5: Figure S3). On the other
hand, in A. stenosperma, 6 DAI was the time point
with most representatives (25) with 12 exclusives
genes modulated (Additional file 5: Figure S3; Fig. 4).
All the genes that are differentially regulated in both,
A. stenosperma and A. duranensis are in the cluster D
(Fig. 4). We suggest that the contrasting expression
behaviour of the majority of NBS-LRR genes between
the two species (Fig. 4) contribute to their distinctive
defense responses, as A. stenosperma shows a strong
Hypersensitive Response (HR), being practically im-
mune to the nematode, whilst A. duranensis response
propels a delay in the parasite penetration and devel-
opment of the feeding cell [15].

Color Key

|
-
o
-

Log2FC

N8BSt
NBS2
NBS3
NBS4
NBSS
NBSE
NBST
NBS8
NBS9

4|__E[
_- ‘
NBS10
NBS15
| NBS18
e oz
1 NBS27
NBS29
NBS32
R NBS34
NBS35
NBS40
F . o
SN3 SN6 SN9 DN3 DN6 DN9

Fig. 4: Heatmap of the in silico expression patterns of 52 NBS-LRR ( DEG) at different time points, in A. stenosperma (SN3, SN6 and SN9) and A.
duranensis (DN3, DN6 and DN9) M. arenaria inoculated roots. The color key represents differential gene expression magnitude (log,FC)




Mota et al. BMC Plant Biology (2018) 18:159

Chromosomal distribution of NBS-LRRs

The 37 NBS-LRR genes identified as | DEG in A. duranensis
were distributed in all chromosomes, except for chromo-
some Aradu.A07 (http://peanutbase.org/), while the 27 A.
stenosperma NBS-LRR (;DEG) were placed on fewer
chromosomes with no representatives on chromosomes
Aradu.A04, A06 and A07 (Additional file 6: Table S3).

All Arachis NBS-LRR (;DEG) were divided into two
classes according to the presence or absence of the TOLL/
interleukin-1 receptor (TIR), being named TIR-NBS-LRR
and CC-NBS-LRR [19] and further classified into four
subfamilies based on the presence of the above domains
alone or in combination (N, TNL, TN, NL) [19]. Among
the 37 A. duranensis NBS-LRR ({DEG), the great majority
(92%) belonged to NL and TNL subclasses, whilst
only three to TN (8.1%). A similar distribution of the 27
A. stenosperma NBS-LRR (; DEG) occurred with 15 in the
NL subclass (55.5%), eight in TNL (29.6%) and only four
TN (14.8%) (Additional file 7: Figure S4). Interestingly, no
representatives of subclass N were identified as differen-
tially expressed in response to RKN infection in neither of
the two Arachis species studied.

NBS-LRR phylogenetic analysis
For the phylogenetic analysis, we kept only the 314 A.
duranensis proteins that had more than 50% of the full-
length NB-ARC domain (PF00931). The midpoint-rooted
phylogenetic tree exhibited a basal separation into two
major groups supported by high bootstrap values (93)
(Fig. 5). The first group was mainly composed of TIR-type
NBS-LRRs, whilst the second of CC-type NBS-LRRs. (Fig.
5). A small monophyletic group of CC-type NBS-LRRs,
supported by high bootstrap value (99) was outgroup and
more closely related to the TIR-types than to the rest of
the CC-types. This suggest that the CC-type might be the
ancestral NBS-LRR structure and that the TIR-type
evolved secondarily by losing the CC domain and gaining
a TIR domain. We also noted that in the clade containing
most of CC-types, a few proteins with both a TIR and a
CC domain were observed (Fig. 5; green and orange
circles). Interestingly, all these cases belong to one single
monophyletic, albeit not highly supported clade (boot-
strap=23). This suggests that a subgroup of CC-type
NBS-LRRs might have secondarily gained a TIR domain.
Among the 314 A. duranensis corresponding genes, 46
were identified as {DEGs and are highlighted in the
phylogenetic tree (colored names - Fig. 5). These genes
were distributed across different branches of the tree,
showing that their expression was not restricted to a
specific subfamily of NBS-LRR or even to a CC or TIR
type. However, genes located in the same chromosome
tend to group in subclades in the phylogenetic tree. This
is consistent with tandem duplication being the most
common type of duplication (46% of duplicated
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NBS-LRR genes), while proximal and dispersed duplica-
tion represented only 28 and 21%, respectively (Additional
file 6: Table S3). The duplication pattern did not correlate
with the NBS-type, being equally distributed between the
CC and TIR-types. Genes not harboring a sufficiently
complete NB-ARC domain were not integrated in this
tree; however, they showed a similar expression pattern to
the rest of their paralogous copies (Figs. 4 and 5).

NBS-LRR genes physical clustering

From all NBS-LRR genes identified, 55% (172) were in
clusters located on all A. duranensis chromosomes (except
for A06 and A07), which are represented by dots inside
the chromosomes in Fig. 6. From these, 29 were { DEGs
(red dots) with no representatives in chromosomes
Aradu.A06, A07 and A10. (Figure 6). The majority of
these NBS-LRR clusters contained only one ; DEG repre-
sentative; however, in chromosomes Aradu.A01, A02,
A04, and A09 some of these low expressed genes (1 DEG)
(12) appeared in pairs and belonged to the same species.
All these five clusters containing the { DEG are homoge-
neous, where the same type of NBS (CC or TIR) is
observed, with three clusters assigned to TIR-type and
two to CC-type (Fig. 6). Homogeneous clusters are
expected due to the predominant type of duplication
being tandem.

In chromosomes Aradu.A01 and A02, we identified
NBS-LRR clusters constituted respectively of four and two
LDEGs in both A. stenosperma and A. duranensis (Fig. 6).
These six genes belong to the expression group D (Fig. 4),
characterized by a strong upregulation in A. stenosperma
(6 DAI) and downregulation in A. duranensis (3 DAI)
(Figs. 4 and 6). Another cluster containing two DEGs
was found in chromosome Aradu.A04. However, these
genes appeared exclusively in A. duranensis and belonged
to different expression groups (A and D) with opposite ex-
pression trends upon nematode infection (Figs. 4 and 6).

Chromosome Aradu.A09 harbored the largest number
of differentially expressed genes with low fold-change
(LDEG) NBS-LRRs in physical clusters (Fig. 6), and con-
tained two NBS clusters with genes exclusively regulated
in A. stenosperma. Fittingly, a significant QTL for M.
arenaria resistance has been found in this chromo-
some [12]. Moreover, most of the genes in these two
clusters (except by NBS14) belong to expression
cluster D, which showed denotable upregulation in A.
stenosperma (6 DAI) (Fig. 4).

All the NBS-LRR (;DEG) grouped in clusters were
compared against the Plant Resistance Genes database
PRGdb (http://prgdb.crg.eu) using BlastP to verify their
homology to known resistance genes. Remarkably, four
genes in chromosome Aradu.A09 (NBS22, NBS14, NBS19
and the non-; DEG Aradu.Y6X63), which were exclusively
regulated in A. stenosperma, showed homology to the
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resistance gene Grol-4 against the yellow potato cyst nema-
tode Globodera rostochiensis [61]. In contrast, NBS-LRR
(LDEG) showing no contrasting expression behavior
between the two species within the same clusters lacked
homology to known nematode resistance genes, with
higher similarity to resistance genes against virus or fungi.

Expression analysis by qRT-PCR
The expression behavior of seven representatives of the
major NBS-LRR expression group (D) (Fig. 4) was vali-
dated in both Arachis species by qRT-PCR using specific
primers (Additional file 1: Table S1) and RNA pooled
from the three time points for both species. Expression
analysis showed a contrasting behavior between the two
species for all NBS-LRR transcripts tested (Fig. 7a) in
accordance with in silico analysis (Fig. 4), i.e., an upregu-
lation (ranging from 1.168 to 8.89 FC) in A. stenosperma
and downregulation (ranging from 0.883 to 0.466 FC) in
A. duranensis (Fig. 7a).

The expression profiles of ten NBS-LRR (;DEGs)
genes located in clusters (Fig. 6) was also evaluated by

qRT-PCR using specific primers (Additional file 1: Table
S1) and RNA pooled from the three time points studied
in A. duranensis and A. stenosperma (Fig. 7b). The
qRT-PCR analysis corroborated the induction of all the
LDEGs belonging to clusters on chromosomes Aradu.A01,
A02 and AQ09 in A. stenosperma. Nevertheless, in the
moderately susceptible species (A. duranensis) only six
genes were amplified, as four | DEGs were A. stenosperma
exclusive (NAS) (Fig. 7b).

Discussion

The genomic similarity between A. stenosperma and A.
duranensis allowed the mapping of 95% of A. stenos-
perma RNA-Seq reads, which lacks a complete
sequenced genome, to the A. duranensis reference gen-
ome with no significant loss of information, as already
seen for other related species [62-64]. We identified
over 26% A. stenosperma genes as significantly differ-
ently expressed (FDR < 0.05) with at least four fold
(DEGs) when infected by RKN, compared to control in
one or more time points. The smaller number of DEGs
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found, in comparison to our previous works using de
novo assembly [16], is probably due to a less redundant,
albeit more comprehensive, reference gene set coming
from the genome assembly. Genome-based strategies are
known to provide less chimeric contigs, better filtration
of contaminations and a greater representation of the
low-abundant transcripts [35].

According to Proite et al,, [15], the development of M.
arenaria in the resistant (A. stemosperma) and in the
moderately susceptible (A. duranensis) differed along the
interaction. In the resistant genotype, no giant cells were
formed and the HR response was triggered, blocking the
nematode development, while in the moderately suscep-
tible species, the giant cell were formed around the 19th
day after the inoculation (J3 to J4), albeit in smaller
numbers. Likewise, in this study, a distinct downstream
gene reprogramming upon nematode infection was
observed in the two Arachis species, with most genes
being upregulated in the resistant, whilst downregulated

in the more susceptible species. The timing of gene ex-
pression responses was also different, as in A. duranensis
most DEGs appear at the very beginning of the inter-
action (3 DAI) which is compatible to the early onset of
the PTI (Pattern-Triggered Immunity) [65-67], whilst in
A. stenosperma most genes are upregulated at 6 DAI re-
sembling an ETI (Effector-Triggered Immunity) type of
response. In addition, a higher number of upregulated
genes in A. stenosperma assigned to the categories of R
genes, PR proteins, TFs and secondary metabolites were
upregulated at 6 and 9 DAL These genes expression pat-
terns coincide with the occurrence of the Hypersensitive
Response (HR) displayed by this genotype [15]. The dis-
tinctive expression behavior of candidate genes previously
identified as being involved in HR response to M. arenaria
[16] herein observed between the two Arachis species, cor-
roborates their different mechanisms of defense responses.
Despite JA being classically more related to resistance
to necrotrophic and SA to biotrophic pathogens,
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Jasmonate—Ethylene (ET/JA) pathways have also been
found to be essential to the resistance to some bio-
trophic pathogens [68-70]. In A. stenosperma, a clear
upregulation of genes involved in the ET/JA pathways
was observed, particularly at 6 and 9 DAI, while genes
related to salicylic acid biosynthesis were mostly down-
regulated. Although a reciprocal inhibition between SA
and JA is well documented [71, 72], many examples
show that the interplay between these hormones path-
ways is not always antagonistic [73, 74], with some
evidences that SA can induce JA synthesis and promote
ETI responses [75]. This seems to be the case here, with

the suppression of SA possibly being triggered by the en-
richment for other genes involved in the ET/JA pathways,
such as auxins induced by the RKN nematode [76].
Typically, resistance to RKN in both wild and domesti-
cated plants is conferred by R genes mostly from the
NBS-LRR family, which sense nematode effectors and
trigger the first specific response (ETI) to the nematode
infection initiating a cascade of defense genes [77].
However, a typical plant genome contains hundreds of
NBS-LRR genes, located in chromosomal clusters, which
makes the dissection of the targeted locus and its isola-
tion by functional or genetic recombination rather
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difficult [78]. In this study, the analysis of NBS-LRR
genes expression in contrasting genotypes enabled the
identification of 27 differentially expressed genes with
low fold-change (1 DEG) in A. stenosperma RKN infected
roots, of which 19 showed upregulation, while their
orthologs in A. duranensis were downregulated (Fig. 4),
pointing to their involvement in the HR response
displayed by the resistant species. The phylogenetic ana-
lysis of the NBS-LRR family shows a basal separation in
two highly supported clades, one mainly composed of
TIR-type and the other of CC-type. This corroborates
previous studies in A. duranensis [26, 27] and other plants
species [79, 80]. However, the different phylogenetic
groups do not match the different NBS-LRRs subclasses
that are based on the arrangement of the different main
domains (CC, TIR, NBS, LRR). As our phylogenetic tree is
based on the widely conserved NB-ARC domain, this
strongly suggests promiscuous domain shuffling in the
NBS-LRR family, resulting in multiple convergent emer-
gences of the same arrangements rather than common
ancestral inherited arrangements.

The occurrence of physical clusters of NBS-LRR genes
has been reported in different plant species, including A.
duranensis [26, 27] and can be associated to the
co-expression of these genes, the type of duplication that
occurred during evolution of the plant species or their
biological role [81-83]. In our study, most of the NBS—
LRR (1 DEG) belonged to the tandem duplication type in
both Arachis species. This kind of duplication is well
known to contribute to the expansion of genes involved
in stress responses such as those responding to patho-
gens [27, 84, 85]. Also, as seen in other studies [26, 86],
most NBS-LRR clusters found here are accumulated in
the hot recombination regions of the distal chromo-
somal regions, which favor recombination reshuffling
and R loci which require rapid diversification to over-
come the emergence of new pathogen races.

Over a third (32%) of the NBS-LRRs responding to M.
arenaria infection in both species were found in pairs
with the same expression pattern within these clusters,
which is often necessary for an effective resistance [87].
Clustering has frequently been related to co-expression
of functionally related genes [23, 85, 88], and suitably, a
larger number of these NBS-LRR pairs occurred in the
resistant species (A. stenosperma) than in the more
susceptible species (A. duranensis).

Remarkably, on chromosome 9, two NBS-LRR clusters
are composed exclusively of A. stenosperma 1DEGs.
Among them, three genes (NBS14, NBS19 and NBS22)
show high similarity to the potato Grol-4 gene, which
confers resistance to another endoparasitic nematode,
the cyst nematode G. rostochiensis [61], and belong to
the TIR-type class which is often associated with resist-
ance to different types of biotic stresses [27, 89, 90]. Also

Page 13 of 16

on chromosome Aradu.A02, another two NBS-LRRs
(NBS36 and NBS47) showed high similarity to Grol-4,
and although belonging to gene clusters shared
between both Arachis species, they exhibited contrast-
ing gene expression behavior. Some genes in this same
cluster with no significant differential expression were
assigned to other R-gene categories, showing that,
albeit genes in a cluster are physically close, they might
not all show significant differential expression or bear
the same function [23].

Despite differences on the parasitic process and feed-
ing site structures between RKN and the cyst nematode
Globodera spp. [91], both are obligate sedentary endopar-
asites, relying on juveniles (J2) to penetrate the roots and
induce feeding sites. Therefore, the similarity between the
NBS-LRRs identified here, especially the RKN-responsive
in A. stenosperma, and known nematode R genes, might
pose a functional role for these genes in Arachis. In
addition, the fact that these NBS-LRR clusters are located
on chromosome Aradu.A02 and A09, near two major
QTLs identified in a population derived from a cross
between the above species, which are associated with the
reduction of M. arenaria root galling and egg production
[12], reinforces their role in this strong resistance
response. Thus, the genes located in the above clusters
will be prioritized for further functional investigation,
either by their overexpression in susceptible genotypes or
genome editing.

Plant immune signaling network is rather complex.
Nonetheless, this complexity is necessary, as pathogens
continuously evolve a new repertoire to overcome host
immune responses and plant adaptation is much slower
than pathogen evolution [92]. Therefore, plants should
carefully balance this complex network, as it might have
a negative impact on their fitness. The use of contrasting
wild Arachis species with different levels of resistance to
M. arenaria has enabled the identification of expressed
NBS-LRR clusters containing genes with potential func-
tional relevance in this defense response, reinforcing the
usefulness of comparative genomic analysis of NBS
genes as an efficient means of mining functional R
genes. Also, studies showing that rapidly evolved NBS
genes from different species are capable of conferring
defense against the same pathogen in Gramineae [93],
strengthening their use in breeding programs.

Conclusion

The further isolation and characterization of the R genes
responsible for triggering effective defense cascades
found in this study and their careful selection and stack-
ing in order to balance the strength and specificity of
this immune response, can contribute for a more dur-
able resistance in peanut and other RKN affected crops.
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Abstract

Wild peanut relatives (Arachis spp.) are genetically diverse and were selected throughout
evolution to a range of environments constituting, therefore, an important source of allelic
diversity for abiotic stress tolerance. In particular, A. duranensis and A. stenosperma, the
parents of the reference Arachis A-genome genetic map, show contrasting transpiration
behavior under limited water conditions. This study aimed to build a comprehensive gene
expression profile of these two wild species under dehydration stress caused by the with-
drawal of hydroponic nutrient solution. For this purpose, roots of both genotypes were col-
lected at seven time-points during the early stages of dehydration and used to construct
cDNA paired-end libraries. Physiological analyses indicated initial differences in gas
exchange parameters between the drought-tolerant genotype of A. duranensis and the
drought-sensitive genotype of A. stenosperma. High-quality lllumina reads were mapped
against the A. duranensis reference genome and resulted in the identification of 1,235 and
799 Differentially Expressed Genes (DEGs) that responded to the stress treatment in roots
of A. duranensis and A. stenosperma, respectively. Further analysis, including functional
annotation and identification of biological pathways represented by these DEGs confirmed
the distinct gene expression behavior of the two contrasting Arachis species genotypes
under dehydration stress. Some species-exclusive and common DEGs were then selected
for gRT-PCR analysis, which corroborated the in silico expression profiling. These included
genes coding for regulators and effectors involved in drought tolerance responses, such as
activation of osmosensing molecular cascades, control of hormone and osmolyte content,
and protection of macromolecules. This dataset of transcripts induced during the dehydra-
tion process in two wild Arachis genotypes constitute new tools for the understanding of the
distinct gene regulation processes in these closely related species but with contrasting
drought responsiveness. In addition, our findings provide insights into the nature of drought
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tolerance in wild germoplasm, which might be explored as novel sources of diversity and
useful wild alleles to develop climate-resilient crop varieties.

Introduction

Climate change models suggest a trend towards increasing risks in the agricultural sector
worldwide, leading to the emergence of less productive or even inappropriate areas for cultiva-
tion in the tropics [1]. In addition, given the massive demand for crop irrigation, intense com-
petition for freshwater is expected to develop and constitute a critical issue in the near future
global bioeconomy. Research therefore needs to focus on plant adaptations to changing envi-
ronmental constraints by developing technologies to increase crop productivity and sustain-
ability in drought-prone areas [2,3]. Indeed, breeding programs are currently concerned with
the adaptation of crops to the global climatic fluctuations by increasing their resilience to the
impact of changes in rainfall distribution, heat stress intensification, and water scarcity.

Upon perception of a reduction in water availability, well adapted plants rapidly react to
minimize water loss, maintain cellular osmotic adjustment, control water flux, and protect
cells against oxidative stress and the damaging effects of dehydration. As part of this response,
orchestrated molecular networks are activated, and interconnected responses at physiological,
morphological, and biochemical levels are triggered to direct the plant to cope with water scar-
city [4]. These molecular regulatory mechanisms include the production of osmoprotectants,
antioxidants, and hormones, with abscisic acid (ABA) and ethylene (ET) acting as the princi-
pal signaling molecules that link transcriptional networks to environmental adaptation. Three
signaling cascades are known to act following the onset of the drought stress [5-7]: (1) ABA-
dependent signaling, mediated by the ABA-responsive element (ABRE) present in the pro-
moter of various abiotic stress-related genes; (2) ABA-independent signaling towards the
dehydration-responsive element (DRE); and (3) ethylene-signaling pathways that are associ-
ated with ERE (ethylene-responsive element) sequences in promoters.

Progress in genomics has facilitated the understanding of the mechanisms controlling abi-
otic stress responses in plants and led to the discovery of hundreds of genes involved in
drought tolerance [6,8]. The generation of transgenic crops with enhanced drought tolerance
is now a reality due to the use of such genes which activate or modulate specific pathways that
improve plant ability to endure water-limited field conditions. However, the biological role of
many drought-induced genes that participate in mechanisms underlying plant responses to
water deficit is still unknown.

Peanut (Arachis hypogaea) is an important source of protein and oil and is, after soybean,
the second most cultivated grain legume in the world, with an annual production of about 46
million tons [9]. A number of constraints affects peanut production, including susceptibility to
certain biotic and abiotic stresses, and the breeding of improved cultivars has been hindered
by its narrow genetic base [10-12]. Conversely, wild Arachis species have high genetic diversity
and are mainly associated with the savannah-like Cerrado biome, where they have evolved
mechanisms to adapt and survive under conditions of limited water availability [10,13]. Thus,
the gene pool that involves wild Arachis species is a rich source of desirable agronomical traits,
including drought tolerance, that could be used to expand the genetic basis of cultivated pea-
nut through the introgression of wild genome segments [11,12,14]. The use of wild germplasm
is one of the most promising alternatives to mobilize genetic variability, creating a strategic
link between plant genetic resources and breeding programs.

The recent advances in Arachis genome sequencing [15,16] have opened new opportunities
for the discovery of useful agronomic alleles harbored by wild germplasm. Indeed,
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transcriptome studies of wild Arachis made possible the identification of candidate genes
responsive to several biotic and abiotic stresses, including root-knot nematode attack, fungal
infection, and drought, to be deployed in peanut breeding programs[12,17-22]. More recently,
the global gene expression profiling of wild A. duranensis and A. magna subjected to gradual
water deficit enabled the identification of candidate genes associated with major processes
underlying plant tolerance to drought conditions, such as those involved in signal transduc-
tion, primary metabolism, hormone homeostasis, and protection/adaptation of cellular struc-
tures [19,23].

In the present study, a comprehensive transcriptome characterization of two accessions of
wild Arachis species (A. duranensis and A. stenosperma), contrasting in their transpiration
behavior during water deficit imposition [24], was conducted aiming to improve the current
understanding of the mechanisms deployed by these genotypes to withstand water deficit. A.
duranensis and A. stenosperma are also the parents of the mapping populations used to con-
struct the diploid genetic map for the AA genome of Arachis [25], facilitating their future use
in breeding programs. Comparative transcriptome studies in plants have profited from the
vast amount of genomic information produced in recent years to compare gene expression by
a developmental approach in a single species or by an evolutionary approach across multiple
species [26]. Herein, a comparative transcriptomic analysis of these two contrasting Arachis
genotypes subjected to dehydration revealed a number of common and exclusively regulated
genes coding for regulators and effectors involved in water deficit responses. Further qRT-PCR
validation revealed promising candidate genes for drought tolerance in wild germoplasm.

Materials and methods
Plant material and dehydration treatment

Seeds of Arachis duranensis (accession K7988) and A. stenosperma (accession V10309) were
obtained from the Brazilian Arachis Active Germplasm Bank, maintained at Embrapa Genetic
Resources and Biotechnology (Brasilia, Brazil). Seeds were germinated on germitex paper with
2% (w/v) Ethrel (2-chloroethylphosphonic acid) and 0.05% (w/v) Thiram (tetramethylthiuram
disulfide), at 25 + 1°C and 65 + 5% relative humidity. Fifteen-day-old seedlings were trans-
ferred to a hydroponic system in a randomized block experimental design, with 30 individual
biological triplicates for Arachis duranensis and 30 for A. stenosperma. Individuals were placed
in polystyrene supports (S1 Fig) that allowed seedling roots to be completely immersed in the
aerated pH 6.6 balanced nutrient solution [27]. Plantlets were grown in a controlled environ-
ment chamber, at 25 + 2°C and 60 + 5% relative humidity, under a photosynthetic photon flux
density of 1.5 x 10° umoles m ™ s”, equivalent to 8.93 x 10* lux, and a 12 h day length, as
described previously [27]. After four weeks, the dehydration treatment was initiated by with-
drawing the nutrient solution (air-drying on chamber temperature; S1 Fig), and roots for both
genotypes were collected after zero (T0 or control); 25 (T25); 50 (T50); 75 (T75); 100 (T100);
125 (T125) and 150 (T150) min. Four root samples were pooled per biological replicate for
each time point, immediately frozen in liquid nitrogen, and stored at -80°C until RNA
extraction.

Physiological analysis

The photosynthetic rate (A), stomatal conductance (g;), transpiration rate (TR), vapor pressure
deficit based on leaf temperature (VpdL), intercellular carbon dioxide (CO,) concentration
(C)), and leaf temperature, were measured as previously described [28], using a portable Photo-
synthesis System (LI-COR, model LI-6400) set at a light intensity of 1,000 umol m™s™. Data
were collected at the first three time points (T0; T25 and T50), corresponding to the control
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and the first 50 min of dehydration from the first three quadrifoliate leaves. Measurements
were made on the middle leaflet of completely expanded leaves. Data obtained for each geno-
type were compared using the t-test (p < 0.05).

cDNA library sequencing and in silico expression profiling

Root total RNA extraction, purification, and integrity checking were performed according to
[29]. For cDNA library construction, RNA samples were pooled for each genotype: a control
group (CTR), formed from samples collected at T0, and a stressed group (STR), formed from
samples collected throughout the dehydration treatment (125 to T150) and pooled in equal
amounts. cDNA library construction and high-throughput sequencing were conducted at Fas-
teris SA (Plan-les-Ouates, Switzerland), according to the Illumina HiSeq2000 protocol
(paired-end 2x100 bp).

The Illumina raw reads were trimmed using the Trimmomatic software version 0.33 [30]
and the quality checked using FastQC (http://www.bioinformatics.babraham.ac.uk/projects/
fastqc). For mapping to the reference genome, the high-quality reads were submitted to the
default settings of the GMAP/GSNAP package [31] against the annotated A. duranensis
genome available at PeanutBase (http://peanutbase.org/). The mapped reads were counted
using the HTSeqCount software version 0.9.1 [32] using the resolution mode union and the
analysis of differential gene expression between CTR and STR samples was conducted using
the edgeR package in R [33]. Mapped genes were considered as significantly Differentially
Expressed Genes (DEGs) when their relative gene expression levels had an adjusted p-value
(false discovery rate; FDR) <0.05 and at least 4-fold change (FC) value between STR and CTR
samples (log,FC > 2 or < -2). The distribution of the DEGs in the Arachis duranensis chromo-
somes (http://peanutbase.org/) was made using the Circa software (http://omgenomics.com/
circa/). Volcano analysis was conducted using the Trinity Differential Expression scripts
(https://github.com/trinityrnaseq/trinityrnaseq/wiki/Trinity-Differential-Expression).

Functional analysis

For the comparison with other legumes species, the OrthoFinder algorithm [34] was used to
analyze the complete proteome of four legume species (Arachis duranensis; Arachis ipaénsis;
Glycine max; and Phaseolus vulgaris). OrthoFinder performs a blast all-against-all and uses the
reciprocal best hit for each species to cluster the Ortholog Groups (OGs). Family-companion
(https://bbric-pipelines.toulouse.inra.fr/family-companion) was used to generate the binary
matrix of the OGs, which was submitted to UpSetR [35] for comparison visualization.

The functional annotation of A. duranensis (http://peanutbase.org/) gene models was used
to classify the DEGs identified in both Arachis species for the Gene Ontology (GO) and the
Transcription Factors (TFs). The Hypergeometric Test for overrepresentation from the FUNC
package [36] was used to test for enriched GO categories among the DEGs. Genes that were
differentially expressed were coded “1”, whereas mapped genes received the code “0”. The
results were then analyzed by the REVIGO method to decrease redundancy [37]. DEGs coding
for putative TFs were classified according to their respective family according to the Plant TF
database (http://planttfdb.cbi.pku.edu.cn/).

To assign functional terms to candidate genes, sequences of all A. stenosperma and A. dura-
nensis DEGs were submitted to the Mercator software (http://mapman.gabipd.org/web/guest/
app/Mercator) against the Arabidopsis thaliana reference database, using the default settings.
The mapping file predicted by Mercator was further used as input for the MapMan software
(http://mapman.gabipd.org/) for visualization of the gene expression data from the two Ara-
chis species in different abiotic stress pathways.
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qRT-PCR analysis

Expression profile of selected DEGs was conducted by quantitative reverse transcription PCR
(qRT-PCR) analysis using RNA samples from roots of A. duranensis and A. stenosperma col-
lected at each time-point (T0 to T150). Total RNA was treated with DNase and converted into
cDNA, as previously described [29], and used as the template for qRT-PCR reactions carried
out on a StepOne Plus Real-Time PCR System (Applied Biosystems, Foster City, USA). Spe-
cific primers for the 20 selected DEGs (S1 Table) were designed using previously described
parameters [29], and qRT-PCR reactions were conducted in technical triplicates for each sam-
ple, using No Template (NTC) and No Amplification (NAC) as negative controls. Average
cycle threshold (Cq) values were estimated using the online real-time PCR Miner tool [38] and
normalized with two reference genes (ACT1 and UBI2), in accordance with [39]. For a first
series of QRT-PCR analysis, expression ratios of DEG transcripts were validated using STR and
CTR sample pools, as described above for cDNA library construction. A more detailed
qRT-PCR analysis was then conducted to determine the expression ratios of 15 DEGs at each
of the six stressed points (T25 to T150) relative to control point (T0), in independent biological
triplicates. The relative quantification of transcripts was determined and statistically tested
using the REST 2009 v. 2.0.13 software [40].

Results
Wild Arachis physiological response to dehydration stress

Physiological analyses were carried out at the beginning of the experiment (0, 25, and 50 min)
in order to compare the two wild Arachis genotypes (Fig 1; S2 Table). A. duranensis showed a
higher photosynthetic rate, stomatal conductance, and transpiration rate, together with a
lower leaf temperature, and vapor pressure difference than A. stenosperma (Fig 1). The inter-
cellular CO, concentration was the only physiological parameter for which no statistically sig-
nificant difference between the two species was observed (Fig 1F). Any changes in these
parameters were detected over the course of the experiment (data not shown), most likely due
to the fact that these measurements were made at the beginning of the stress treatment which,
while a long enough period to introduce a pronounced stress in roots of these species, as dem-
onstrated by the alterations in gene expression presented below, was not long enough to affect
leaf gas exchange [27]. Importantly, previous work with the same accessions of these species
showed a more conservative whole plant transpiration response to water deficit in A. duranen-
sis compared to A. stenosperma [24]. On this basis, the genotypes of A. duranensis and A. ste-
nosperma used in this study will refer as ‘tolerant’ and ‘sensitive’, respectively, a designation
supported by the gene expression results presented below.

Wild Arachis transcriptome response to dehydration stress

Mumina HiSeq2000 sequencing of A. duranensis and A. stenosperma transcriptome libraries
generated a total of 17.5 and 24.8 million raw reads (Table 1). After removing adapters and
low base quality reads, more than 94% high-quality reads (> Q30) were used for downstream
analyses. The sequencing data was deposited in the NCBI-SRA database under the BioProject
number PRJNA284674.

High-quality reads of both species were mapped onto the reference A. duranensis genome
(http://peanutbase.org/) to allow a comparative transcriptome analysis of their water deficit
responsiveness. The majority of the reads from roots of A. duranensis (98.71%) and A. stenos-
perma (95.46%) could be mapped to the reference genome, respectively resulting in the
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Fig 1. Physiological analysis of Arachis spp. plants during the early stages of dehydration. A) Photosynthetic rate; B) Stomatal conductance; C)
Transpiration rate; D) Leaf temperature; E) Leaf vapor pressure deficit; and F) Internal CO, concentration of A. duranensis and A. stenosperma
plants subjected to dehydration. Data represent averages calculated over the early stages (0, 25 and 50 min) of the drought imposition and standard
error. Statistically significant differences (n = 3, Student’s t-test, p<0.05) are indicated by asterisk.

https://doi.org/10.1371/journal.pone.0198191.9001

identification of 21,125 and 21,502 gene models (Table 1; S3 and S4 Tables), from the 36,734
predicted protein-coding genes previously delineated for A. duranensis [15].

In silico analysis of differential gene expression, using only FDR< 0.05 as parameter, 1,257
genes could be assigned as significantly expressed between the two A. duranensis libraries
(AdSTR and AdCTR; Table 1). A similar number (1,725) of significantly expressed genes was
also identified between the two A. stenosperma libraries (AsSTR and AsCTR; Table 1). When
the fold change parameter (log,FC > 2 or < -2) was applied to select among them the Differ-
entially Expressed Genes (DEGs), a total of 1,235 DEGs was assigned to A. duranensis and 799
to A. stenosperma (Table 1; S5 and S6 Tables). In A. duranensis (Fig 2A; S5 Table), the great
majority of DEGs (1,205; 97.6%) were present in both STR and CTR libraries, with 676 upre-
gulated and 529 downregulated in response to dehydration, whereas only 21 (1.7%) were
exclusive to the STR library and nine (0.7%) to the CTR library. Likewise, A. stenosperma STR
and CTR libraries shared a total of 766 DEGs, with the majority (640) being positively regu-
lated, while 25 DEGs were exclusive to the STR library and eight to the CTR library (Fig 2B; S6
Table).

Comparing the overall responses to dehydration of the two species, a total of 1,602 DEGs
were identified in at least one of the species (Fig 2C; S7 Table), with 432 being commonly regu-
lated in both A. duranensis and A. stenosperma during the dehydration treatment. The major-
ity of common DEGs were induced (369) whilst fewer were repressed (62). Only one DEG,
coding for a putative SENESCENCE-ASSOCIATED PROTEIN (SAP; S1 Table). displayed
contrasting regulation between the species (induced in A. duranensis and repressed in A. ste-
nosperma). Regarding the exclusive DEGs, A. duranensis showed a higher number (803;
50.1%) than A. stenosperma (367; 22.9%) (Fig 2C; S7 Table). The number of upregulated A.
duranensis-specific DEGs (327) is lower than those downregulated (476) whereas the number
of upregulated A. stenosperma-specific (296) DEGs clearly exceeded that of those downregu-
lated (71; Fig 2C; S7 Table). These results suggested that most of the genes responsive to the
dehydration treatment were species-specific and that the drought responsiveness in the

Table 1. Summary of sequencing data. Illumina HiSeq2000 sequencing data of Arachis spp. transcriptome and mapping of reads to the reference A. duranensis genome.

Libraries AdCTR AdSTR AsCTR AsSTR
Yield (Mb) 1,817 1,691 2,444 2,518
%PF* 97.10 96.90 97.61 96.79
Total number of reads 9,085,802 8,453,190 12,219,081 12,587,737
> Q30(%)® 96.08 95.97 94.87 94.88
Mapping in the reference A. duranensis A. stenosperma

Total number of mapped gene models 21,125 21,502

Significantly expressed genes® 1,257 1,725

Differentially expressed genes (DEGs)? 1,235 799

* PF stands for “passed filter” i.e. clusters that fulfill the default Illumina quality criteria.
® A Q score of 30 (Q30) means that there is a 1 in 1,000 chance that base call is wrong.
°FDR< 0.05

4 FDR< 0.05 and Log2FC (> 2 or < -2).

https://doi.org/10.1371/journal.pone.0198191.t001
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Fig 2. Expression patterns of Arachis spp. transcripts in response to dehydration. Venn diagrams showing the number of common and
exclusive Differentially Expressed Genes (DEGs) in STR and CTR libraries of A. duranensis (A); A. stenosperma (B); and in both species
(C). STR indicates the library from stressed (T25 to T150) samples and CTR the library from control (T0) samples. Red arrows indicate
DEGs significantly upregulated during dehydration and green the downregulated DEGs. Volcano plots showing the comparison of gene
expression profiles between STR and CTR samples in A. duranensis (D) and A. stenosperma (E), with each gene represented by one dot
(DEGs in red and not significant in black).

https://doi.org/10.1371/journal.pone.0198191.9002
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tolerant Arachis genotypes was associated with the modulation of two-times more specific
transcripts when compared to the contrasting sensitive genotype.

Gene expression profiles in silico represented by volcano plots (Fig 2D and 2E) support the
idea that the accessions of the two Arachis species had a different pattern of expression under
dehydration stress. Despite the similar number (1,257 genes for A. duranensis and 1,725 for A.
stenosperma; Table 1) of significantly expressed genes (FDR< 0.05), after application of the
fold change parameter (Log,FC > 2 or < -2), it drastically decreased to half for A. stenosperma
(799 genes) whereas it was almost the same for A. duranensis (1,235 genes; Table 1; Fig 2D and
2E). Besides to have 1.5-times as many DEGs, the overall expression magnitude of genes in
response to dehydration is greater in the tolerant genotype than in the sensitive, in particular
for downregulated genes.

The chromosomal distribution analysis of the 1,602 DEGs identified in at least one of the
species revealed an uneven distribution across all ten chromosomes in the diploid A. duranen-
sis reference A-genome (Fig 3). Chromosome A03 comprised the largest number of DEGs
(13.5%) whilst chromosome A02 had the lowest (6.9%). In accordance with previous studies
[15,23], DEGs, as putative protein-coding genes, were more frequent in the distal regions of all
A. duranensis chromosomes, with the gene-rich, abnormally small, chromosome A08 showing
the highest density (Fig 3).

Functional analysis

Functional comparison of DEGs. A comparative analysis of the Arachis duranensis tran-
scripts with their orthologs from three other legumes species (Arachis ipaénsis, Glycine max,
and Phaseolus vulgaris) was conducted in order to identify common Ortholog Groups (OGs).
A.ipaénsis and A. duranensis are closely related wild species and the most probable ancestors
of the cultivated peanut [10], whilst G. max and P. vulgaris are major tropical grain legumes
which, as is the case for peanut, are produced in drought-prone areas [9]. A. stenosperma was
not included in this OGs analysis since the complete sequence of its genome is not yet avail-
able. A total of 17,610 OGs were identified in one or more legume species in which a large core
set of proteins, consisting of 10,395 OGs (59%), were common to all four species (Fig 4). Addi-
tionally, 3,908 OGs were unique to Arachis, whereas only 2,062 OGs were exclusive to the
non-Arachis species. A high number of OGs were specific to one single species, with G. max
showing more exclusive OGs (814) followed by A. ipaénsis (696), A. duranensis (558), and P.
vulgaris (164). The 1,602 DEGs identified in the present study as dehydration-responsive in A.
duranensis and A. stenosperma (Fig 2C) were distributed within these defined clusters of
legume OGs (Fig 4). In accordance with the OGs distribution, a large number of DEGs were
shared among all the four species (1,444), corresponding to 90% of the DEGs, which was, sur-
prisingly, higher than the number of DEGs common to A. duranensis and A. stenosperma (432;
Fig 2C). Approximately 4% of the DEGs (58) were shared between the Arachis species whereas
a similar number (54) were unique to A. duranensis. Consistent with the divergence of Arachis
from the Phaseoloids sub-clade within the legume family [10], the two wild Arachis species
showed a similar number of OGs and DEGs in common with G. max (287 and 17, respec-
tively) and with P. vulgaris (341 and 22, respectively).

Functional annotation of DEGs. To assess the enriched Gene Ontology (GO) categories
in the biological networks involved in the response to dehydration of both Arachis species, GO
analysis was performed using the previously identified 1,602 DEGs. Although the comparison
between A. duranensis and A. stenosperma showed similarities in the most abundant functional
categories, important differences among the less frequent categories were found, giving
insights into how each species responds specifically towards dehydration (Fig 5). Regarding
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Fig 3. Circos plot detailing chromosome distribution of DEGs. Distribution of the 1,602 DEGs in the ten chromosomes of A. duranensis (A01 to A10). The outer lines
represent exclusive A. duranensis (red) and A. stenosperma (blue) and common (green) DEGs. The inner dots represent the distribution of Log2FC values for each up-
and downregulated DEG in A. duranensis (red) and A. stenosperma (blue), with the line indicating Log2FC = 0.

https://doi.org/10.1371/journal.pone.0198191.9g003

» «

cellular location, GO categories such as “membrane”, “extracellular region”, and “cell wall”
showed similar levels of abundance between the two species, whereas the transcripts of the tol-
erant species were specific in the “cytosol” and “membrane part” categories and those from the
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A. ipaénsis G. max

A.duranensis

P.vulgaris

164

Fig 4. Clusters of Ortholog Groups (OGs) from four legume species. Venn diagram indicating the number of Ortholog Groups (OGs) among Arachis duranensis;
Arachis ipaénsis; Glycine max; and Phaseolus vulgaris. The number of DEGs in the different groups is in parentheses.

https:/doi.org/10.1371/journal.pone.0198191.9g004

sensitive species were specific in the “cell cortex” and “plant-type vacuole”. In the molecu-
lar function, both species had most of their transcripts similarly distributed in the “iron,
heme- and tetrapyrrole binding”, and “catalytic and oxidoreductase activities” categories.
Species-specific categories included “transporter, polysaccharide binding, kinase and ino-
sitol activities” for A. duranensis and “terpene, dioxygenase, lipase, transcription factor and
lyase activities” for A. stenosperma. In the biological process, the majority of the transcripts
were categorized under “oxidation reduction process” and some in the “proline catabolic
process” both important processes in plant responses towards dehydration and drought
stresses. A specific detail of the biological process categories comparison was that A. dura-
nensis had exclusive transcripts in the “response to abiotic stimulus” category, whereas A.
stenosperma had specific transcripts in the “responses to oxidative stress” category.
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Fig 5. Gene ontology enrichment of A. dur sand A. sperma DEGs during dehydration.

https://doi.org/10.1371/journal.pone.0198191.9005

Functional analysis of Transcription Factor families. The temporal regulation of Tran-
scription Factor (TF) expression is a key process in the downstream signaling pathways that
initiate protective drought stress responses. Here, the analysis of A. duranensis and A. stenos-
perma transcriptome identified 142 DEGs as members of 26 TF families (S2 Fig). Of these, 66
TFs were assigned as exclusive to A. duranensis, and 26 to A. stenosperma and 50 shared
between the species. Genes belonging to the bHLH (BASIC/HELIX-LOOP-HELIX), MYB
(MYELOBLASTOSIS), WRKY (WRKY DOMAIN), ERF (ETHYLENE RESPONSIVE FAC-
TOR), and NAC (NAM, ATAF, and CUC) families represented the most abundant TFs that
exhibited modulations in transcript levels as part of the response to dehydration, regardless of
the Arachis species, as previously observed [19,22,41]. Regarding species-specific TF families,
seven were exclusive to A. duranensis: LBD (LOB DOMAIN), RAV (RELATED TO ABI3/
VP1), DBB (DOUBLE B-BOX), ARF (AUXIN RESPONSE FACTOR), SRS (SHI RELATED
SEQUENCE), SBP (SQUAMOSAL PROMOTER BINDING PROTEIN), and WOX (WUS
HOMEOBOX-CONTAINING). However, only two families were found exclusively in A. ste-
nosperma: ZF-HD (ZINC-FINGER HOMEODOMAIN) and NF-YA (NUCLEAR TRAN-
SCRIPTION FACTOR Y SUBUNIT ALPHA) (S2 Fig). These species-specific TF-coding genes
belong, in general, to novel and less-characterized classes of TFs, and some of them have been
described as important regulators in the environmental stimuli and hormone responses, such
as LBD, RAV, ARF, SRS, and NF-YA (http://planttfdb.cbi.pku.edu.cn/) [42,43].
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Biological pathways in response to dehydration

To better understand the pathways that may be involved in the differential dehydration
responsiveness of the tolerant and sensitive genotypes of Arachis species, all 1,235 and 799
DEGs (Table 1; S5 and S6 Tables) identified in A. duranensis and A. stenosperma, respectively,
were submitted to Mercator and MapMan analyses. The putative role of the products of those
transcripts that were significantly up- or downregulated in response to dehydration stress was
then visualized for both species (Fig 6). An overview of the general regulation patterns of
genes-coding for proteins revealed the major biochemical pathways involved in dehydration
responses in the tolerant and sensitive species, including hormone metabolism and signaling;
regulation of transcription; oxidative stress protection; and metabolism of carbohydrates and
amino acids.

In the drought perception response (Fig 6A), the tolerant genotype of A. duranensis showed
a higher number and more negatively regulated genes coding for receptor kinases than the
sensitive genotype of A. stenosperma. The three signaling pathways activated upon drought
perception and mediated by receptor kinases [5,6] are represented in the hormones box (Fig
6A). The responses of the jasmonic acid (JA) and ABA pathways appeared similar in the two
species, both in terms of quantity of transcripts and expression pattern. The ET pathway, how-
ever, showed a different response, where A. duranensis had more negatively regulated repre-
sentatives than A. stenosperma. Following the signaling cascade, the overall pattern of genes
coding for TFs in response to dehydration was similar in the two species, with A. duranensis
exhibiting again more downregulated transcripts. The same was observed for the proteins
involved in redox regulation where the drought-tolerant genotype of A. duranensis also pre-
sented more genes with a negative modulation than the drought-sensitive genotype of A.
stenosperma.

In the cellular metabolism categories that were analyzed (Fig 6B), the magnitude of gene
expression was generally smaller than those in the stress perception categories (Fig 6A). In car-
bohydrate and amino acids metabolism, overall expression behavior was similar in the two
species with A. duranensis showing a higher number of regulated transcripts. In particular, in
the cell wall category more than twice as many transcripts were regulated by dehydration in A.
duranensis than in A. stenosperma, being the majority negatively modulated. The exception
was in the minor carbohydrate category where the sensitive genotype showed more transcripts
regulated than the tolerant.

An overview of the general response to “stress categories” (S3 Fig) showed that most of the
DEGs were assigned to signaling, protein degradation, and secondary metabolism, whereas
only three categories were exclusive to A. duranensis (hormone metabolism/salicylic acid,
stress biotic receptors, and kinases) and no category was exclusive to A. stenosperma. Likewise,
for metabolism (S4 Fig), 47% were assigned as exclusive to A. duranensis with none exclusive
to A. stenosperma.

Based on the expression profiling revealed by Mapman analysis (Fig 6) and their functional
GO categories, 20 candidate genes exhibiting differential expression behavior between A. dura-
nensis and A. stenosperma in response to dehydration were selected for further expression analy-
sis by QRT-PCR. These candidate genes are representative of the main pathways previously
identified as being involved in drought and dehydration responses in plants, including genes act-
ing as regulators and effectors (Fig 6). Regulator-coding candidates include: genes involved in the
metabolism and signaling of the hormones ABA [9-CIS-EPOXYCAROTENOID DIOXYGENASE
(NCED) and ABSCISIC ACID 8-HYDROXYLASE (ABA HYDROXYLASE)]; ethylene [1-AMINO-
CYCLOPROPANE-1-CARBOXYLATE SYNTHASE (ACC SYNTHASE)]; and cytokinins [ISO-
PENTENYLTRANSFERASE (IPT)] or involved in signaling and transcriptional regulation as
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Fig 6. Overview of DEGs expression patterns. MapMan analysis showing molecular functional categories of DEGs expression patterns
in roots of dehydration-stressed plants of A. duranensis (DD) and A. stenosperma (SD) relative to control. Squares show the different
genes encoding proteins related to drought perception and oxidative responses (A) and carbohydrate and amino acid metabolism steps
(B). Upregulated genes are indicated by red squares and downregulated by blue squares.

https://doi.org/10.1371/journal.pone.0198191.9006

transcription factors [DEHYDRATION-RESPONSIVE ELEMENT BINDING PROTEIN (DREB),
WRKY, and SCARECROW), ion transporter [PLASMA MEMBRANE CALCIUM ATPASE
(PMCA)], and protein kinases (KINASE and MITOGEN). Effector-coding candidates include:
genes associated with osmoregulation processes as sugar starvation [ASPARAGINE SYNTHE-
TASE (ASN SYNTHETASE) and FATTY ACID DESATURASE (FAD)]; carbohydrate metabolism
[GALACTINOL SYNTHASE (GOLS) and PLASMA MEMBRANE MANNITOL TRANSPORTER
(MAT)], and cell wall biosynthesis and growth [EXPANSIN A (EXPA) and AQUAPORIN). In
addition, other effector genes are involved in general abiotic stress responses, such as macromo-
lecular protection [DEHYDRIN (DHN)] and senescence [CYSTEINE PROTEASE (CYS PROTE-
ASE), SAP, and F-BOX/KELCH-REPEAT PROTEIN (F-BOX) were also analyzed.

Validation of expression profile by qRT-PCR

In order to validate the RNA-Seq data, qRT-PCR analysis was carried out with the 20 selected
candidate genes. All genes showed specificity of transcript amplification with high amplifica-
tion efficiencies (S1 Table). Although all the primers were designed based on the sequence of
A. duranensis gene-models, the majority also efficiently amplified A. stenosperma samples and
produced single-peaked melting curves. The exceptions were for five genes (ACC SYNTHASE;
DREB; SCARECROW; MAT; and AQUAPORIN) which appeared to be species-specific (Fig 7).
In the case of the SCARECROW and MAT genes, they did not show significant FDR (< 0.05)
when comparing the stressed to the control samples. Overall the high levels of similarity
between A. duranensis and A. stenosperma orthologs emphasize the close association between
AA genomes of Arachis [10,25]. The in vitro expression patterns of the 20 candidate genes esti-
mated by qRT-PCR was consistent with those predicted by in silico analysis for both species
using pooled CTR and STR samples (Fig 7), except for the NCED and DREB genes. Also, in
accordance with the in silico analysis, SAP was the only gene which showed a different expres-
sion profile between the two species in qRT-PCR analysis, being upregulated in A. duranensis
and downregulated in A. stenosperma (Fig 7). In addition to their almost identical expression
behaviors, most genes presented very similar in vitro and in silico fold change magnitudes.
This indicates that both in vitro and in silico analyses resulted in comparable expression pro-
files in wild Arachis and reinforced the validity of estimating gene abundance using RNA-Seq
data with posterior validation using more thorough spatial and temporal qRT-PCR analysis
[19,21]. Accordingly, based on the A. hypogaea expression atlas [44], weak or no basal expres-
sion of the 20 A. duranensis candidate genes homologs could be observed in non-stressed pea-
nut roots (S8 Table). Considering that cultivated peanut (A. hypogaea) and wild A.
stenosperma are more sensitive to drought than A. duranensis [24], and that the 20 selected
genes showed a contrasting expression behavior between the two wild genotypes, it could be
suggested that these candidates contribute, to different extents, to the tolerance of A. duranen-
sis to dehydration stress.

In order to track changes in expression of the candidate genes throughout the development
of the dehydration stress, QRT-PCR was carried out in the tolerant A. duranensis genotype, for
all time points following the beginning of the treatment, i.e., T25, T50, T75, T100, T125, and
T150. In this point-by-point analysis, the expression of the majority of candidate genes in
response to the dehydration was in accordance with the previous in silico and in vitro
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Fig 7. Heatmap of the relative expression of the 20 candidate genes in Arachis duranensis and A. stenosperma after in silico (RNA-Seq
data) and in vitro (QRT-PCR) analyses. Normalized log2FC values are shown in a red-blue scale, with darker red the most upregulated
and the darker blue the most downregulated DEGs.

https://doi.org/10.1371/journal.pone.0198191.g007

expression analyses conducted with pooled samples (Figs 7 and 8). Five candidates (IPT,
SCARECROW, FAD, MAT, and F-BOX), for which the general expression profile did not agree
with the previous results, were not considered for further analysis. The expression profiles of
the three candidate genes involved in hormone metabolism and signaling (NCED; ABA
HYDROXYLASE and ACC SYNTHASE) were quite similar, showing a gradual increase in tran-
script levels through the 150 min of the dehydration (Fig 8A-8C). In particular, the ABA
HYDROXYLASE gene (Fig 8B), involved in ABA catabolism, was remarkably responsive to
water deficit in A. duranensis roots, with an upregulation above 72-fold at the end of the treat-
ment (125 and 150 min). As expected for transcriptional regulons, the two TF-coding genes
were highly induced in response to the imposed dehydration stress. The DREB gene showed a
strong upregulation of 178-fold immediately upon stress perception (25 min) followed by a
rapid decline in its expression (Fig 8D), whereas the WRKY gene reached the peak of its
expression (15-fold) at 75 min and maintained this level until the end of the treatment (Fig
8E). Similarly, other candidate genes involved in signal transduction also displayed an increase
in their expression in response to dehydration, reaching the highest expression at the end
(PMCA; Fig 8F) or the beginning (KINASE and MITOGEN; Fig 8G and 8H, respectively) of
the treatment. The opposite profile, consisting of the repression of gene expression as a conse-
quence of water withdrawal, was observed for only two genes (ASN SYNTHETASE and AQUA-
PORIN; Fig 81 and 8], respectively). The remaining candidate genes, involved in general cell
protection and adaptive mechanisms of drought response (GOLS, DHN, EXPA, CYS PROTE-
ASE, and SAP) showed a similar overall profile, with a gradual induction as the dehydration
progressed with a peak at the middle of the treatment followed by a decrease in their expres-
sion at the end (Fig 8K-80).

Discussion

Cultivated peanut (A. hypogaea), an allotetraploid AABB-genome, typically exhibits greater
drought sensitivity than its wild diploid AA-genome relatives, possibly due to differences in
morphological and physiological features relevant to drought adaptation [24]. Due to their var-
ied levels of drought tolerance, wild relatives may offer novel genes and alleles that can be of
use in the improvement of the drought tolerance of cultivated peanut [10-12,45,46]. In order
to understand the multiplicity of transcriptional modulation in response to drought, two wild
diploid species, A. duranensis and A stenosperma, were selected. These genotypes of the two
species exhibit contrasting transpirational behavior, with A. duranensis showing a conservative
transpiration strategy to cope with the water-limited conditions (considered tolerant) whereas
A. stenosperma exhibits a less conservative transpiration behavior (considered sensitive), very
close to that of the drought-sensitive peanut [24]. Changes in Arachis ploidy alter plant archi-
tecture, leaf morphology, and cell size, among other traits, and since these features are all
involved in plant responses to drought imposition [24,47], here comparisons were made
between species of the same ploidy.

In the present study, the removal of nutrient solution was used as an alternative model to
simulate drought perception in Arachis and to facilitate rapid, uniform and easy root sampling,
as previously validated in a number of different species [27,48-50]. The physiological analyses
conducted at the early stages of the dehydration treatment indicated differences in leaf gas
exchange between the two species, with A. stenosperma exhibiting a lower stomatal
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Fig 8. Expression of DEGs as determined by qRT-PCR. Relative quantification of mRNA levels of 15 candidate genes
in A. duranensis roots during the dehydration treatment and collected after 25 (T25); 50 (T50); 75 (T75); 100 (T100);
125 (T125) and 150 (T150) min, relative to control (T0). Bars represent the standard deviation of three biological
replicates. Significantly (P < 0.05) up- or downregulated genes are indicated by asterisks.

https://doi.org/10.1371/journal.pone.0198191.g008

conductance than A. duranensis that is normally associated with a lower net photosynthetic
rate and transpiration. This lower rate of transpiration is likely to be responsible for the slightly
greater leaf temperature of A. stenosperma. A previous study reported the opposite trend for
the same species [51], though it is worth noting that in that study the differences in gas
exchange parameters between two A. duranensis accessions were greater than those between
A. duranensis and A. stenosperma. Moreover, whilst one of the A. duranensis accessions
(K7988) in that study was the same as that used here, the A. stenosperma accessions were differ-
ent (accessions SV2411 and V10309), possibly also contributing to the difference in gas
exchange parameters between the two studies.

The similarity between A. duranensis and A. stenosperma genomes allowed the use of the A.
duranensis genome [15] as a reference to the mapping of the raw reads of A. stenosperma tran-
scriptome data. The low difference of percentage of reads mapping between the species con-
firmed that they are very close in terms of genome sequence and that it is possible to use A.
duranensis as a reference genome to A. stenosperma. Twenty candidate genes identified in the
transcriptome of A. duranensis and A. stenosperma as differentially expressed (DEGs) in
response to the dehydration treatment were selected based on both the in silico analyses and
their putative biological function. The expression profiles of these candidates obtained by
qRT-PCR corroborated in silico analysis. Additionally, the comparative expression analyses
between the drought-tolerant genotype of A. duranensis and the sensitive genotype of A. ste-
nosperma showed that, in general, dehydration responsiveness, including the DEGs expression
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magnitude, was greater in the tolerant genotype. In accordance with the physiological data,
molecular evidence also indicated differences between the two species. A. duranensis exhibited, in
general, a better adaptive response to water deficit at the molecular level than A. stenosperma in
terms of activation of osmosensing cascades; control of hormone and osmolyte content; and pro-
tection of macromolecules. Since each candidate gene codes proteins that regulate distinct steps
of biochemical pathways, putative roles in the mechanisms of receptor and effector responses
and adaptation to dehydration stress in wild Arachis are discussed in more detail below.

Regulator responses upon water deficit perception

Upon the perception of water deficit by plant cells, specific receptors trigger immediate molec-
ular responses, in a process known as osmosensing. Activation of “osmosensor receptors”
leads to the regulation (initiation or suppression) of a cascade of responses through signal-
transducing pathways that in turn modulate the expression of genes involved in drought
responses [7]. The signal sent by the osmosensor receptors is received by protein kinases (e.g.,
calcium-dependent kinases, CDPK, and mitogen activated kinases, MAPK) that catalyze pro-
tein phosphorylation and dephosphorylation [52]. In the present study, many receptor kinases
were activated by the dehydration treatment, with differential modulation between A. dura-
nensis and A. stenosperma (Fig 6A). Of these, two representatives of kinase-coding genes
(MITOGEN and KINASE) were upregulated at all time points of the dehydration experiment.
Indeed, several receptor kinases have been identified in plants subjected to water stress and
shown to be involved in osmosensing process upon drought perception for the transduction of
dehydration signals [7].

Besides kinases, the activation of “osmosensor receptors” upon water-deficit perception
also modulates intracellular levels of calcium which in turn acts as a second messenger in a net-
work of signalling events involved in the induction of stress responses [52]. The PMCA gene,
coding for a calcium-ATPase present in the plasma membrane, is responsible for the active
efflux of calcium from the cytosol in order to restore its low intracellular levels after the signal-
ling events and maintain ionic homeostasis [53]. Since increases in cytosolic calcium are detri-
mental to plants, PMCA plays crucial regulatory roles in tolerating drought stress by activating
the ABA-signalling pathway. Accordingly, we observed an induction of the PMCA gene under
dehydration stress indicating the role of this calcium pump in the modulation of stress signal-
ling and ionic homeostasis in Arachis.

Following the osmosensing process, several genes involved in ABA-dependent signaling
responded to dehydration stress in this study (Fig 6), and two of the genes in this pathway
were selected for point-by-point QRT-PCR analysis: NCED and ABA HYDROXYLASE. NCED
catalyzes a main regulatory step in ABA synthesis by converting the epoxycarotenoid precur-
sor to xanthoxin in the plastids that is in turn converted to ABA [54,55]. Once synthesized
under water deficit conditions, ABA activates a number of ABRE-containing effector genes.
Amongst several drought-related effects, ABA increases the hydraulic conductivity in root
cells, directs the investment of photoassimilates towards root growth and induces stomatal clo-
sure [56]. Moreover, the overexpression of heterologous NCED genes in transgenic plants
[56,57] demonstrated that drought tolerance could be improved through the modulation of
ABA levels by this key regulatory gene. In accordance with its role in drought tolerance, in our
study NCED gene expression levels in the tolerant genotype of A. duranensis were twice those
in the sensitive genotype of A. stenosperma in response to dehydration, with a gradual increase
in expression detected as the stress progressed.

The balance between biosynthesis, catabolism, conjugation and transport determines ABA
content in plant organs rapidly decrease when the plants are recovering from abiotic stresses
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[5] and this hormone is inactivated either by conjugation or oxidation, the latter of which is
catalyzed by ABA 8-HYDROLASE. Here, the A. duranensis ABA HYDROLASE gene was
immediately upregulated following the beginning of the dehydration treatment and showed
the highest change in expression (>72-fold) of all of the candidate genes at the end of the treat-
ment. Previous studies in citrus plants also indicated induction of this gene under drought and
combined high temperature and drought treatments and, as we also observed in Arachis, this
induction occurred simultaneously with the induction of NCED [58]. As a result of the need
for a balance between ABA synthesis and catabolism, if the expression of NCED is higher in
the tolerant A. duranensis higher expression of ABA HYDROLASE might also be anticipated,
as was previously observed in sheepgrass [55].

Members of many transcription factor (TF) families, including MYC, MYB, bZIP, NAC,
WRKY, and DREB, are regulatory proteins involved in signal transduction and regulation of
gene expression in response to different abiotic stresses in both ABA-dependent and ABA-
independent cascades, that are linked by crosstalk signaling pathways [5,52,59]. The genes
belonging to the DREB (Dehydration-Responsive Element Binding) TF family play an impor-
tant role in the ABA-independent abiotic stress-tolerance pathways that involve the regulation
of genes possessing a conserved DRE or CRT motif in their promoters [52,60]. Here, a DREB-
coding gene displayed the strongest upregulation (178-fold) among candidates in A. duranen-
sis roots at early stages of dehydration (T25), as would be expected for a TF involved in the
induction of drought-tolerance responses. Additionally, heterologous overexpression of DREB
genes from diverse origins in transgenic plants is often described as conferring increased toler-
ance to drought, salt, freezing, and other abiotic stresses [60].

The hormone ethylene also plays a role in modulating plant responses to abiotic stresses
and acts together with ABA-signaling cascades to determine how plant organs respond to
drought [6]. Recent studies indicated that ethylene signaling might be implicated in both sto-
matal opening and closure under stress conditions [61], The upregulation of the gene coding
for ACC SYNTHASE, a key step in the production of ethylene, was observed in tolerant A.
duranensis plants at all time points along the dehydration treatment. Interestingly, Arabidopsis
and rice mutants containing elevated ethylene levels showed increased tolerance to drought
during the formation of panicles [61,62]. Together, these results suggested that ethylene pro-
duction mediated by ACC SYNTHASE may be important in the determination of A. duranen-
sis drought tolerance.

As in the case of ACC SYNTHASE, the activity of TFs belonging to the WRKY family is
also modulated by both ABA- and ethylene-signaling pathways, being part of the crosstalk
between these two hormones in the complex multicomponent networks of drought responses
[5,63]. The WRKY-coding genes are also involved in the downstream transcriptional regula-
tion of ABA-responsive element binding factors (ABFs/AREBs) through W-box sequences
present in the promoters of the bZIP-type ABFs/AREBs TF family [63]. Here, in silico and in
vitro expression analyses indicated that a WRKY gene was induced upon dehydration percep-
tion in both Arachis species, as would be expected for a regulator responsible for the induction
of drought-responsive genes [5,63]. However, as for the other candidates involved in hormone
signaling responses, NCED, ABA HYDROXYLASE, PMCA, DREB and ACC SYNTHASE, the
genes in the tolerant A. duranensis had a higher magnitude of expression than their orthologs
in the sensitive A. stenosperma.

Effector responses to dehydration stress

The signaling events described above that occur upon the initial perception of water scarcity
and activation of regulators ultimately lead to the expression of effector genes in Arachis
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including those associated with osmoregulation processes, macromolecular protection, and
senescence (Fig 6). Under water deficit conditions, the interaction of cationic and anionic
amphiphilic substances with membranes results in changes in their physical state or in the pro-
tein-lipid interactions that relay osmosensing by cells [7]. Significantly, changes in the physical
state of membranes may also regulate the activity of major proteins involved in the plasticity
and osmotic balance of the plasma membrane-cell wall system. Among them, Expansins and
Aquaporins play essential roles in the control of cell volume and turgor homeostasis under
drought stress [23,64]. In the present study, many genes coding for cell wall modifying pro-
teins were activated in response to dehydration and an EXPANSIN A (EXPA) was amongst the
most highly upregulated of the genes analyzed by qRT-PCR (Fig 8). These results support our
previous hypothesis that wild Arachis Expansins are common and crucial players in responses
to multiple and simultaneous stresses, including drought, ultraviolet light exposure, and nema-
tode infection [19,21,23,65]. In contrast, AQUAPORIN transcripts were downregulated in all
expression analyses conducted on both species. Repression of AQUAPORIN expression in A.
duranensis after drought perception, concomitant with the induction of key enzymes in hor-
mone biosynthesis, as observed here for NCED, ABA HYDROXYLASE and ACC
SYNTHASE, agreed with previous studies showing that the inhibition of AQUAPORIN activ-
ity is highly correlated with ethylene and ABA accumulation when roots are directly exposed
to water stress [64,66]. In accordance, heterologous overexpression of certain AQUAPORINS
in different transgenic plants led to an enhanced ability to withstand water stress conditions
[67].

In addition to the control of turgor pressure via alterations to the membrane-cell wall sys-
tem under dehydration conditions, plants will also accumulate sugars and other osmolytes in
order to adjust their osmotic potential. This adjustment is accompanied by the influx of water
into cells, or at least reduced efflux, resulting in maintenance of the turgor necessary for cell
integrity and survival [6,7,55]. In the present study, expression of many genes involved in
sugar metabolism was activated during the 150 min of dehydration stress in both Arachis spe-
cies. GOLS was selected as a candidate gene representative of the carbohydrate metabolism cat-
egory, and, and although positively regulated in both species, showed a higher magnitude in
the tolerant A. duranensis. GOLS catalyzes the formation of galactinol from UDP-galactose
and myo-inositol and has been extensively studied as part of plant adaptive responses to handle
dehydration stress. Once synthesized, galactinol is in turn used as a galactosyl donor to form
the raffinose series of oligosaccharides (raffinose, stachyose, and verbascose), which may act as
osmoprotectants during drought stress, but also to protect cellular membranes during seed
desiccation. Indeed, there are encouraging examples of drought tolerance improvements in
transgenic plants overexpressing GOLS [68,69].

As part of the overall macromolecular protection mechanisms of plants to avoid water loss
during drought stress, a gene coding for an SK2-type of DHN was also selected as a candidate.
DHNs have multiple protective roles in plants subject to abiotic stress, acting as chaperones,
antifreeze proteins, cryoprotectants, free radical-scavengers, and ion-binding proteins in order
to retain water, maintain cell turgor, and ultimately function of cellular components [70,71].
Accordingly, DHNs accumulate under various abiotic stresses that cause cell dehydration,
including drought and desiccation, in processes controlled by the ABA-dependent signaling
pathway. Here, a SK2-type DHN was upregulated in all analyses and both species, but again
with a higher magnitude in the tolerant A. duranensis genotype. This induction was main-
tained during the whole dehydration experiment and could indicate that DHNSs have a differ-
ent role in drought adaptation in these contrasting species, as previously suggested for
sheepgrass [55]. Numerous reports reveal that the overexpression of DHN-coding genes might
increase plant tolerance to abiotic stresses, particularly drought, cold, and salinity,
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characterized by the reduction in the osmotic potential and lipid peroxidation, and accumula-
tion of proline, sugar and potassium ions [70,71].

In addition to reduced plant growth, water deficit often leads to stomatal closure that,
under severe stress conditions, may in turn lead to sugar starvation and senescence. ASPARA-
GINE (ASN) SYNTHETASE activity is dependent on the carbon/nitrogen status of the cell
and is differently affected by various environmental stresses that may affect the requirement of
asparagine for nitrogen mobilization and/or storage [72]. The regulation of plant ASN SYN-
THETASE-coding genes by diverse stresses suggests convergent signal perception and trans-
duction related to sugar-starvation conditions [73]. In our study, a decrease of ASN
SYNTHETASE transcripts was observed in A. duranensis roots in response to dehydration
stress. Since peanut is known to transport significant quantities of assimilated nitrogen in the
form of asparagine [74], the decrease in ASN SYNTHETASE transcript levels may, therefore,
reflect a prioritization under water-limited conditions of other physiological processes in wild
Arachis, apart from nitrogen metabolism.

From the various senescence-related genes regulated during the 150 min of dehydration in
both wild Arachis species (Fig 7) two candidates were further analyzed: those coding for a
CYSTEINE (CYS) PROTEASE and a SENESCENCE-ASSOCIATED PROTEIN (SAP). CYS
PROTEASEs are among the best-characterized plant proteases and known to be strongly
expressed upon abiotic stress perception, being ultimately involved in programmed cell death
[75]. Being a functional senescence-associated gene, CYS PROTEASE activity is normally fur-
ther blocked by a protease inhibitor in drought-tolerant plants to prevent stress-related prema-
ture protein degradation. As expected, herein, a CYS PROTEASE gene was upregulated in both
analyses and in both Arachis species. Accumulation of CYS PROTEASE transcripts was also
observed in a drought-tolerant peanut cultivar under severe drought stress, whereas in the sen-
sitive cultivar, accumulation occurred under only moderate stress [76]. Likewise, the SAP gene
has a similar expression behavior, being induced in the drought-tolerant A. duranensis and
strongly repressed in the drought-sensitive species during the imposition of dehydration. The
majority of the characterized drought-induced SAP genes code for proteases, nucleases, and
other enzymes involving nutrient recycling and stress responsive regulators, that are regulated
via the ABA-dependent signaling pathway in association with other phytohormones [77].
However, most of the senescence studies refer to leaf senescence, and little is known about
changes in senescent roots from a molecular, cellular and physiological perspective. Further-
more, efficient remobilization of amino acids and nutrients and the control of hydrolytic pro-
cesses, by proteins such as ASN SYNTHETASE, CYS PROTEASE and SAP, could be crucial
for the plant survival and reduction in water loss at whole-plant level, under water-limited con-
ditions [6,75,77].

Conclusions

Drought stress is a complex issue that involves an intricate chain orchestrated by physiological
events affecting transcriptional and translational regulation. Different plant genotypes often
harbor distinct mechanisms of response and adaptation to drought, which may include the
expression of a particular set of genes that trigger changes in specific biochemical pathways.
Following stress signaling, the regulators will signal towards diverse downstream pathways,
which involve the action of effectors in osmoregulation, stress signaling, and macromolecule
protection. In this comparative transcriptome study, many regulators and effectors were iden-
tified as being differentially regulated in two contrasting genotypes of wild Arachis species dur-
ing dehydration. As these genes have different roles in the perception of water scarcity and
subsequent establishment of stress tolerance, they might play a role in the tolerant genotype of
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A. duranensis earlier and/or faster response to dehydration stress in comparison with the sensi-
tive genotype of A. stenosperma. In this manner we were able to explore the nature of drought
tolerance in wild species and discover potentially useful wild alleles related to adaptability to
adverse environments. The recent advances in our understanding of Arachis genome struc-
ture, together with functional genomic integrative approaches, has enabled new insights into
gene occurrence, evolution, function, and regulation, as well as their importance in the control
of desirable agronomical traits. The findings in this study will increase our understanding of
the transcriptional networks that control the responses to water deficit in wild Arachis and will
broaden the use of their extensive genetic diversity for the improvement of cultivated peanut,
and other legumes, by either introgression via interspecific hybridization or transgenic
approaches.
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