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Abstract

Background Tomato yellow leaf curl virus (TYLCV) is a major monopartite virus in the family Geminiviridae and has
caused severe yield losses in tomato and tobacco planting areas worldwide. Wall-associated kinases (WAKs) and WAK-
like kinases (WAKLs) are a subfamily of the receptor-like kinase family implicated in cell wall signaling and transmitting
extracellular signals to the cytoplasm, thereby regulating plant growth and development and resistance to abiotic
and biotic stresses. Recently, many studies on WAK/WAKL family genes have been performed in various plants under
different stresses; however, identification and functional survey of the WAK/WAKL gene family of Nicotiana bentha-
miana have not yet been performed, even though its genome has been sequenced for several years. Therefore, in
this study, we aimed to identify the WAK/WAKL gene family in N. benthamiana and explore their possible functions in
response to TYLCV infection.

Results Thirty-eight putative WAK/WAKL genes were identified and named according to their locations in N. bentha-
miana. Phylogenetic analysis showed that NOWAK/WAKLs are clustered into five groups. The protein motifs and gene
structure compositions of NOWAK/WAKLs appear to be highly conserved among the phylogenetic groups. Numerous
cis-acting elements involved in phytohormone and/or stress responses were detected in the promoter regions of
NbWAK/WAKLs. Moreover, gene expression analysis revealed that most of the NbWAK/WAKLs are expressed in at least
one of the examined tissues, suggesting their possible roles in regulating the growth and development of plants.
Virus-induced gene silencing and quantitative PCR analyses demonstrated that NoWAK/WAKLs are implicated in requ-
lating the response of N. benthamiana to TYLCV, ten of which were dramatically upregulated in locally or systemically
infected leaves of N. benthamiana following TYLCV infection.

Conclusions Our study lays an essential base for the further exploration of the potential functions of NOWAK/WAKLs
in plant growth and development and response to viral infections in N. benthamiana.
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Background

The Geminiviridae are a large family of plant viruses
with circular single-stranded DNA genomes that can
infect cash and food crops, resulting in substantial eco-
nomic losses worldwide [1, 2]. Geminiviruses are cur-
rently classified into 14 genera according to their host
range, transmission vector, and genome organization,
including Becurtovirus, Begomovirus, Capulavirus, Citlo-
davirus, Curtovirus, Eragrovirus, Grablovirus, Maldovi-
rus, Mastrevirus, Mulcrilevirus, Opunvirus, Topilevirus,
Topocuvirus, and Turncurtovirus [3]. Plants infected
with geminiviruses frequently exhibit various symptoms,
including leaf curl, chlorosis, shoot twisting, stunting,
fruit distortion, and plant death, ultimately leading to
huge yield losses [4, 5]. Over the past few decades, gemi-
niviruses have spread rapidly around the world due to the
high rates of replication, mutation, and recombination
in their genomes [6—8]. Every year, the economic losses
caused by emerging geminiviruses are estimated to be
several hundred million dollars, especially in Africa and
Asia [4, 9]. Therefore, geminiviruses have been recog-
nized as a serious threat to global agriculture and food
security.

Tomato yellow leaf curl virus (TYLCV), a monopar-
tite begomovirus in the family Geminiviridae, has
spread worldwide [10]. This virus is a major global
virus that causes a severe yellow leaf curl disease and
is responsible for significant yield losses in tomato and
tobacco planting areas [10, 11]. Recent studies showed
that the genome of TYLCV contains eight open read-
ing frames, namely, V1, V2, V3, C1, C2, C3, C4, and
C5 [12-14]. TYLCV V3 is an endoplasmic reticulum-
and Golgi-localized protein that suppresses host RNA
silencing and trafficking of virions between cells in host
plants [12, 13]. TYLCV ACS5 is a symptom determi-
nant and viral suppressor of RNA silencing, which can
inhibit transcriptional gene silencing (TGS) and post-
transcriptional gene silencing (PTGS) and increase the
pathogenicity of TYLCV to enhance the success of viral
infection [14]. TYLCV V2 is a multifunctional protein
that has been shown to interact with the host suppres-
sor of gene silencing 3 to inhibit the PTGS [15] and
with histone deacetylase 6 and argonaute 4 to inhibit
methylation-mediated TGS in plants [16, 17]. Recently,
TYLCV V2 was also reported to be involved in the
nuclear export of V1, which is critical for the viral
spread and systemic infection of TYLCV [18]. Finally,
TYLCV C4 is a double-localized protein that interacts

with a broad range of plant receptor-like kinases (RLKs)
to prevent the cell-to-cell spread of RNA silencing [19,
20]. Additionally, overexpression of TYLCV C4 in
Arabidopsis confers drought tolerance via an abscisic
acid (ABA)-independent mechanism [21], and trans-
genic expression of TYLCV C4 in tomatoes leads to
an alteration in the expression of plant developmental
genes responsible for leaf upward cupping phenotype
[22]. Therefore, it seems that each of the TYLCV-
encoded proteins plays a critical role in its pathogenic-
ity, and much research is still needed to understand the
pathogenic mechanism of TYLCV.

When plants face abiotic and biotic stress conditions,
they can sense and transmit external stimulus signals
intracellularly through a wide range of receptors and
produce various adaptive responses to environmen-
tal stimuli [23, 24]. RLKs are a large family that trans-
mits signals from the outside to the inside of the cell
via their intracellular kinase domains [25, 26]. Wall-
associated kinases (WAKs) are a subfamily of the RLK
family that contains a transmembrane proprotein, a
cytoplasmic serine/threonine kinase domain, and an
epidermal growth factor (EGF)-like structural domain
[26, 27]. Furthermore, WAK-like kinases (WAKLs) are
a type of RLKs with a structure similar to that of WAKs
in plants [28, 29]. WAKs and WAKLs (WAK/WAKLs)
form an essential class of RLKs implicated in cell wall
signal sensing and transmitting extracellular signals
to the cytoplasm, thereby regulating plant growth and
development and stress responses [30-32]. For exam-
ple, in Gossypium hirsutum, WAK/WAKL genes are
reported to be involved in cotton fiber growth by regu-
lating auxin and gibberellin levels [33]. In Arabidopsis,
AtWAKLI10 negatively regulates leaf senescence, and
overexpression of AtWAKL10 causes transcriptional
alterations of a specific set of genes involved in cell
extension and cell wall modification [34]. Furthermore,
in Arabidopsis and rice beans, WAKIs are implicated
in response to aluminum toxicity, and overexpression
of AtWAK1 can enhance plant tolerance to aluminum
stress [35, 36]. In rice, OsWAKI1 is characterized
to detoxify excessive copper, and the knockdown of
OsWAK11 results in hypersensitivity to copper toxicity
[37].

In addition to the involvement in plant growth and
development and responses to abiotic stresses, WAK/
WAKL genes also play critical roles in plant responses
to pathogen attacks [38, 39]. Recently, WAK/WAKL
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genes have been identified to prevent fungal and bacte-
rial diseases in several crop species. For example, Xa4
encodes a WAK XA4 in rice and confers durable resist-
ance to Xanthomonas oryzae by strengthening the cell
wall [40]. In wheat, Sth6 encodes a conserved WAKL
protein that manages gene-for-gene resistance against
Zymoseptoria tritici in a hypersensitive response-
independent manner [41]. Furthermore, Ta WAK2 has
been reported to prevent penetration and spread of
Fusarium graminearum by suppressing the expression
of pectin methyl esterase 1 to produce a more rigid cell
wall [42]. In maize, it has also been shown that gHSRI
and Htnl, which encode two WAK/WAKL proteins,
are implicated in plant resistance against fungal path-
ogens Sporisorium reilianum and Exserohilum tur-
cicum, respectively [43, 44]. Additionally, it has been
demonstrated that SIWAK]1 interacts with Fls2/Fls3 to
include the deposition of callose in tomatoes and mini-
mizes the pathogen infection with Pseudomonas syrin-
gae [45]. More recently, a specific set of GEWAKLs has
been reported to be induced by Verticillium dahliae
infection, and the knockdown of GEWAKL expression
suppresses jasmonic acid (JA)- and salicylic acid (SA)-
mediated defense responses, impairing the resistance
of cotton to Verticillium dahliae [46, 47]. These pleio-
tropic effects on pathogen infections frequently pro-
vide additional economic and agronomic benefits for
crops that possess these WAK/WAKL genes. However,
whether WAK/WAKLs are implicated in plant defense
against viral infections remains unclear.

In this study, the WAK/WAKL gene family in Nico-
tiana benthamiana was identified at a genome-wide
level using the bioinformatics method, and their
potential roles in response to TYLCV infection were
investigated using a virus-induced gene silencing
(VIGS) approach. We identified 38 WAK/WAKL fam-
ily members in the N. benthamiana genome and found
that 15 WAK/WAKLs are differentially expressed
following TYLCV infection. Further VIGS analy-
sis showed that disrupting the expression of WAK/
WAKLs in N. benthamiana increases host susceptibil-
ity to TYLCV. Our results provide new evidence that
N. benthamiana WAK/WAKLs (NbWAK/WAKLs) con-
tribute to plant resistance to TYLCV infection. The
study lays an essential base for further research on the
potential functions of NbWAK/WAKLs in plant growth
and development and response to viral infections in N.
benthamiana. In the present study, we aimed to pro-
vide a comprehensive view of the NbWAK/WAKL gene
family in N. benthamiana and to identify members
involved in response to TYLCV infection.
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Results

Identification of the WAK/WAKL gene family in N.
benthamiana

In this study, a hidden Markov model (HMM) was con-
structed using WAK/WAKL protein sequences from
Arabidopsis and tomato (Additional file 1) to identify the
WAK/WAKL gene family N. benthamiana. As a result,
15 putative NbWAK genes and 23 putative NbWAKL
genes were identified in N. benthamiana and designated
as NbWAKI-NbWAK15 and NbWAKLI-NbWAKL23,
respectively, according to their locations in the genome
(Table 1). The genomic DNA of the identified NbWAK/
WAKLs ranged from 1305 to 13,178 bp. The amino acid
residue numbers of the putative NbWAK and NbWAKL
proteins varied from 202 to 1159, and their isoelectric
point (pI) and molecular weight (MW) ranged from 4.9—
9.4 and 22.3-128.2kDa, respectively (Table 1).

Phylogenetic analysis of NbWAK/WAKL proteins

To determine the evolutionary relationships between the
members in the NbWAK/WAKL gene family and fur-
ther infer their putative functions based on homologous
genes in other plants, we constructed a phylogenetic tree
using 38 NbWAK/WAKLs together with 26 AtWAK/
WAKLs [28] and 29 SIWAK/WAKLSs [48]. As shown in
Fig. 1, these 93 WAK/WAKL proteins were divided into
five clusters (Groups I-V), and Group II was further
classified into three subgroups (Groups Ila, IIb, and Ilc).
Group [ consisted of 23 AtWAK/WAKL members, 12
NbWAK/WAKL members, and 11 SIWAK/WAKL mem-
bers. Group II, the largest subgroup, comprised eight
NbWAK/WAKL members, five SIWAK/WAKL members,
and three AtWAK/WAKL members. Group III contained
only seven members, NbWAK3 and NbWAKLs 2, 3, 6, 7,
10, and 19, and so was the smallest subgroup. Group IV
possessed 13 NbWAK/WAKL and three SIWAK/WAKL
members. Like Group III, Group V included eight mem-
bers of NbWAK/WAKLs. Notably, Groups III and V were
subgroups specific to N. benthamiana (Fig. 1). These
results indicate that N. benthamiana has evolved many
WAK/WAKLSs during long-term acclimation.

Conserved motif analysis of NoWAK/WAKL Proteins

To fully understand the diverse functions of these
NbWAK/WAKL proteins, their conserved motifs were
analyzed using the Multiple Em for Motif Elicitation
(MEME) suite (http://meme-suite.org/tools/meme/)
[49]. As shown in Fig. 2, a total of 15 conserved motifs
(Motifs 1-15) were detected in the protein sequences of
NbWAK/WAKLs. MEME analysis and the phylogenetic
tree indicated that motif structures of NbWAK/WAKLSs
varied considerably between members of different
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Fig. 1 Phylogenetic analysis of wall-associated kinase (WAK) and WAK:-like (WAKL) proteins from Nicotiana benthamiana, Arabidopsis, and tomato. A
phylogenetic tree was constructed using the maximum-likelihood (ML) method with 1000 bootstrap replicates for each branch through MEGA 11.0.
WAKs and WAKLs from different plant species are labeled with different colors. Purple, red, turquoise, green-brown, blue, pink, and green clusters

represent Groups |, Ila, Ilb, lic, Ill, IV, and V, respectively

phylogenetic groups, but they were similar between
members of the same group (Fig. 2). Furthermore, some
motifs were unique to certain phylogenetic groups. For
example, Motifs 9 and 10 were present only in Group I,
and Motifs 12 and 13 were mainly detected in Group V
(Fig. 2), suggesting that these specific motifs might con-
tribute to the functional divergence of NbWAK/WAKLSs
in different groups. In addition, most of the structur-
ally similar NbWAK/WAKLs were found to possess the
common motifs (Fig. 2), indicating similar functions and

functional divergence of these family members over their
evolutionary courses.

Gene structure analysis of NbWAK/WAKL genes

To obtain more information about the structural diver-
sity of NbWAK/WAKL genes, we constructed a maxi-
mum-likelihood (ML) phylogenetic tree and analyzed
the exon—intron organization of NbWAK/WAKL genes
using the Gene Structure Display Server 2.0 (GSDS 2.0)
(http://gsds.gao-lab.org/) web portal [50]. As shown in
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Fig. 2 Schematic representation of molecular phylogenetic relationships and conserved motifs of WAK/WAKL proteins in Nicotiana benthamiana.
The phylogenetic tree was constructed using the maximum-likelihood (ML) method with 1000 bootstrap replicates for each branch through MEGA
11.0. Conserved motifs were identified using the Multiple Em for Motif Elicitation (MEME) suite with the complete protein sequences of NoWAK/
WAKLs and visualized using TBtools (v.1.098661). Different colored boxes indicate different motifs. Locations of different motifs are proportional to
their sequence lengths

Fig. 3, NboWAK/WAKLs had 2-8 exons, with the most ~NbWAKL22. Interestingly, most NbWAK/WAKLs in the
exons (eight exons) found in NbWAKI4, NbWAKL16, same phylogenetic group had the same number of exons,
and NbWAKLI19 and the least (two exons) in NbWAKLS5, such as NbWAKI, NbWAK2, NbWAK4, NbWAKIO,
NbWAKL6, NbWAKLI11, NbWAKL17, NbWAKL20, and NbWAK11, and NbWAKLS in Group I and NbWAKLS,
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NbWAKLI11, NbWAKLI17, NbWAKL20, and NbWAKL22
in Group V (Fig. 3). These results suggest a similar diver-
sity of expansion and evolution among members of the
same phylogenetic group of NbWAK/WAKLs in N.
benthamiana.

Promoter analysis of NbWAK/WAKL genes

To explore the potential function and regulatory model
of these NbWAK/WAKL genes, the cis-acting elements in
the 2000 bp promoter sequences of Nb WAK/WAKLs were
analyzed using the PlantCARE database [51]. As a result,
several phytohormone and/or stress response-related
cis-acting elements were identified: MeJA-responsive
element (MeJARE), anaerobic response element (ARE),
ABA-responsive element (ABRE), drought-responsive
element (DRE), low-temperature-responsive element
(LTRE), gibberellin-responsive element (GARE), defense-
and stress-responsive element (DSRE), SA-responsive
element (SARE), auxin-responsive element (AuxRE),
and elicitor-responsive element (EIRE) (Fig. 4 and Addi-
tional file 2). Out of the 38 NbWAK/WAKLs, 36 had the
ARE element, 25 possessed the DRE element, 24 con-
tained the ABRE element, 23 harbored the MeJARE and
GARE elements, 20 contained the LTRE element, 15
possessed the SARE and AuxRE elements, 13 had the
DSRE element, and 6 harbored the EIRE element (Fig. 4
and Additional file 2). These results indicate a possible
involvement of these genes in various phytohormone
and/or stress responses.

Tissue-specific expression patterns of NbWAK/WAKL genes
To further investigate the expression patterns of
NbWAK/WAKLs in N. benthamiana, we analyzed their
expression profiles in different tissues (roots, stems,
leaves, flowers, capsules, apices, calli, and seedlings)
using the public RNA-sequencing data [52]. Expression
analysis indicated that 29 of the 38 NbWAK/WAKLs
were expressed in at least one tissue (Fig. 5 and Addi-
tional file 3). Seven genes (NbWAK5-7, NbWAKI0, and
NbWAKI12-14) were detected in all examined tissues
with fragments per kilobase of transcript per million
mapped reads (FPKM) values >1.0 (Fig. 5 and Additional
file 3). There were 11 genes (NbWAK3, NbWAKS5-7,
NbWAKI12-14, NbWAKL2, NbWAKL3, NbWAKLS6,
and NbWAKLI1I) and 7 genes (NbWAK6, NbWAK10,
NbWAKI11, NbWAKI3, NbWAKL11, NbWAKI4, and
NbWAKL22) that were highly expressed in the roots
and stems of N. benthamiana, respectively (FPKM
>3.0) (Fig. 5 and Additional file 3). In addition, 12
genes (NDWAK6, NbWAK7, NbWAK10-13, NbWAKL2,
NbWAKL3, NbWAKL6, NbWAKL10, NbWAKL19, and
NbWAKL2I) were highly expressed in the leaves of
N. benthamiana (FPKM >3.0), with the two highest
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expression levels noted for NbWAKI3 (FPKM >52.0)
and NbWAKL6 (FPKM >42.0) (Fig. 5 and Additional
file 3). In the flower tissue of N. benthamiana, seven
genes (NbWAK6, NbWAK7, NbWAKIO, NbWAKI3,
NbWAKI14, NbWAKL6, and NbWAKL23) showed high
expression levels (FPKM >3.0), with the two highest
expression levels noted for NbWAKI4 (FPKM >10.0)
and NbWAK?7 (FPKM >7.0) (Fig. 5 and Additional file 3).
These data suggest that each NbWAK/WAKL gene has a
tissue-specific expression pattern, and such expression
patterns may be related to their functions in regulating
plant growth and development and stress responses.

Expression profiles of NbWAK/WAKL genes following TYLCV
infection

To test whether NbWAK/WAKLs are involved in
response to TYLCV infection, we examined the gene
expression profiles of NbWAK/WAKLs in the leaves of N.
benthamiana following TYLCV infection using expres-
sion data obtained from a previous study [53]. The results
revealed that the expression of NbWAKI1, NbWAKS,
NbWAK12, NbWAKI14, NbWAKLS, and NbWAKL19 was
upregulated significantly in the locally infected leaves of
N. benthamiana following TYLCV infection (Fig. 6a—f).
Furthermore, the expression of NbWAKI10, NbWAK11,
NbWAKL11, NbWAKL14, and NbWAKLI15 was down-
regulated dramatically in the locally infected leaves of
N. benthamiana upon TYLCV infection (Fig. 6g—k).
In contrast, the expression of NbWAKL6, NbWAKLI2,
NbWAKLIS8, and NbWAKL20 was upregulated consid-
erably in systemically infected leaves of N. benthamiana
following TYLCV infection (Fig. 61-0), and none of the
NbWAK/WAKLs showed decreased expression levels
in the systemic leaves of N. benthamiana in response to
TYLCV. Interestingly, each of the upregulated NbWAK/
WAKLs was increased more than two-fold in both the
locally and systemically infected leaves of N. benthami-
ana following TYLCV infection (Fig. 6), indicating a
critical role for these NbWAK/WAKLs in the response to
TYLCYV infection.

Disruption of the expression of NbWAK/WAKL genes
increases host susceptibility to TYLCV

To further investigate the potential function of N6 WAK/
WAKLs in response to TYLCV infection, we examined
their precise role in responding to TYLCV during viral
infection using the VIGS technology [54]. Based on the
tissue-specific expression patterns and gene expres-
sion profiles of NbWAK/NbWAKLs following TYLCV
infection (Figs. 5 and 6), four genes, which included two
NbWAK genes (NbWAKI12 and NbWAKI4) and two
NbWAKL genes (NbWAKL6 and NbWAKLI2), were
selected and silenced individually or in combination with
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each other by TRV-based VIGS system. Compared with NbWAKI4, NbWAKL6, and NbWAKLI12 in seedlings

the vector control (N. benthamiana seedlings agroinfil-
trated with TRV:GFP), the mRNA levels of NbWAK12,

agroinfiltrated with the silencing vectors were decreased
by approximately 40-80% at ten days post-infiltration
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(dpi) (Fig. 7a), suggesting that VIGS successfully silenced
the target genes. Subsequently, the control and silenced
seedlings were agroinfiltrated with the infectious clone of
TYLCV and monitored for symptom development over
time. At 21 dpi, compared with the vector control, severe
leaf curling and crinkling symptoms caused by TYLCV
were observed in systemic leaves of seedlings in which
NbWAK/NbWAKLs were silenced by VIGS, especially
in seedlings in which the two components of NbWAK/
WAKLs were silenced (Fig. 7b). These results indicated
that N. benthamiana seedlings were more susceptible

to TYLCV when the NbWAK/WAKL genes were sup-
pressed. For further confirmation, we determined the
TYLCV genomic DNA accumulation by calculating the
expression levels of TYLCV CP and ACI using quantita-
tive PCR (qPCR), as established previously [55, 56]. Nota-
bly, N. benthamiana seedlings with individual or double
silencing of NbWAK/NbWAKLs accumulated more viral
genomic DNA than the control plants (Fig. 7c). Alto-
gether, these results suggest that silencing of the com-
ponents of NbWAK/WAKLs impairs the resistance of N.
benthamiana to TYLCV and increases the accumulation
of TYLCV genomic DNA in the host plants.


https://www.ncbi.nlm.nih.gov/sra/

Zhong et al. BMC Plant Biology =~ (2023) 23:146

[V)
o

4.0 1 NbWAK1 3.0 7 NbWAK6

wok

3.0
2.0 A

20

Relative mRNA level
5
Relative mRNA level
>

0.0 0.0

Mock TYLCV Mock TYLCV

(]
-

4.0 1 NbWAKL5 5.0 7 NbWAKL19

30 J 4.0 A *x

3.0
2.0 A
2.0

Relative mRNA level
5
Relative mRNA level
5

0.0 0.0
Mock TYLCV Mock TYLCV
i J
15 7 NbWAKL11 15 7 NbWAKL14
< 1.0 A < 1.0 4
P4 P4
x " 4
€ €
(] [} *
2 05 1 2 05 -
& kS
& &
0.0 - 0.0 A
Mock TYLCV Mock TYLCV
| m
4.0 7 NbWAKL6 8.0 7 NbWAKL12
_ . — 70 -
[} [} *k
3 30 4 o 60
s S 50 4
£ 20 | % 40 |
e 2 a0 |
§ 1.0 A 2 20 |
© 10
00 A 0.0 -

Mock TYLCV Mock TYLCV

Page 12 0of 18

c d
6.0 1 NbWAK12 50 1 NbWAK14
T 50 1 “ S 40 - "
] K]
40 4
s é 3.0 1
T 30 | t
2 20 A .g 20 1
g 7 ©
g 10 { g 10 1
0.0 4 0.0 4
Mock TYLCV Mock TYLCV
g 15 1 NbWAK10 15 1 NbWAKT1
T T
> >
2 2
< 1.0 A < 1.0 4
Z z
4 ['4
[S €
[ o
2 05 - 2 05 A o
) * kS
[ [0
4 4
0.0 - 0.0 4
Mock TYLCV Mock TYLCV
k
15 7 NbWAKL15
T
>
K]
< 1.0 A
p4
4
€
o *k
2 05 -
&
Q
14
0.0 -
Mock TYLCV
n (o}
40 7 NbWAKL18 4.0 7 NbWAKL20
E T .
© 3.0 1 @ 30 A
< <
e e
€ 20 A € 20 4
[ [
2 2
S 10 A 2 1.0 1
[v4 ['4
0.0 + 0.0 +
Mock TYLCV Mock TYLCV

Fig. 6 Expression levels of NbOWAKWAKLs in leaves of Nicotiana benthamiana following tomato yellow leaf curl virus (TYLCV) infection. a—k Relative
expression of NbWAK1, NoOWAK6E, NoOWAK12, NoOWAK14, NbWAKL5, NOWAKL19, NbWAKT0, NoWAK11, NOWAKLT1, NOWAKL14, and NOWAKL15 in the
locally infected leaves of N. benthamiana upon TYLCV infection. I-o Relative expression of NoWAKL6, NbWAKL12, NoWAKL18, and NbWAKL20 in

the systemically infected leaves of N. benthamiana upon TYLCV infection. Data represent relative mRNA levels against the leaves infected with
Agrobacterium tumefaciens containing an empty vector (Mock), values of which are set to 1.0 units. The data are given as means =+ standard
deviation of three biological replicates. Statistically significant differences are marked with asterisks: * P < 0.05 or ** P < 0.01; Student’s t-test

Discussion

The WAK/WAKL gene family is a subset of RLKs that
has critical roles in plant growth and development and
resistance to abiotic and biotic stresses [30, 38, 39].
Here, we identified and characterized the WAK/WAKL
gene family in N. benthamiana. This WAK/WAKL gene
family consists of 38 NbWAK/WAKL members, which
is more than that observed in tomato [48], Arabidop-
sis [28], cotton [33], potato [57], and common walnut

[58] and less than that found in rice [59], Populus [60],
apple [61], Chinese cabbage [62], barley [63], and rose
[64]. Based on the amino acid sequences and phyloge-
netic relationships with the WAK/WAKL proteins in
Arabidopsis and tomato, the 38 NbWAK/WAKLs were
divided into five groups (Fig. 1). This result is consistent
with the findings of previous studies on WAK/WAKLs
from other plant species [31, 58, 63, 64]. Interestingly,
Groups I and II were composed of WAK/WAKL genes
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from different plant species, including N. benthamiana,
Arabidopsis, and tomato, whereas Groups III, IV, and V
consisted of WAK/WAKL genes from N. benthamiana
and tomato, suggesting that these WAK/WAKL genes

of N. benthamiana and tomato may have evolved inde-
pendently after the formation of the WAK/WAKL genes
of Arabidopsis. This finding corroborates previous stud-
ies in which a specific set of WAK/WAKL genes in cotton
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had evolved independently [31, 65]. In addition, this clas-
sification of NbWAK/WAKLs was also supported by the
conserved motif and gene structure analyses, showing
that each phylogenetic group shares similar motifs and
exon—intron structures (Figs. 2 and 3).

Previous studies have demonstrated that exon—intron
structures frequently affect the evolution of a gene family
[31, 66, 67]. In this study, gene structure analysis showed
that different exon—intron structure patterns exist in
different phylogenetic groups of NbWAK/WAKLs. The
average number of exons of NbWAK/WAKLs was five in
Group [, four in Groups II and IV, three in Group III, and
two in Group V, respectively (Fig. 3). This finding aligns
with the exon-intron structure of WAK/WAKL genes
from Populus [60], tomato [48], and cotton [33], which
is the result of the continuous evolution of the WAK/
WAKL gene family. Furthermore, to obtain additional
information about the regulation of NbWAK/WAKLs,
we explored the cis-acting elements in their 2000bp pro-
moter sequences. Ten types of phytohormone and/or
stress response-related cis-acting elements were identi-
fied, namely, MeJARE, ARE, ABRE, DRE, LTRE, GARE,
DSRE, SARE, AuxRE, and EIRE (Fig. 4). This wide range
of cis-acting elements is in line with the observations in
previous studies on the phytohormone- and/or stress-
responsive functions of WAK/WAKL genes in plants [33,
47, 48]. MeJARE, ABRE, GARE, SARE, and AuxRE were
identified to involve in plant responses to MeJA, ABA,
GA, SA, and auxin, respectively. This result suggests
that NbWAK/WAKLs can be regulated by multiple plant
hormones and thereby play a regulatory role in stress
responses [33, 58]. Moreover, we also identified some
cis-acting elements associated with stress responses in
the promoter regions of NbWAK/WAKLs, such as ARE,
DRE, LTRE, DSRE, and EIRE, suggesting that NbWAK/
WAKLs may play a critical role in plant responses to dif-
ferent stresses [48, 68].

In addition, gene expression patterns frequently pro-
vide crucial information regarding gene functions [69].
Therefore, expression levels of NbWAK/WAKLs in the
roots, stems, leaves, flowers, capsules, apices, calli,
and seedlings were determined using public RNA-
sequencing data [52]. The results indicated that most of
the NbWAK/WAKLs were expressed in at least one tis-
sue (Fig. 5), suggesting they may have essential roles in
plant growth and development in N. benthamiana. These
results corroborate the findings of previous studies in
which WAK/WAKLs were found to have housekeep-
ing functions in plant growth and development [32, 33,
48, 58]. In addition, relatively high expression levels of
some genes were detected in the specific tissues, such as
NbWAKI12, NbWAK13, NbWAK14, and NbWAKLEG in the
roots, NbWAK13 in the stems, NbWAKI1, NbWAKI3,
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NbWAKL2, NbWAKL3, and NbWAKLE in the leaves, and
NbWAKI4 in flowers (Fig. 5 and Additional file 3), sug-
gesting their potential functional implications in these
tissues.

TYLCV is an important virus that can cause a severe
yellow leaf curl disease in tomatoes and tobacco world-
wide [10, 11]. To investigate whether NbWAK/WAKLs
are involved in the response of N. benthamiana to
TYLCV, we analyzed the expression profiles of Nb WAK/
WAKLs in locally and systemically infected leaves of N.
benthamiana following TYLCV infection. Here, there
were six and four NbWAK/WAKLs in the locally and
systemically infected leaves of N. benthamiana, respec-
tively, which were upregulated upon TYLCV infection
(Fig. 6). These genes were unevenly distributed across
each phylogenetic group, in which eight NbWAK/
WAKLs (NbWAKI12, NboWAKI14, NbWAKLS, NbWAKLS,
NbWAKL12, and NbWAKLI8-20) belonged to the
Groups III, IV, and V (Fig. 1) that have evolved indepen-
dently during long-term evolution. We speculated that
these independently evolved NbWAKLs play a crucial
role in defending against viral infections. Consequently,
four genes, including two NbWAK genes (NbWAKI12 and
NbWAKI14) and two NbWAKL genes (NbWAKL6 and
NbWAKL12), were silenced and then functionally deter-
mined through their response to TYLCV infection. Fur-
thermore, the VIGS and qPCR results revealed that the
accumulation of TYLCV genomic DNA was significantly
increased when NbWAKI12, NbWAKI14, NbWAKL6, and
NbWAKLI2 were silenced (Fig. 7), suggesting that these
NbWAK/WAKLs play a critical role in the response to
TYLCV infection. This result corroborates the results
from previous studies in which a specific set of WAK/
WAKL genes was shown to be strongly induced by path-
ogens in rice [40], cotton [46], and rose [64]. Although
the precise functions of NbWAK/WAKLs in response to
TYLCV infection are yet to be elucidated, our findings
may help to clarify the expansion of the NbWAK/WAKL
gene family and to characterize their function in resist-
ance against TYLCV.

Conclusions

Here, we described the first integrated investigation of
the WAK/WAKL gene family in N. benthamiana through
gene identification and the analysis of conserved motifs,
gene structures, promoters, and tissue and TYLCV
response expression profiles. A total of 38 NbWAK/
WAKLs were identified on a genome-wide scale, which
can provide essential information to functionally char-
acterize the WAK/WAKL gene family in N. benthami-
ana. In addition, our VIGS and qPCR data demonstrated
that TYLCV genomic DNA accumulation significantly
increased when the four NbWAK/WAKLs (NbWAKI2,
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NbWAKI14, NbWAKL6, and NbWAKLI12) were silenced
in N. benthamiana. These findings are helpful to explore
further the WAK/WAKL gene-mediated molecular pro-
cesses implicated in response to TYLCV infection and to
provide a basis for systematically investigating the func-
tional mechanisms of the WAK/WAKL gene family in N.
benthamiana.

Methods

Identification of WAK/WAKL genes in N. benthamiana
Genome sequences of N. benthamiana were obtained
from the Sol Genomics Network (https://solgenomics.
net/organism/Nicotiana_benthamiana/genome/) [70].
Protein sequences of WAK and WAKL proteins in Arabi-
dopsis and tomato were downloaded from the Arabi-
dopsis Information Resource version 11 (Araportll)
(https://www.arabidopsis.org/) and International Tomato
Genome Sequencing Consortium version 4.0 (ITAG 4.0)
(https://solgenomics.net/organism/Solanum_lycopersic
um/genome/), respectively [28, 48]. The known WAK and
WAKL protein sequences (Additional file 1) were utilized
to construct the HMM profile that was used to query the
N. benthamiana protein dataset using HMMER software
(v.3.2.1) [71]. The identified WAK and WAKL proteins
from N. benthamiana were further confirmed by the
presence of GUB_WAK_bind (PF13947), EGF (PF00008),
and Pkinase (PF00069) domains using the Pfam database
(http://pfam.xfam.org/) [72]. Candidate proteins that
contained intact GUB_WAK bind, EGF, and Pkinase
domains were identified as NbWAKs; those that included
two of these three domains were identified as NbWAKLs;
those that had only one of these three domains were
removed. The candidates, NbWAK/WAKL genes, iden-
tified from N. benthamiana, were named according to
their corresponding physical map locations. The pI and
MW of NbWAK/WAKL proteins were analyzed using the
Compute pI/Mw tool (https://web.expasy.org/compute_
pi/).

Phylogenetic tree construction and protein motif analysis

The 38 NbWAK/WAKL protein sequences were used
to establish evolutionary relationships with the known
WAK/WAKL proteins from Arabidopsis and tomato
(Additional file 1). Sequence alignment of these WAK/
WAKL protein sequences was carried out using the
MUSCLE program in MEGA 11.0 [73], and the phylo-
genetic tree was built with a ML method [74] based on
the alignment through MEGA 11.0. Conserved motifs
in NbWAK/WAKL protein sequences were analyzed
using the MEME program (http://meme-suite.org/
tools/meme/) [49] with the following parameters: the
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maximum motif number was set to 15, and the optimal
motif width was set between 6 and 60.

Gene structure and promoter analyses

Gene structure and promoter data for NbWAK/WAKLs
were obtained from the Sol Genomics Network (https://
solgenomics.net/organism/Nicotiana_benthamiana/
genome/) [70]. Gene structure analysis was performed
using the GSDS 2.0 (http://gsds.gao-lab.org/) [50]. Pro-
moter analysis was performed by searching 2000bp
sequences upstream from the start codon of NbWAK/
WAKLs against the PlantCARE database (http://bioin
formatics.psb.ugent.be/webtools /plantcare/html/) [51]
to identify putative cis-elements as described by Zhao
et al. [75]. The MeJARE, ARE, ABRE, DRE, LTRE, GARE,
DSRE, SARE, AuxRE, and EIRE related to phytohor-
mone and/or stress responses were further analyzed. The
results of the promoter analysis were visualized using
TBtools (v.1.098661) [76].

Tissue-specific and differential expression analyses

To determine the expression profiles of NbWAK/WAKLs
in different tissues of N. benthamiana, a comparative
analysis of published RNA-sequencing data, SRR696961,
SRR696992, SRR696940, SRR696938, SRR696884,
SRR685298, SRR697013, and SRR696988 [52], was car-
ried out. Sequence assembly was conducted using the
HISAT?2 (v.2.1.0) [77], and the FPKM values were calcu-
lated using the StringTie2 (v.2.1.5) [78]. Different tissues
in N. benthamiana, including the root, stem, leaf, flower,
capsule, apex, calli, and seedling, were selected [52]. The
results of the expression levels of NbWAK/WAKLs were
visualized using TBtools (v.1.098661) [76]. For differen-
tial expression analysis of NbWAK/WAKLs in response
to TYLCV, the gene expression data were obtained from
a previous study [53] and re-analyzed using Microsoft
Excel (v.2019, Microsoft Corp., USA), as described previ-
ously [69].

Plant materials and growth conditions

Wild-type N. benthamiana plants were utilized in this
study, and they were grown in a greenhouse belonging to
Dr. Zhanqi Wang (Huzhou University) at 254 1°C with a
16h/8h (light/dark) photoperiod as described by Zhong
et al. [1]. N. benthamiana seedlings at the 4- to 6-leaf
stage were used for the experiments.

VIGS and silencing efficiency assay

To silence the expression of NbWAKI2, NbWAKI4,
NbWAKLI12, and NbWAKL6 genes in N. benthamiana, a
tobacco rattle virus (TRV)-based VIGS system [54] was
used. Approximately 300bp fragments of WAK/WAKL
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genes were cloned individually into the KpnI-BamHI
sites of the pTRV2 vector to generate VIGS constructs
as described previously [6, 79]. The resulting VIGS plas-
mids were transformed into Agrobacterium tumefaciens
strain EHA105 by electroporation, and Agrobacterium-
mediated infiltration of N. benthamiana was carried out
as described previously [6]. N. benthamiana seedlings
agroinfiltrated with pTRV2:GFP and pTRV1 were used
as the control. At ten dpi, the silencing efficiency of the
VIGS was evaluated by qPCR analysis as described previ-
ously [1, 80]. The primers used for the VIGS constructs
and qPCR are listed in Additional file 4.

TYLCV inoculation and viral DNA accumulation

The infectious clone of TYLCV was gifted by Prof. Yan
Xie (Zhejiang University, China). Viral inoculation with
TYLCV on N. benthamiana was performed as described
previously [53]. At 21 dpi, the inoculated N. bentha-
miana seedlings were photographed, and the systemi-
cally infected leaves were sampled. The accumulation of
TYLCV CP and ACI was measured using the qPCR, and
the N. benthamiana 25S nuclear rRNA gene (Nb25Sr-
RNA) was used as endogenous control [1, 80]. The rela-
tive viral DNA accumulation levels were determined
using a comparative threshold cycle (C;) method, and the
data were from three independent biological replicates.
The primers used for qPCR are listed in Additional file 4.

Statistical analysis

All experiments were performed in three independent
replicates, and the data were given as means =+ standard
deviation (SD). The statistical significance of differences
was calculated using Student’s ¢-test, and a P value <0.05
was considered statistically significant.

Abbreviations

ABA Abscisic acid

ABRE ABA-responsive element

ARE Anaerobic response element

AuxRE Auxin-responsive element

dpi Days post-infiltration

DRE Drought-responsive element

DSRE Defense- and stress-responsive element

EGF Epidermal growth factor

EIRE Elicitor-responsive element

FPKM Fragments per kilobase of transcript per million mapped reads

GARE Gibberellin-responsive element
GSDS Gene Structure Display Server
HMM Hidden Markov model

JA Jasmonic acid

LTRE Low-temperature-responsive element
MeJARE  MeJA-responsive element

MEME Multiple Em for Motif Elicitation
ML Maximum-likelihood method

MW Molecular weight

pl Isoelectric point

PTGS Post-transcriptional gene silencing

gPCR Quantitative PCR
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RLK Receptor-like kinase

SA Salicylic acid

SARE SA-responsive element

TGS Transcriptional gene silencing
TYLCV Tomato yellow leaf curl virus

WAK Wall-associated Kinase
WAKL WAK-like Kinase
WAK/WAKL WAK and WAKL
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