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Abstract

Background: The Catharanthus roseus RLK1-like kinase (CrRLK1L) is a subfamily of the RLK gene family, and
members are sensors of cell wall integrity and regulators of cell polarity growth. Recent studies have also shown
that members of this subfamily are involved in plant immunity. Nicotiana benthamiana is a model plant widely
used in the study of plant-pathogen interactions. However, the members of the NbCrRLK1L subfamily and their
response to pathogens have not been reported.

Results: In this study, a total of 31 CrRLK1L members were identified in the N. benthamiana genome, and these
can be divided into 6 phylogenetic groups (I-VI). The members in each group have similar exon-intron structures
and conserved motifs. NoCrRLK1Ls were predicted to be regulated by cis-acting elements such as STRE, TCA, ABRE,
etc, and to be the target of transcription factors such as Dof and MYB. The expression profiles of the 16 selected
NbCrRLKTLs were determined by quantitative PCR. Most NbCrRLK1Ls were highly expressed in leaves but there were
different and diverse expression patterns in other tissues. Inoculation with the bacterium Pseudomonas syringae or
with Turnip mosaic virus significantly altered the transcript levels of the tested genes, suggesting that NbCrRLK1Ls
may be involved in the response to pathogens.

Conclusions: This study systematically identified the CrRLK1L members in N. benthamiana, and analyzed their
tissue-specific expression and gene expression profiles in response to different pathogens and two pathogens
associated molecular patterns (PAMPs). This research lays the foundation for exploring the function of NbCrRLK1Ls
in plant-microbe interactions.
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Background

Receptor-like kinases belong to the RLK/Pelle gene fam-
ily, which contains more than 600 members in the Ara-
bidopsis genome and can be divided into 46 subfamilies.
It plays an important role in plant growth, development
and defense responses [1, 2]. RLKs are composed of an
extracellular domain (ECD), a transmembrane domain
and an intracellular kinase domain [3]. The ECDs of
plant RLKs are very diverse, and may include extensin-
like domains, lectin-like domains, epidermal growth
factor-like domains, lysine motifs, and leucine-rich
repeat (LRR) domains [4]. RLK ECDs can undergo hom-
ologous or heterologous oligomerization to sense en-
dogenous or exogenous ligands, including peptides,
steroids, oligosaccharides, polysaccharides, and lipopoly-
saccharides, and transduce these signals to the inside of
cells [3, 5, 6].

Among the different clade members of plant RLKs, the
Catharanthus roseus receptor-like kinase 1-like proteins
(CrRLK1Ls) have received extensive attention in the past
two decades because they regulate cell wall integrity [7].
Members of this subfamily are very conserved among all
plants currently analyzed, including mosses and liver-
worts, indicating that the subfamily has an ancient origin
[8]. CrRLK1L contains a carbohydrate binding domain
(called malectin-like domain because it is similar to the
malectin protein in animals), a transmembrane helix,
and a C-terminal intracellular serine threonine kinase
domain. The Arabidopsis genome contains 17 members,
most of which have been functionally identified [7, 9].
The widely studied member of CrRLKIL is the ubiqui-
tously expressed FERONIA (FER). FER is necessary to
recognize the pollen tube in female gametes. In syner-
gids, FER is located at the filiform apparatus and is re-
quired to maintain the communication between the
synergids and the pollen tube [10]. In addition, FER has
growth-related functions in different types of cells in
plants. For example, FER can regulate the apical growth
of cells, including trichomes and root hairs [11]. FER
also regulates the morphology of leaf epidermal cells by
affecting the formation of lobes [12]. ANXUR1 (ANX1)
and ANXUR2 (ANX2), which are pollen-specific and
functionally redundant, are located on the plasma mem-
brane at the tips of the pollen tube. Although they have
the highest homology with FER, their function and tissue
specificity are completely different [13, 14]. ANX1 and
ANX2 are necessary to maintain the integrity of the
pollen tube during the apical polar growth process. The
pollen tubes of an anx! anx2 double mutant ruptured
prematurely, leading to male sterility [13, 14]. A recent
study showed that the other two redundant members of
the CrRLK1L subfamily expressed in pollen, BUDDHA’S
PAPER SEAL1 (BUPS1) and BUPS2, are also necessary
for the integrity of the pollen tube. BUPS1 and BUPS2
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form complexes with ANX1 and ANX2, and both of
them can bind to RALF4 and RALF19 expressed by
pollen [15]. THESEUS1 (THE1) is reported to monitor
the cell wall status. In the damaged cell wall environ-
ment, plants activate a THE1-dependent pathway to in-
hibit growth [16]. ERU is a positive regulator of cell
growth and is very important for cytoplasmic NH4" bal-
ance [17]. CURVY1 (CVY1), another CrRLKI1L, plays an
important role in the morphogenesis of trichome and
tapetal cells, the transition from trophic state to repro-
ductive state, and seed production [18]. CAP regulates
the growth of calcium-dependent pollen tubes and par-
ticipates in maintaining the composition of root hair cell
walls during root tip growth [16, 19]. The other four
CrRLK1Ls, MEDOS1—4 are related to growth regulation
in response to the presence of metal ions [20].

RAPID ALKALINIZATION FACTOR (RALF) pep-
tides are reported to be ligands for some members of
CrRLKI1L [21, 22]. These peptides are widely distributed
in terrestrial plants, and their activities are related to pH
modulation and the production of reactive oxygen spe-
cies (ROS) [22-24]. The RALF family has about 34
members in Arabidopsis, and they are differentially
expressed in different plant tissues [25]. RALF1 treat-
ment can inhibit the root and hypocotyl elongation of
Arabidopsis seedlings [26, 27]. Recent studies have
shown that RALF1 can directly bind to the extracellular
domain of FER and induce the phosphorylation of pro-
ton pump AHA?2, which is essential for the extracellular
alkalinization and cell growth regulation induced by
RALF1 [22]. RALF17, RALF23, RALF33, and RALF32
have also been shown to regulate FER. Similar to RALF1,
RALF23, RALF33, and RALF32 can induce FER-
dependent seedling growth inhibition, and both RALF23
and RALF33 negatively regulate plant immunity [21].
Interestingly, RALF23 can inhibit the formation of
FLAGELLIN-SENSING2 (FLS2)/ BRI1-ASSOCIATED
RECEPTOR KINASE1 (BAK1l) and ELONGATION
FACTOR TU RECEPTOR (EFR)/ BAK1 complexes in-
duced by pathogen-associated molecular patterns
(PAMPs) flg22 and elf18 respectively through FER [21].
Recent structural and biochemical data indicate that
LORELEI (LRE)-LIKE GLYCOSYLPHOSPHATIDYLI-
NOSITOL (GPI)-ANCHORED PROTEIN 1 (LLG1) or
LLG2 can directly bind to RALF23 to form a RALF23-
LLG1/2-FER heteropolymer complex, and other RALFs
sharing a conserved N-terminal region with RALF23
may be perceived in a similar manner [28]. Ge et al.
showed that RALF4 and RALF19 can bind to the extra-
cellular domain of ANX1, ANX2, BUPS1 and BUPS2
with high affinity, indicating that these peptides are li-
gands of the ANX1/2-BUPS1/2 receptor complex [15].

Recent studies have shown that members of the
CrRLKI1L subfamily also have some roles in plant
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immunity. fer-2 and fer-4 mutants are less sensitive to
ROS accumulation induced by efl18 and flg22, and are
more susceptible to Pseudomonas syringae pv. tomato
DC3000 (Pst DC3000 COR") infection. FER helps
ligand-induced immune receptor FLS2, EFR and their
co-receptor BAKI to form a complex to initiate immune
signals and positively regulate PAMP-trigered immunity
[21]. It has been reported that FER can also inhibit JA
and COR signals by phosphorylation and destabilization
of MYC2, the main regulator of JA signalling, and posi-
tively regulates plant immunity. RALF23 stabilizes
MYC2 and enhances JA signalling through FER to nega-
tively regulate immunity [29]. ANX1 and ANX2 in Ara-
bidopsis have been shown to negatively regulate the
immune response mediated by Pattern Recognition Re-
ceptor (PRR) and Nod-Like Receptor (NLR). ANX1
binds constitutively with the bacterial flagellin receptor
FLS2 and its co-receptor BAK1. After FLS2 senses flagel-
lin, it can promote the binding of ANX1 and BAK]I, so it
will interfere with the formation of the FLS2-BAK1 com-
plex to weaken the PRR signal [30]. In addition, ANX1
can form a complex with NLR protein RESISTANT TO
PSEUDOMONAS SYRINGAE2 (RPS2) and RESIST-
ANCE TO P. SYRINGAE PV MACULICOLA1 (RPM1),
and ANX1 can promote the degradation of RPS2 to re-
duce RPS2-mediated cell death [30]. Another CrRLK1L
member, LET1, was recently discovered to regulate the
autoimmune pathway of mekkI-mkk1/2-mpk4 by forming
a complex with the suppressor of mkkl mkk2 2 (SUMM?2)
and MAP kinase kinase kinase 2 (MEKK2). The complex
formed by MEKK2, LET1, and SUMM?2 can fight against
the ubiquitination and degradation of SUMM2 mediated
by the F-box protein CPR1, thereby regulating the accu-
mulation and activation of SUMM?2 [31].

At present, members of CrRLKIL in Arabidopsis,
Oryza sativa, Gossypium, Populus trichocarpa, Fragaria
vesca and other plants have been identified [1, 32—36].
Nicotiana benthamiana is widely used to study plant-
pathogen interactions. However, the members of
CrRLKI1L in N. benthamiana have not been identified,
and their response to different pathogens has not been
reported. This study identified the members of CrRLK1L
in N. benthamiana, and analyzed their tissue-specific ex-
pression patterns and gene expression profiles in re-
sponse to different pathogens and two PAMPs. This
research lays the foundation for further research on the
function of NbCrRLK1L in plant-microbe interactions.

Results

Genome-wide identification and naming of NbCrRLK1L
members

CrRLK1L contains an extracellular malectin-like domain,
a transmembrane helix, and an intracellular kinase do-
main. We identified possible CrRLKIL members in
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Nicotiana benthamiana based on these criteria. The
amino acid sequences of the 17 identified Arabidopsis
CrRLKIL members were downloaded from TAIR
(http://www.arabidopsis.org/), and the N. benthamiana
genome sequence was downloaded from Sol Genomics
Network (https://solgenomics.net/). After two rounds of
BLASTP, 31NbCrRLKI1Ls were identified (Add-
itional file 1: Table S1). These members were named
NbCrRLK1L1 to NbCrRLK1L31 according to their
chromosome locations (Table 1). The vast majority of
members contain about 800 amino acids. The largest
contains 954 aa, and the smallest only 439 aa. Their mo-
lecular weights are between 50 and 106 kDa, and their
theoretical isoelectric points range between 5.3 and 6.54
(Table 1).

Phylogenetic analysis

In order to better understand the evolutionary relation-
ship of the CrRLK1L subfamily genes in Arabidopsis and
N. benthamiana, the amino acid sequences of 17 Arabi-
dopsis and 31 N. benthamiana members were used to
construct a phylogenetic tree. Based on the classification
of CrRLK1Ls in rice [32], the 31 NbCrRLKIL genes
could be divided into 6 groups. As shown in Fig. 1, there
are 11 members in group I (NbCrRLK1L4, - 23, - 22, -
1, - 24, - 14, - 16, -9, — 10, — 18, —28), 5 members in
group II (NbCrRLK1L11, - 12, - 20, — 13, - 29), 3 mem-
bers in group III (NbCrRLK1L15, — 27, — 17), 2 members
in group IV (NbCrRLK1L5, - 7), 8 members in group V
(NbCrRLK1LS, - 19, -2, - 25, - 21, - 26, — 6, — 31), and
2 members in group VI (NbCrRLK1L3, - 30). At least
one CrRLKI1L from Arabidopsis thaliana was included
in each group except VL. The first and fifth groups have
the most members, indicating that members in different
groups have experienced different evolutionary events.

Analysis of NbCrRLK1L conserved motifs, gene structure
and domains

To further understand the evolution of CrRLK1L mem-
bers, we compared conserved motifs, functional domains
and the exon-intron organization of NbCrRLK1L mem-
bers. An online MEME analysis was used to identify mo-
tifs among the 31 NbCrRLK1L members, and a total of
10 conserved motifs were predicted (Additional file 2:
Table S2). The distribution of NbCrRLK1L motifs is
relatively similar (Fig. 2a and b). Most members contain
9-10 motifs, except for NbCrRLK1L6, which has only
five motifs. NbCrRLK1L27 contains 8 motifs;
NbCrRLK1L3 and NbCrRLK1L30 contain 7 and 6 motifs
respectively (Fig. 2b). Most members of NbCrRLKIL
have no introns (Fig. 2c), consistent with the findings
from other plants including Arabidopsis, rice, poplar,
strawberry, cotton and legumes [24-28]. Five members
(NbCrRLKIL 18, -28, —24, -8, —31) have a single
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Table 1 Detailed information of the 31 predicted CrRLK1Ls proteins in N. benthamiana

Gene Symbol Gene Locus Gene Position Chromosome Location Strand CDS (bp) Protein Molecular Theoretical

Length (aa) weight (kDa) PI

NbCrRLK1LT Niben1015cf00063g05010.1  Niben1015cf00063  Niben1015cf00063:516491,519040 - 2547 849 94.20 599
NbCrRLK1L2 Niben1015cf00687g08007.1  Niben1015cf00687  Niben1015cf00687:834396,837032 - 2634 878 97.23 5.78
NbCrRLK1L3 Niben1015cf01018g02004.1  Niben1015cf01018  Niben1015cf01018:258892,264285 + 2712 904 100.87 571
NbCrRLK1L4 Niben1015cf01025g13013.1  Niben101Scf01025  Niben101Scf01025:1432073,1434643 - 2568 856 94.68 527
NbCrRLK1LS Niben101Scf01061g08039.1  Niben101Scf01061  Niben1015cf01061:950012,952540 - 2526 842 9345 589
NbCrRLK1L6 Niben101Scf01075g00017.1  Niben101Scf01075  Niben1015cf01075:37046,47016 - 1317 439 50.15 5.75
NbCrRLK1L7 Niben1015cf01395g00019.1  Niben1015cf01395  Niben101Scf01395:28554,42854 + 2862 954 106.06 530
NbCrRLK1L8 Niben1015cf01934g04017.1  Niben1015cf01934  Niben1015cf01934:510898,513583 - 2388 796 87.87 6.30
NbCrRLK1L9 Niben1015cf01976g00011.1  Niben1015cf01976  Niben1015¢f01976:181105,183618 - 2511 837 91.68 542
NbCrRLK1LT10 Niben1015cf01992g01013.1  Niben1015cf01992  Niben1015cf01992:157667,160823 - 2652 884 96.92 533
NbCrRLK1LTT Niben1015cf02441g04008.1  Niben1015cf02441  Niben1015cf02441:525793,528408 - 2613 871 96.68 6.03
NbCrRLK1L12 Niben1015cf02449902004.1  Niben1015cf02449  Niben1015cf02449:261360,277268 - 2124 708 78.65 5.88
NbCrRLK1LT3 Niben1015cf02639g04006.1  Niben1015cf02639  Niben1015cf02639:387053,389425 + 2370 790 88.96 5.58
NbCrRLK1L14 Niben1015cf02712g00006.1  Niben1015cf02712  Niben1015cf02712:14349,16844 - 2493 831 91.49 537
NbCrRLK1LTS Niben1015cf02793g03001.1  Niben1015cf02793  Niben1015c¢f02793:351588,355656 - 2190 730 81.73 6.86
NbCrRLK1L16 Niben1015cf03407g02009.1  Niben1015cf03407  Niben1015¢f03407:214538,217054 - 2514 838 92.55 577
NbCrRLK1L17 Niben101Scf03747g00006.1  Niben1015cf03747  Niben1015cf03747:58947,61529 - 2580 860 96.20 553
NbCrRLKTL18 Niben1015cf03794g01015.1  Niben1015cf03794  Niben1015cf03794:244820,248030 + 2301 767 85.21 6.51
NbCrRLKTL19 Niben1015cf03905g01001.1  Niben1015cf03905  Niben1015¢f03905:172169,174751 + 2580 860 95.29 6.69
NbCrRLK1L20 Niben1015cf03939g00003.1  Niben1015cf03939  Niben1015cf03939:45922,48414 + 2490 830 91.39 5.94
NbCrRLK1L21 Niben1015cf04123g01031.1  Niben1015cf04123  Niben1015cf04123:265055,267721 - 2664 888 96.81 6.09
NbCrRLK1L22 Niben1015cf048619g00003.1  Niben101Scf04861  Niben1015cf04861:29496,32135 + 2637 879 96.93 577
NbCrRLKTL23 Niben1015cf05300g01006.1  Niben1015cf05300  Niben1015cf05300:186398,188962 - 2562 854 9445 540
NbCrRLK1L24 Niben1015cf05928g00006.1  Niben1015cf05928  Niben1015cf05928:42110,44983 + 2559 853 94.72 567
NbCrRLKTL25 Niben1015cf07442g01027.1  Niben1015cf07442  Niben1015cf07442:255193,257823 - 2628 876 97.05 6.15
NbCrRLK1L26 Niben1015cf07619g00006.1  Niben1015cf07619  Niben1015cf07619:26955,29621 - 2664 888 96.62 6.02
NbCrRLK1L27 Niben1015cf08500g01001.1  Niben101Scf08500  Niben1015cf08500:153954,156035 + 2079 693 7739 891
NOCIRLK1L28 Niben101Scf10015g05008.1  Niben101Scf10015  Niben101Scf10015:550054,552437 - 1947 649 72.03 6.33
NbCrRLK1L29 Niben101Scf10015g10004.1  Niben101Scf10015  Niben1015cf10015:1109772,1112147  + 2373 791 88.78 571
NbCrRLK1L30 Niben1015cf25547g00009.1  Niben1015cf25547  Niben101Scf25547:10845,21227 - 2697 899 100.02 530
NbCrRLK1L31 Niben1015cf25768g00010.1  Niben1015cf25768  Niben1015cf25768:9117,12488 - 2640 880 100.02 6.54

intron, while NbCrRLKIL3 and NbCrRLKIL30, have
multiple introns. All 31 members have the conserved
malectin-like domain and the protein kinase domain
(Fig. 20).

Prediction of promoter cis elements and transcription
factors

The cis-acting elements of the NbCrRLKIL promoter re-
gion were analyzed, and a total of 4154 cis-acting ele-
ments of 83 types were predicted (Additional file 3:
Table S3). These cis-acting elements are related to envir-
onmental stress, hormonal response, development, light
response, site binding, promoters, and other functions.
The most numerous elements are promoter-related ele-
ments, with 43-130 in each NbCrRLKIL (Fig. 3a). A
total of 229 elements related to environmental stress

were predicted in 10 categories, the largest numbers of
which were STRE, TCA and ARE elements (Fig. 3b). A
total of 352 hormone-related components were pre-
dicted in 13 categories, mainly related to ABA, JA, GA,
and auxin (Fig. 3c).

In order to show the regulatory network of
NbDCrRLKIL in cells more comprehensively, we pre-
dicted the possible transcription factors of NbCrRLKIL.
No corresponding transcription factors were predicted
for NbCrRLKIL15 and NbCrRLKI1L27, but among the
others a total of 23 types of transcription factors were
predicted to regulate the expression of this subfamily
(Fig. 4 and Additional file 4: Table S4). Among them,
Dof, MIKE-MADS, TCP and MYB transcription factors
were the most abundant. The different genes were regu-
lated by an average of 7 transcription factors, with
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Fig. 1 Phylogenetic tree of malectin-like domain-containing proteins in N. benthamiana and A. thaliana. The phylogenetic tree was constructed
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transcription  factors, while = NbCrRLKI1L1  and
NbCrRLKI1L24 can be regulated by only two (Fig. 4).

NbCrRLKIL tissue-specific expression

The expression levels of all NbCrRLKILs were deter-
mined in each of the five tissue types (roots, stems,
young leaves, mature leaves, flowers), and we here
present the results of 16 members that were expressed
in all five tissues and which represent each of the phylo-
genetic groups. Except for NbCrRLK1L8, NbCrRLK1L17
and NbCrRLK1L31, the genes were expressed at a higher
level in young leaves than in mature ones (Fig. 5 and
Additional file 5: Figure S1). NbCrRLKIL11, 15, 16, 17,
21, 26, 28, 29, 31 are expressed at high levels in leaves,
implying that these members may be involved in
responding to external stimuli (Fig. 5 and Additional file
5: Figure S1). NbCrRLK1LS is expressed at high levels in
flowers, NbCrRLKIL30 is expressed at high levels in
roots and NbCrRLK1L3, 20, 21 are highly expressed in

the stem (Fig. 5 and Additional file 5: Figure S1) showing
differences among the genes in their tissue-specific ex-
pression patterns.

Induction of NbCrRLK1L expression by pathogens and
PAMPs

To explore whether NbCrRLK1Ls are involved in the re-
sponse to pathogens, we inoculated Pseudomonas syrin-
gae pv tomato strain DC3000 (Pst DC3000), three
viruses (TuMV, PMMoV, PVX) and two PAMPs onto N.
benthamiana leaves. Two days after Pst DC300 infec-
tion, 5 days after virus inoculation and 3 h after PAMPs
treatment, N. benthamiana leaves were collected and
RT-qPCR was used to detect the expression patterns of
the 16 selected genes.

The bacterial pathogen Pst DC300 down-regulated the
expression of most genes, especially NbCrRLKIL3, 8, 10,
16, 18, 20, 28, and 30 (Fig. 6). TuMV infection signifi-
cantly down-regulated these genes, except for
NbCrRLKI1L31, to 0.06-0.55. PMMoV and PVX also
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Fig. 2 Analysis of conserved motifs, gene structure and domains in the CrRLK1L genes of N. benthamiana. a Phylogenetic tree constructed using
the NbCrRLKIL protein sequences. b 10 types of conserved motifs predicted in the NoCrRLK1L protein sequences. The different motifs are shown
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and yellow boxes represent the Malectin-Like Domain (MLD) and Protein Kinase Domain (PK) respectively

down-regulated the expression of some genes, but not to
the same extent as Pst DC3000 and TuMV. Flg22 and
chitin induced the expression of NbCrRLKIL3, 17, 20
and slightly down-regulated the expression of some
genes, such as NbCrRLKILS, 10, 18, and 28 (Fig. 6).

Discussion

Malectin-like domains are lectin-like motifs found in
eukaryotic and prokaryotic proteins. They are particu-
larly abundant in plants and perform very important sig-
nal functions in defense and development [7, 37]. The
MLD gene has been identified in the genomes of Arabi-
dopsis, rice, cotton, poplar, and strawberry etc. [1, 32—
36], but this subfamily has not been identified in N.
benthamiana. In this study a total of 31 members were
identified in N. benthamiana. Solis-Miranda et al. identi-
fied 16 and 25 CrRLK1L members in Solanum lycopersi-
cum and Solanum tuberosum, respectively, indicating
that there were differences in the number of CrRLK1L

genes in different species of the same family [36]. Based
on sequence similarity, they could be divided into six
groups. Five of the groups have homologous Arabidopsis
gene members but the sixth group does not, suggesting
that the evolution of this subfamily in different species is
independent. Solis-Miranda et al. analyzed the CrRLK1L
protein in 57 species and found that members of this
subfamily experienced diversification in a wide range of
plant groups [36]. We compared the numbers of 11
types of CrRLKIL genes in N. benthamiana, Solanum
lycopersicum and Solanum tuberosum, and found that N.
benthamiana had larger numbers of four types of hom-
ologous genes (ANXUR, HERKULESI, BUPS and THE-
SEUS) than the Solanum species, indicating that the
first, second, and fifth groups of NbCrRLKIL may have
expanded. NbCrRLK1L8/11/18/30 are highly expressed
in flowers, which may be related to the function of
CrRLK1L subfamily during fertilization. Except for
NbCrRLKILS, the other genes were highly expressed in
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related elements (b) and hormone-response elements (c) in the NbCrRLK1L promoter region

young leaves while NbCrRLKIL11/15/16/17/21/26/28/
29/31 (and especially NbCrRLKI1L17/31) were also
highly expressed in mature leaves, indicating the func-
tional diversity of subfamily members. These results
will provide a basis for further functional classification
of NbCrRLK1Ls.

Inoculation with pathogenic bacteria (Pst DC3000)
and viruses (TuMV, PMMoV, PVX) can inhibit the ex-
pression of most of the genes in the NbCrRLKIL sub-
family, indicating that NbCrRLK1Ls can respond to
pathogen infection. Lindner et al. also found that inocu-
lation with Pst DC3000 significantly down-regulated the
expression of Arabidopsis CrRLK1Ls [9]. Interestingly,
in addition to inhibiting the gene expression of
NbCrRLK1Ls, pathogens can also induce expression of
certain genes after infection. For example, DC3000 up-
regulated the expression of NHCrRLKILS and TuMV
up-regulated NbCrRLK1L31 about 20 fold. The func-
tions of these two genes in the process of infection by
these pathogens needs to be explored further.

Conclusion
This study performs an analysis of the NbCrRLKILs and
provides the basis for a better understand of their varied
functions in plant development and in plant-microbe
interactions.

Methods

Identification of NbCrRLK1L subfamily members

The protein sequences of 17 Arabidopsis CrRLK1Ls were
downloaded from TAIR, and the genome of Nicotiana

benthamiana was downloaded from the Sol Genomics
Network (https://solgenomics.net/) [38]. NbCrRLKI1Ls
were identified by two rounds of BLASTP. First, all Arabi-
dopsis CrRLKIL protein sequences were used to search
for possible NbCrRLK1L sequences using TBtools [39].
Then NCBI's Batch CD-Search function was used to con-
firm whether the candidate NbCrRLK1Ls had a character-
istic malectin-like domain (pfam12819) and kinase
domain (cI21453). The candidates that did not meet these
conditions were eliminated. The predicted CDS length, PI,
and molecular weight of NbCrRLK1Ls were determined
by ExPASy [40].

Phylogenetic analysis

The protein sequences of AtCrRLK1L and NbCrRLKI1L
were used to construct a phylogenetic tree using the
neighbor-joining (NJ) method in Mega X software with
1000 bootstrap replicates. The tree was further anno-
tated using iTOL [41].

Analysis of conserved motifs, gene structure and
functional domains

The conserved motifs of the genes were analyzed by the
MEME program [42] with the following parameters: op-
timal motif width was set to 30-70, the number of repe-
titions was set to zero or one, the maximum number of
motifs was set to identify 10 motifs. Gene structure and
functional domains were analyzed and visualized using
NCBI Batch CD-Search and TBtools.
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Prediction of promoter cis-acting elements and
transcription factors

Promoter cis-acting elements were predicted by Plant-
CARE [43] and visualized by TBtools. Transcription fac-
tors were predicted by PlantRegMap [44], and N.
sylvestris was set as the target analysis species. Cytoscape
3.7.1 was used to visualize the target relationship be-
tween transcription factors and NbCrRLK1Ls [45].

Pathogen inoculation and PAMPs treatment

Plant growth conditions were as described previously
[46]. The concentration of TuMV, PMMoV agrobacter-
ium solution was adjusted to ODggo = 0.1, and the con-
centration of PVX agrobacterium solution was adjusted
to ODgoo=1x10"% The N. benthamiana leaves were
injected with a needleless syringe, and the leaves injected
with the transient transfection solution were used as a
blank control. Pst DC3000 was cultured on King’s B
medium at 28°C for 2 days. The concentration of Pst

DC3000 suspension was adjusted to ODggo=1x 10" ° to
infiltrate the leaves, and the leaves injected with 10 mM
MgCl, were used as a blank control [46]. 1 um flg22 and
200 pg/mL chitin dissolved in deionized water, contain-
ing 0.01% Silwet L-77, were evenly sprayed on the fully
extended N. benthamiana leaves, and the leaves only
sprayed with deionized water were used as controls. The
flg22 peptide was synthesized by Sangon Biotech
(Shanghai).

Gene expression analysis

Total RNA was extracted by the TRIZOL method, and
1 pg total RNA was used for reverse transcription using
the Toyobo cDNA First Strand Synthesis Kit. RT-qPCR
was then performed on a Roche LightCycler®480 Real-
Time PCR instrument with Toyobo Premix Kit. Three
independent biological replicates with three technical
replicates were performed. All primers are listed in the
Additional file 6: Table S5.
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Fig. 5 Expression levels of representative NbCrRLK1Ls in different tissues. The mean expression value was calculated from three independent
biological replicates relative to that in young leaves. YL: young leaf; ML: mature leaf; ST: stem; RO: root; FL: flower. Red represents a high
expression level and green represents a low expression level. The raw data of relative expression values and standard errors is provided in
Additional file 5: Figure S1
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