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Abstract

Background White root rot disease in rubber trees, caused by the pathogenic fungi Rigidoporus microporus, is cur-
rently considered a major problem in rubber tree plantations worldwide. Only a few reports have mentioned the
response of rubber trees occurring at the non-infection sites, which is crucial for the disease understanding and
protecting the yield losses.

Results Through a comparative proteomic study using the two-dimensional polyacrylamide gel electrophoresis
(2D-PAGE) technigue, the present study reveals some distal-responsive proteins in rubber tree leaves during the plant-
fungal pathogen interaction. From a total of 12 selected differentially expressed protein spots, several defense-related
proteins such as molecular chaperones and ROS-detoxifying enzymes were identified. The expression of 6 candi-

date proteins was investigated at the transcript level by Reverse Transcription Quantitative PCR (RT-gPCR). In silico, a
highly-expressed uncharacterized protein LOC110648447 found in rubber trees was predicted to be a protein in the
pathogenesis-related protein 10 (PR-10) class. In silico promoter analysis and structural-related characterization of this
novel PR-10 protein suggest that it plays a potential role in defending rubber trees against R. microporus infection.
The promoter contains WRKY-, MYB-, and other defense-related cis-acting elements. The structural model of the novel
PR-10 protein predicted by I-TASSER showed a topology of the Bet v 1 protein family, including a conserved active site
and a ligand-binding hydrophobic cavity.

Conclusions A novel protein in the PR-10 group increased sharply in rubber tree leaves during interaction with the
white root rot pathogen, potentially contributing to host defense. The results of this study provide information useful
for white root rot disease management of rubber trees in the future.
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Background
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heavy rainfall caused by monsoons increase the risk of
invasion by soil-borne fungal pathogens [48, 81]. Root
diseases caused by soil-borne fungi can lead to serious
pathogenic and economic problems, as they can affect
water and nutrient uptake, and hence reduce the growth
rate and yield of natural rubber production.

One of the most destructive root diseases in rubber
plantations is white root rot, caused by the pathogenic
fungi Rigidoporus microporus (Fr.) Overeem [36, 89]. It
has been suggested that this disease is the main cause of
the current rubber tree crisis in many rubber-producing
countries, including Thailand, Malaysia, Indonesia, Sri
Lanka, Nigeria, and Cote d’Ivoire [7]. To date, there is
no rubber tree clone that is completely resistant against
this root disease, and new pathogenic fungus strains can
emerge with increased aggressiveness, enabling them to
overcome evolved host resistances. Trace amounts of
fungi can persist in the soil for long periods of time [97]
and continuously infect other living roots and/or wood
debris in the plantation area. The disease is known to
spread from one plant to another through rhizomorphs
[84]. The well-developed rhizomorph of this species is
highly influenced by the tropical environment, as the
fungi favor moderate to high soil moisture, warm tem-
peratures, compacted soil with poor drainage, as well as
other factors that promote the pathogen’s spread [7].

The aggressiveness of R. microporus in rubber trees
has been a crucial issue for developing effective disease
management strategies. The roots of the rubber tree turn
creamier and softer after being infected by R. microporus.
The fungus has the ability to release cell wall-degrading
enzymes into rubber tree roots, leading to defects in
host cell lignification, which is beneficial for fungal pen-
etration [64]. The defensive latex of the rubber tree did
not have any negative effects on R. microporus and, con-
versely, the fungi displayed fast growth due to their vari-
ous gene activities, possibly related to latex degradation
[62]. The fungi also increase the activities of amino acid
and carbohydrate metabolism enzymes, as well as the
production of many acidic compounds, which promotes
their pathogenicity during penetration and colonization
of rubber tree roots [20]. The symptoms of infected rub-
ber trees initially develop and progress in the roots below
ground, whereas the aboveground parts are almost iden-
tical to those of healthy trees [18]. As a consequence, it is
difficult to identify infected trees during the early stage
of root disease because noticeable symptoms on above-
ground parts are only displayed once the fungus has
destroyed almost all of the root system [61]. Normally,
initial aboveground symptoms of infected plants include
the discoloration of leaves from deep green to yellow-
ish-brown, early flowering, and off-season fruiting. The
severest events result in the death of the entire rubber
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tree, in which all of the leaves fall before the appearance
of R. microporus basidiocarps on the bark of the lower
tree trunk [64].

To explore further possibilities for white root rot dis-
ease management, such as the breeding of resistant
genes in rubber trees, a more thorough understand-
ing of molecular interactions between rubber trees and
R. microposus fungi is needed. The response of rubber
trees to white root rot disease is systemically linked from
the infected root to other distal parts. Moreover, the
molecular mechanism of rubber trees that develop an
early response against R. microporus infection is known
to biochemically respond by stimulation of key enzymes
in biosynthesis, such as cell wall lignification enzymes
in the infected roots [82]. Previous research has already
reported the plant enzyme activities involved in degrad-
ing structural polymers of fungal mycelia walls as a host
mechanism at the site of infection [67]. Rubber trees have
the potential to produce antimicrobial compounds such
as coumarins, flavonoids, and triterpenes that are able to
inhibit microbial penetration [33].

The advancement of technology has allowed for investi-
gation of responsive genes and proteins that are expressed
in rubber trees after infection by R. microporus, which
could potentially fulfill missing gaps and reveal candidate
genes and proteins involved in the systemic response to
disease, such as the pathogenesis-related (PR) proteins
expressed in the stem [63]. Leaves are another organ
of interest that are not only a center of energy produc-
tion, but can also perceive and amplify PAMP-triggered
immunity (PTI) signals in plants [23], [35], [59]. Here,
we performed a comparative leaf proteome and we
reveal the noteworthy role of an uncharacterized protein
LOC110648447 as well as other defense-related proteins
in the distal response of rubber trees infected at the root
by R. microporus. We further analyze the expression of
these selected proteins at the transcript level and provide
an in silico functional prediction of the uncharacterized
protein identified in this study. The expression levels of
these defense-related candidates in rubber tree leaves
will contribute to our understanding of the interaction
between plants and fungi, and benefit white root rot dis-
ease management in the future.

Results

Comparative rubber tree leaf proteome reveals some
differentially expressed proteins after R. microporus
inoculation

In this study, proteomic analysis was employed to inves-
tigate how rubber trees respond to the presence of
R. microporus, the white root rot pathogenic fungus.
Leaf protein samples were extracted from rubber seed-
lings at 10, 30, and 50 days after inoculation (DAI). The
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comparative leaf proteome between R. microporus-inoc-
ulated and mock-inoculated (control) seedlings at each
time-point were then assessed by one-dimensional and
two-dimensional polyacrylamide gel electrophoresis (1D-
and 2D-PAGE).

According to the 1D-PAGE results, the protein patterns
in inoculated plants compared with mock-inoculated
ones were largely similar in their intensity and mass sepa-
ration (Fig. 1, Supplementary Fig. 2). Differences were
observed in the protein fraction at approximately 17 kDa,
which exhibited distinctly higher accumulation in inocu-
lated samples compared to control samples at 30 DAL

For increased resolution, 2D-PAGE was performed
as a gel-based proteomic approach. The protein spots
were detected by Coomassie blue G staining. The pro-
tein patterns of inoculated plants and mock-inoculated
ones were found to be widely distributed in the 2D gel,
with various pl values and molecular weights (Fig. 2,
Supplementary Fig. 3). Similar proteins were found in
both conditions, as was observed in 1D-PAGE. Com-
parative image analysis revealed a total of 12 differentially
expressed protein spots of interest.

The 17-kDa protein band from 1D-PAGE (Fig. 1),
as well as the 12 differentially expressed protein spots
from 2D-PAGE (Fig. 2), were excised and successfully
identified by LC—MS/MS analysis (Table 1; Supplemen-
tary Table 1). Four of the down-regulated proteins were
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identified as stress-related proteins in rubber trees,
including a 17.3-kDa class I heat shock protein-like pro-
tein (spot Cl1), a superoxide dismutase [Cu—Zn]-like
protein (spot C2), an ATP synthase subunit D mito-
chondrial-like protein (spot C3), and a universal stress
PHOS34 protein (spot C4). The last down-regulated spot
(spot C5) was identified as a very short fragment of puta-
tive cytochrome ¢ oxidase subunit II PS17 in Pinus stro-
bus. Interestingly, most of the up-regulated protein spots
(spots N1, N2, N3, N5, N6) and the 17-kDa protein band
from 1D-PAGE were identified as the uncharacterized
protein LOC110648447, of which 3 isoforms are available
in the NCBI database (Supplementary Table 1). Spots N4
and N7 were identified as an aminotran_3 domain-con-
taining protein of a carnivorous pitcher plant (Cephalo-
tus follicularis) and a metalloendoproteinase 5-MMP-like
protein of rubber tree, respectively.

Relative gene expression of selected R. microporus
responsive proteins in rubber tree leaves by RT-qPCR

The gene expression levels of 6 selected identified pro-
teins were examined by RT-qPCR in order to verify the
correlation between protein and gene expression. The
specific primer pairs for each gene were designed and
validated. The expression level during each time-point
of the inoculated samples was calculated relatively to the
mock-inoculated samples at 30 DAL, which is considered

Fig. 1 Comparison of the protein patterns of rubber tree leaves after R. microporus inoculation by SDS-PAGE with Coomassie brilliant blue (CBB)
dye. Lane 1: protein marker; Lanes 2, 4, 6: mock inoculation at 10, 30, and 50 days after inoculation (DAI), respectively; Lanes 3, 5, 7: R. microporus

inoculation at 10, 30, and 50 DA, respectively



Longsaward et al. BMC Plant Biology =~ (2023) 23:157

kDa 3 pH 10
97.0— ; :
66.0— %

+5.0- S oo

300-@

20.1- §

14.4—§ '

-
4

-

kDa 3 pH 10
97.0 —=-

66.0 ¥ '."
4504 v

30.0 4 ~— ',

-
-

; A ; N
’ An
14.4—. i \C5 .
E|

Page 4 of 21

kDa 3 pH 10
97.0— w o . :
660~ .

45.0— ' w

-
300- & :
.
201-§
i 1Ay f'.\. ;
14,4—“ N1 N2 - M
B
kDa 3 pH 10
66.0—' ® -
-
30.0—
20.1-4 s
e
e 4
. 1 3
14.4‘ N3 - ‘
D)
kDa 3 10
97.0
66.0 o
45.0 :
30.0 2
-
- 2 .
2014 s - o X
' - p R K
14.4—“ N5 N6 ‘"‘"

Fig. 2 Representative gel profiles from two-dimensional polyacrylamide gel electrophoresis (2D-PAGE) of rubber tree leaf proteins. Samples of
mock-inoculation at 10 days after inoculation (DAI) (A), 30 DAI (C), 50 DAI (E); Samples of R. microporus- inoculation at 10 DAI (B), 30 DAI (D), 50 DAI

(F)

the control for RT-qPCR. For the protein showing three
isoforms, the uncharacterized protein LOC110648447,
only one specific primer pair corresponding to isoform 1
(XP_021658364.1) was obtained. All of the tested primer
pairs for individual candidates showed high efficiency,
ranging from 90.11 to 116.46 (Table 2). The specificity of
all transcripts being amplified as a single amplicon was
assessed using melting curve analysis.

Interestingly, comparative analysis between protein
abundance and RT-qPCR expression profiles showed that
most proteins and genes (5 of 6) displayed similar behav-
iors, confirming the abundance data observed through
2D-PAGE. The one exception was the metalloendopro-
teinase 5-MMP-like protein; a candidate gene from an
up-regulated protein spot showed a significant decrease
in gene expression at all 3 time-points after inoculation.
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Table 1 Identification results of the selected 1D-PAGE band and 2D-PAGE spots by ESI-QUAD-TOF mass spectrometry (MS/MS)

analysis
Spot ID Protein name GenBank Accession no Theoretical Observed Sequence emPAl Fold change
pl/MW (kDa) pl/MW coverage
(kDa) (%)
17 kDa protein Uncharacterized protein  XP_021658364.1 52/17.0 -/17.0 56.9 525 n/a
band from LOCT10648447 [H. XP_021658366.1 5.1/166 620 396
1D-PAGE brasiliensis]
Oxygen-evolving XP_021639605.1 9.5/244 299 1.51
enhancer protein 3-2,
chloroplastic-like [H.
brasiliensis]
l 17.3 kDa class | heat XP_021675560.1 6.0/184 6.5/22.0 8.0 022 -1.308
shock protein-like [H.
brasiliensis]
(@] Superoxide dismutase XP_021640614.1 56/154 6.4/18.0 8.0 0.26 -1.779
[Cu=Zn]-like [H. brasil-
iensis)
a ATP synthase subunit D, XP_021666672.1 5.1/19.8 5.3/26.5 29.0 3.20 -2.597
mitochondrial-like [H.
brasiliensis]
4 Universal stress protein ~ XP_021668720.1 57/183 6.0/20.0 18.0 047 -1.847
PHOS34 [H. brasiliensis]
5 Putative cytochrome PS17_PINST 9.6/17.1 5.9/18.5 50.0 344 -8.712
c oxidase subunit Il
PS17 (Fragments) [Pinus
strobus]
N1 Uncharacterized protein XP_021658364.1 52/17.0 47/17.7 325 1.29 Undetectable in control
LOCT10648447 [H. XP_021658365.1 53/167 350 187  lreatment
brasiliensis)
XP_021658366.1 5.1/16.6 350 1.87
N2 Uncharacterized protein - XP_021658364.1 52/17.0 49/173 60.0 425 Undetectable in control
LOCT 10648447 [H. XP_021658366.1 5.1/166 62.3 255 treatment
brasiliensis)
N3 Uncharacterized protein  XP_021658364.1 5.2/17.0 52/16.3 68.2 546 Undetectable in control
LOC110648447 [H. XP_021658365.1 53/16.7 82.1 442  lreatment
brasiliensis)
XP_021658366.1 5.1/16.6 81.0 5.69
N4 Aminotran_3 domain- GAV65601.1 6.4/51.0 6.3/17.0 1.0 0.07 Undetectable in control
containing protein treatment
[Cephalotus follicularis)
N5 Uncharacterized protein - XP_021658364.1 52/17.0 55/173 40.0 322 +2.959
LOCT10648447 [H. XP_021658365.1 53/16.7 245 0.87
brasiliensis)
XP_021658366.1 5.1/16.6 24.5 0.87
N6 Uncharacterized protein  XP_021658364.1 52/17.0 5.7/17.3 7.0 0.22 42913
LOC110648447 isoform
X1 [H. brasiliensis]
N7 Metalloendoproteinase  XP_021637894.1 7.0/34.4 7.0/20.5 6.0 0.53 Undetectable in control

5-MMP-like [H. brasil-
iensis)

treatment

Among the six candidate genes selected (Fig. 3),
the uncharacterized protein LOC110648447 gene
showed significantly higher expression (41-fold) at 30
DALI The transcript of the 17.3-kDa class I heat shock
protein-like gene was significantly down-regulated at
10 DAI compared to the control, whereas the tran-
scripts of the superoxide dismutase [Cu-Zn]-like and

universal stress PHOS34 protein genes decreased sig-
nificantly at 30 DAI and 30 to 50 DAI, respectively.
The oxygen-evolving enhancer 3-2, which is another
candidate protein identified from the 17-kDa band
from 1D-PAGE (Fig. 1, Table 1), showed significantly
down-regulated gene expression, especially at 10 and
50 DAL
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Table 2 Descriptions of candidate genes and their primer characteristics for RT-qgPCR

Candidate protein/GenBank
Accession no

Forward primer (5'to 3’)

Reverse primer (5'to 3’)

Amplicon T, (°C) Primer efficiency R?

size (bp)

Uncharacterized protein
LOC110648447 isoform X1
(XM_021802672.1)

Uncharacterized protein
LOC110648447 isoform X2
(XM_021802673.1)

Uncharacterized protein
LOC110648447 isoform X3
(XM_021802674.1)

Oxygen-evolving enhancer 3-2
(XM_021783913.1)

17.3 kDa class | heat shock
protein-like (XM_021819868.1)

Superoxide dismutase [Cu-Zn]-
like (XM_021784922.1)

Universal stress protein PHOS34
(XM_021813028.1)

Metalloendoproteinase 5-MMP-
like (XM_021782202.1)

CGCAAAGTCGAGTATGGCCC

CAATTCAGTGGCTCAACCCG

AGGCAAGCATGGAGAATGGA

AAATCACTGCCTTCCCCTGAC

TAGCTCTGAAGTTGCGGTCC

CAGTGGAAGGGCTGAGTAAGG

CTTATCACTGAAAACAGTCGGGG  ATCCATTCCACCCATTTGCCA 108 61

ACAGCTTGGAAGTTGTTGACATC 142 61

CAGGCTCAGCAGAAGAAGGT 1

TCAACCGGAGATCTCAATGGC 92 60

ATTGTCCCGCTAACACCCTC 161 59

CTGCTGCAAGGCGAGAAATC 133 61

GAACTCCGCATCGTGGAATC 201 58

90.11 0.9318

108.25 0.7156

wul

60 113.93 0.8514

114.35 0.8220
115.10 0.9128
108.64 0.8771

116.46 0.9373

Cis-acting regulatory elements of uncharacterized protein

LOC110648447

The high up-regulation of the uncharacterized pro-
tein LOC110648447 (isoform X1, XP_021658364.1) in
response to R. microporus infection suggests it plays
an important role during plant-pathogenic fungi inter-
actions. The NEWPLACE database was used to per-
form in silico analysis of putative cis-acting elements
present on the 3000 bp upstream of the transcription
start site in order to identify potential regulatory ele-
ments that respond to pathogens. The genomic reference
sequence of the uncharacterized protein LOC110648447
(N'W_018447361.1, Fig. 4) was obtained from the whole-
genome shotgun contig LVXX01001672.1 of rubber tree
clone Reyan7-33-97. However, the reference sequence
contains only 137 bp of the upstream region for cis-acting
element prediction (Supplementary Fig. 4).

The mRNA sequence encoding the uncharacterized
protein LOC110648447 (isoform X1, XP_021658364.1)
was homologous to the whole-genome shotgun
contig MKXE01009552.1 from rubber tree clone
RRIM600 (Supplementary Fig. 5), the same clone as
the plant materials used in this study. The 137 bp of
the upstream sequence of the transcription start site of
this gene, obtained from two clones, Reyan7-33-97 and
RRIM600, are identical. Thus, investigation of cis-act-
ing elements using the genome sequence from rubber
tree clone RRIM600 was then performed. The obtained
cis-acting elements on the promoter region are listed

(Supplementary Table 2; Supplementary Fig. 6), includ-
ing developmental-regulated, tissue-specific, hormone-
responsive, and stress-responsive elements. Some
of these elements were previously reported to play
a crucial role in regulating defensive genes of other
plant species, as well as in response to drought stress
(Table 3).

Classification of uncharacterized protein LOC110648447
based on amino acid sequences

In order to predict its function, the amino acid sequences
of uncharacterized protein LOC110648447 isoform
X1 (XP_021658364.1), X2 (XP_021658365.1), and X3
(XP_021658366.1) were blasted against the NCBI and
Uniprot databases. The best results were matched with
the same group of uncharacterized proteins and hypo-
thetical proteins in rubber trees with more than 80%
identity. Some matched known proteins include those in
the group of Bet v 1 superfamily with a maximum iden-
tity of 63.8% (Table 4). PSIPRED was used to look for
secondary structures in deduced amino acid sequences
of uncharacterized protein LOC110648447 isoforms X1,
X2, and X3 (Supplementary Fig. 7). The obtained mod-
eling structure suggests that the proteins contain B-o-f4
and C-terminal a-helix, which corresponds to the topol-
ogy of the Bet v 1 superfamily [70] (Fig. 5). Moreover, a
residue for probable glycosylation was predicted at Thr5
of the uncharacterized protein LOC110648447 isoform
X2 (P=0.5).
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Fig. 3 Fold relative expression of candidate genes in rubber tree leaves analyzed by RT-qPCR at 10, 30, and 50 days after R. microporus inoculation
compared to mock-inoculation at 30 DAI (control). The expression levels of target genes were normalized with the UBC2a reference gene [46]. The
data obtained from 3 biological and 9 technical replicates (N=27) were analyzed for the fold relative expression, following the modified method
described by Taylor et al. [90]. Error bars indicate one standard error. Statistical analysis was performed with an analysis of variance (ANOVA) and

Tukey's post hoc significance test at p <0.05, groups with different letters are significantly different

LOC110648447
NCBI RefSeq: NW_018447361.1
78,306 62,483
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Isoform X1
123 bp A
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R mRNA
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122 bp i
Protein

15,823 bp
Intron

A mRNA
58 151
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Fig. 4 Graphical representation of genomic regions containing the uncharacterized protein LOC110648447 of rubber tree clone reyan7-33-97
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Table 3 Selected stress-related putative cis-regulatory elements found on the upstream region of the uncharacterized protein

LOC110648447 genomic sequence of rubber tree clone RRIM600

Element Sequence Upstream site Function NEWPLACE
database ID
ASFTMOTIFCAMV TGACG -405 Abiotic and biotic stress response with auxin and/or SA hormone 5000024
BIHDOS TGTCA -749 Disease response 5000498
-1447
-2151
GT1GMSCAM4 GAAAAA -1699 Pathogen- and salt-induced, Fungal elicitor response element 5000453
-1805
-2098
MYBTAT WAACCA -879 MYB recognition site, drought stress regulation S000408
-1266
-2488
MYCATERD1 CATGTG -1161 MYC recognition site, specifically bind by NAC protein 5000413
PREATPRODH ACTCAT -2221 Pro- or hypoosmolarity-responsive element (PRE) S000450
WBOXNTERF3 TGACY -2224 W-box in wounding response S000457
-2959
WRKY710S TGAC -406 Binding site of rice WRKY71, W-box elements within the parsley PR-10 genes 5000447
-2225
-2960
WBOXATNPR1 TTGAC -406 W-box element within the Arabidopsis NPRT gene S000390
-2225

Table 4 The percentage of sequence similarity between the three isoforms of the unidentified protein LOC110648447 and related

known proteins in the Bet v 1 superfamily

Query Percent coverage/Percent identity

Bet v 1-domain Uncharacterized

MLP-like protein

Bet v 1 domain- Bet v 1 domain-

containing protein [Manihot 423 [H. brasiliensis] containing protein containing protein
protein esculenta] (XP_021679695.1) [Artemisia annual [Cephalotus follicularis]
[H. brasiliensis] (XP_021614465.1) (PWA67768.1) (GAV74530.1)
(AOA6A6KMV5)

Uncharacterized protein  100/63.8 98.00/47.02 97.00/42.95 90.00/33.10 72.00/36.67

LOC110648447 isoform

X1 [H. brasiliensis)

Uncharacterized protein  100/63.8 99.00/48.68 100.00/46.15 90.00/35.14 93.00/32.89

LOC110648447 isoform

X2 [H. brasiliensis]

Uncharacterized protein  100/62.5 99.00/48.03 100.00/44.87 90.00/35.81 90.00/34.69

LOC110648447 isoform
X3 [H. brasiliensis]

In-silico prediction of the 3D structure and interactive
features of uncharacterized protein LOC110648447

by I-TASSER

The secondary structures of the 3 isoforms of the unchar-
acterized protein LOC110648447 were analyzed by
I-TASSER, as shown in Supplementary Figs. 8 and 9. The
results support those predicted by PSIPRED. According
to I-TASSER, the confidence score (C-score) is estimated
for the quality of predicted models and calculated based
on the significance of threading template alignments and
the convergence parameters of the structural assembly
simulations. C-score values typically fall in the range of

-5 to 2. The C-scores of the final protein structural mod-
els for isoforms X1, X2, and X3 were 0.14, 0.43, and 0.31,
respectively, which are well within the standard range
(Fig. 6, Supplementary Table 5). The models of these 3
isoforms showed characteristics of Bet v 1, consisting
of three o helix motifs and seven antiparallel B strands
arranged to form a large internal hydrophobic cavity
involved in ligand binding [19].

To further predict the possible function and properties
of the uncharacterized protein LOC110648447, the struc-
tural similarity between our models (Fig. 6) and templates
from the protein data bank (PDB) was evaluated by the
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Fig.5 The predicted secondary structures of 3 isoforms of uncharacterized protein LOC110648447 by the PSIPRED server showing 3-a,-3, and
C-terminal a-helix, a topology of the Bet v 1 protein superfamily. The predicted glycosylation site at residue Thr5 in isoform X2 is indicated with a

green line (P=0.5)

A 4

Fig. 6 Final 3D structural models of uncharacterized protein LOC110648447 isoform X1 (A), isoform X2 (B), and isoform X3 (C) using I-TASSER.
The C-scores of models are 0.14, 043, 0.31, while the estimated TM-scores are 0.7340.11,0.77 +0.10, 0.75 4 0.10, and the estimated RMSD
are 45+3.0A° 3.9+ 2.7A° 4.1 £ 2.8A° for isoforms X1, X2, and X3, respectively. The N-terminal to C-terminal sites of each protein isoform are

color-shaded blue to red, visualized by UCSF Chimera software

template modeling score (TM-score), and the sequence
identity in the structurally aligned regions was deter-
mined. With good annotation scores (TM-score =0.797—
0.896) and around 94 percent sequence coverage, the
top ten models suggest that the uncharacterized protein
LOC110648447 is closely related to proteins in the PR-10
or Bet v 1 superfamily (Supplementary Tables 3, 4, 6).
Modeling the uncharacterized protein LOC110648447
by the I-TASSER server also predicts gene ontology
(GO) terms based on C-scores for the query proteins.
Each modeled protein is usually associated with mul-
tiple GO terms, including those related to biological
processes, molecular functions, and cellular compo-
nents (Table 5; Supplementary Tables 7.3, 7.4). For

example, in terms of biological processes, a defense
response (GO:0006952) and a response to biotic stim-
uli (GO:0009607) are predicted for all 3 isoforms with a
GO score of 0.88-0.94.

For the prediction of protein-ligand binding sites, the
structure-based biological function annotation of the
uncharacterized protein LOC110648447 was performed
using the BioLiP database (Supplementary Table 7.1).
The predicted docking models of isoforms X1, X2, and
X3 showed that the proteins bind with a deoxycholic
acid ligand with C-scores of 0.15, 0.18, and 0.19, respec-
tively (Fig. 7). Abscisic acid was also predicted as a ligand
of isoform X1 with a C-score of 0.15.
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Table 5 Consensus GO terms amongst the 10 top scoring templates. The GO-Score associated with each prediction is defined as the
average weight of the GO term, where the weights are assigned based on the Cscore®® of the template (Supplementary 4)

Molecular function

Biological process

Cellular component

GO GOscore GO GOscore GO GO score
Isoform X1 GO:0010427 ABA binding 0.39 GO:0006952 Defense response 0.88 GO:0005737 Cytoplasm ~ 0.39
GO:0004872 Signaling receptor 0.39 GO:0009607 Response to biotic 0.88 GO:0005634 Nucleus 039
activity stimulus
GO:0042803 Protein homodimeriza-  0.39 G0O:0009738 ABA-activated signaling  0.39
tion activity pathway
Isoform X2 GO:0016787 Hydrolase activity 042 GO:0006952 Defense response 0.94 None was predicted
GO:0009607 Response to biotic 0.94
stimulus
Isoform X3 GO:0004872 Signaling receptor 0.39 GO:0006952 Defense response 0.88 GO:0005737 Cytoplasm  0.64
activity
GO:0010427 ABA binding 0.39 GO:0009607 Response to biotic 0.88 GO:0005634 Nucleus 039
stimulus
G0O:0042803 Protein homodimeriza-  0.39 G0O:0009738 ABA-activated signaling  0.39

tion activity pathway

Additionally, the catalytic sites for the enzymatic
activity of the uncharacterized protein were predicted
by I-TASSER (Fig. 8; Supplementary Table 7.2). The
results revealed Gly49 and Leu68 residues as putative
active sites that perform norcoclaurine synthase activ-
ity (Enzyme Commission (EC) number EC:4.2.1.78) in
isoform X1 (C-score"® 0.386), while only Gly49 alone
was predicted to perform this activity in isoform X3
(C-scoref© 0.415). The norcoclaurine synthase activity
in isoform X2 was predicted to be carried out by Ile45
and Gly49 active sites (C-score"© 0.349).

Discussion

Plant pathogens destroy many important economic
plants worldwide. Although the interactions between
plant hosts and pathogens have been investigated
using classical biochemical and molecular biological
approaches [28, 68], proteomics is an effective methodol-
ogy that provides global information on various cellular
protein networks [56]. To our knowledge, there have been
few comparative proteomic studies of the rubber tree leaf
response induced by the root rot fungi, R. microporus.
In this study, leaf proteome changes in rubber tree clone
RRIM600 during interactions with R. microporus and
subsequent changes in transcript abundance of selected
modulated proteins were assessed. The rubber tree clone
RRIM600 is considered a susceptible clone to white root
rot disease [97]. Here, the possible response mechanisms
that occur in rubber tree leaves during pathogen infec-
tion are discussed.

White root rot fungi negatively affect the rubber tree
defensive proteins found in leaves

Many defense-related proteins, including a 17.3-kDa class I
heat shock protein-like protein, a superoxide dismutase [Cu—
Zn]-like protein, an ATP synthase subunit D mitochondrial-
like protein, and a universal stress PHOS34 protein, were
down-regulated both at the protein and transcription levels
after inoculation with R. microporus (Table 1 and Fig. 3).

The major heat shock proteins (HSPs) function as
molecular chaperones and protect cells against the delete-
rious effects of stress, including stress caused by pathogen
infection [31, 104]. HSPs are conservatively recognized
according to their molecular mass and classified into five
major families: HSP100, HSP90, HSP70, HSP60, and 17-to-
30-kDa small HSPs (sHSPs) [96]. In this study, a 17.3-kDa
class I heat shock protein-like protein was found to be
down-regulated after rubber tree infection by R. micropo-
rus. The transcription levels of the 17.3-kDa HSP decreased
during 10-50 DAI (Fig. 3). Similarly, a 17.3-kDa HSP was
found to decrease steadily during the 5 h after infection
(hai) in an avocado root infected with Phytophthora cin-
namomiic, a soil-borne oomycete [2]. In rice, small HSPs
showed differential responses to infection by Magna-
porthe grisea, which were growth stage-specific,four of
the sHSPs (HSP16, 17, 18.1 and 18.2) were up-regulated,
while another four (HSP16.6, 17.8, 18.8 and 22) were down-
regulated [79]. sHSPs are speculated to be involved in the
adjustment to invading pathogens, probably by maintaining
newly synthesized stress-related proteins that are correctly
folded by the HSP70 or HSP60 chaperone complexes [16].
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Fig. 7 The ligand binding site predictions of the uncharacterized protein LOC110648447 by I-TASSER. Deoxycholate (orange) is predicted to bind
in the cavity of uncharacterized protein LOC110648447 isoforms X1 (A), X2 (B), and X3 (C), respectively, with C-scores of 0.15,0.18,and 0.19 and
cluster sizes of 30, 34, and 32 (Supplementary Table 7.1). The structure of the predicted protein and ligand binding cavity was visualized using UCSF

Chimera software

Fig. 8 Predicted enzymatic active sites on the predicted 3D structures of uncharacterized protein LOC110648447 isoform X1 (A), isoform X2
(B), and isoform X3 (C) by I-TASSER and visualized by UCSF Chimera software. Norcoclaurine synthase activity (EC:4.2.1.78) was predicted to be
performed by isoform X1 at residues Gly49 (green) and Leu68 (orange) with a C-scoref©=0.386, by isoform X2 at residues lle45 (blue) and Gly49
(green) with a C-score™ =0.349, and by isoform X3 at residue Gly49 (green) with a C-score.f=0.415

Universal stress protein (USP) genes encode proteins
containing the 140-160 highly conserved residues of the
USP domain with other catalytic motifs and play a cru-
cial role in diverse aspects of plant growth and develop-
ment, including abiotic and biotic stress resistance [10].
In Arabidopsis, two USPs, including AtPHOS32 and
AtPHOS34, are phosphorylated by mitogen-activated
protein kinases (MAPKSs) after treatment with Phytoph-
thora infestans zoospores or the bacterial-eliciting pep-
tide, flagellin-22 [45, 55]. Phosphorylated USPs seem to
be involved in the activation of pathogen defense and
then provide protection against pathogenic attacks.
Recently, functional characterization of an Arabidopsis
USP showed that it plays a critical role in the plant’s toler-
ance to diverse pathogenic infections with novel antifun-
gal activity [66]. This protein has been found to efficiently
suppress fungal growth in fungal cells by inducing ROS.
In this study, the universal stress protein PHOS34 in rub-
ber trees was found to be down-regulated in leaves after
being infected by R. microporus. This might be because
leaves are not the site of this pathogenic infection. It
would be interesting to further analyze the expression of
this protein in the root of the rubber tree.

The balance between ROS production and scaveng-
ing performed by antioxidant molecules is one of the
major defense responses of the host plant to patho-
gens. Well-balanced ROS levels in the host plant could

serve as a defense-triggered signaling molecule, while
an overload of accumulated ROS can cause toxicity
to plant cells [25, 38]. The homolog of the superoxide
dismutase [Cu—Zn] (CuZn-SOD) enzyme, which is
responsible for the dismutation of highly active O, to
H,O, before being scavenged by the catalase and/or
peroxidase enzymes, was identified here as a down-reg-
ulated protein due to R. microporus. A previous study
showed that a rubber tree CuZn-SOD protein was up-
regulated in the leaves of the clone PB314 challenged by
the ascomycete Pseudocercospora ulei [41]. In addition,
the CuZn-SOD overexpressed transgenic plants were
proven to have better scavenging of salinized-induced
ROS compared to wild-type plants [34]. Accordingly,
the down-regulation of a CuZn-SOD-like protein and
transcript in this study suggests impaired ROS scaveng-
ing in the leaves of rubber tree clone RRIM 600 after R.
microporus infection.

Remarkably, there are increasing reports indicating
that, besides its direct role in converting light energy
to chemical energy, photosynthesis can also regulate
plant response to both biotic and abiotic stresses [37].
Oxygen-evolving enhancer proteins (OEEs) are impor-
tant proteins for oxygen evolution and Photosystem II
(PSII) stability. OEEs consisting of three subunits, OEE1
(33 kDa, PsbO), OEE2 (23 kDa, PsbP) and OEE3 (16 kDa,
PsbQ), are nuclear-encoded chloroplast proteins which
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bind to the periphery of PSII [8, 74]. Enhanced expres-
sion of OEEs under stress has been reported. After being
exposed to the powdery mildew pathogen, Sphaerotheca
fuliginea (Sf), the abundance of OEE1 and OEE2 pro-
teins was higher in the leaves of resistant cucumbers
than in the leaves of susceptible ones [15]. This finding
suggests that OEE1 and OEE2 play an important role in
the maintenance of PSII activity under pathogen infec-
tion. In addition, the higher expressions of OEE1 and
OEE2 are some of the protective responses exhibited
by resistant cucumbers to powdery mildew disease. In
other instances, oxygen evolving proteins seem to be the
strategic target of plant pathogens. Recently, the 23-kDa
VpOEE2 or VpPsbP in grapevine was identified as a host
target of a Plasmopara viticola RXLR effector, resulting
in reduced H,0, accumulation and activating the 'O?
signaling pathway through stabilizing PsbP, thereby pro-
moting disease in grapevines [50]. The bacterial patho-
gen Pseudomonas syringae secretes an HopN1 effector or
cysteine protease that targets an OEE3 or PsbQ protein
in tomato plants, which interferes with ROS production
in chloroplasts and reduces defense response in leaves
[73]. In this study, an OEE3-2 protein was identified from
the 17-kDa band obtained from 1D-PAGE. According to
RT-qPCR analysis, the OEE3-2 gene was down-regulated
after R. microporus inoculation. The reduced transcrip-
tion of OEE3-2 suggests another negative response of
photosynthetic machinery to pathogen infection in rub-
ber trees.

Matrix metalloproteinases (MMPs), also known as
matrixins, are a group of endoproteinases contain-
ing a zinc ion in their catalytic center. The expression
patterns of MMPs in plants suggest that they play an
important role in remodeling plant tissue during growth
and development, and in response to biotic and abiotic
stresses [11, 51, 80, 71]. Nicotiana benthamiana met-
alloprotease 1 encodes NtMMP1 in tobacco plants. Its
expression increased after infection by pathogens and
after treatment with hormones. Plants overexpress-
ing NtMMP1 exhibited greater resistance to infection,
while the silenced plants exhibited greater susceptibility
to infection by Phytophthora infestans compared to con-
trol plants [26]. The role of some Arabidopsis MMPs in
fungal resistance was also proved in genetically repressed
and overexpressed transgenic plants [109]. In this study,
the metalloendoproteinase 5-MMP-like protein in the
susceptible rubber tree clone (RRIM 600) was down-reg-
ulated at the transcription level, while there was greater
accumulation at the protein level after fungal infection.
The role of this gene should be further analyzed in other
resistant clones of rubber tree.

An ATP synthase subunit D protein is a mitochondrial
ATP synthase or complex V according to the Uniprot
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protein accession Q9FT52 of Arabidopsis. Many plant
species show a decreased abundance of ATP synthase
subunits during cold stress [12, 39, 69, 88, 100]. Here, the
subunit D of a mitochondrial ATP synthase in rubber tree
leaves was reduced in response to R. microporus. Our
result was related to the downregulation of mitochon-
drial ATP synthase in tobacco responding to aggressive
cucumber mosaic virus (CMV-R3E79R) [21] and Pseu-
domonas syringae pv. tabaci [87]. Gellért and colleagues
[21] found that the CMV-R3E79R proteins interact with
the tobacco ATP synthase F1 motor complex and lethally
block its rotation, which may lead to cell apoptosis. These
findings suggest a negative interaction between the path-
ogen and plant ATP synthase.

The novel uncharacterized protein LOC110648447 might
mediate rubber tree response to white root rot fungi
Most of the up-regulated protein spots at 10, 30, and 50
DAL, as well as the major protein from the 17-kDa band
from 1D-PAGE, were identified as the uncharacterized
protein LOC110648447 (isoforms X1, X2, X3) (Figs. 1,
2; Table 1). The significantly higher expression of the
uncharacterized protein LOC110648447 isoform X1
after fungal infection was confirmed by RT-qPCR (Fig. 3).
Cis-acting regulatory elements previously reported to
play a crucial role in regulating defensive genes as well as
in drought response were found on the uncharacterized
protein LOC110648447 (isoform X1) gene of the rubber
tree clone RRIM600 (Table 3). These results suggest that
the uncharacterized protein LOC110648447 likely plays
arole in rubber tree response to R. microporus invasion.
Three GTIGMSCAM4 and 3 BIHDOS elements were
found on the uncharacterized protein LOC110648447
promoter of the RRIM600 rubber tree clone. GT1GM-
SCAM4 element (GAAAAA motif) is known to play a
role in pathogen response [65] and also in fungal elici-
tor response [93]. BIHDOS elements are homeodomain
transcription factor OsBIHD1 binding sites [52], which
were previously reported in the promoter region of path-
ogen-responsive and pathogen-inducible (PRPI) defensin
genes [42] and involved in disease response [93]. W-box,
a wounding-responsive element, and several patho-
gen-responsive elements (including WBOXNTERES3,
WRKY710S, and WBOXATNPR1) were also found.
The WBOXNTERF3 has been reported to be related to
wounding response in the tobacco ethylene-responsive
transcription factor 3 (ERF3) gene [58]. The WRKY710S
element is a binding site of rice WRKY71 [99], and this
element was also present in the parsley PR-10 gene pro-
moter, which proved to interact with parsley WRKY
proteins [14]. The WBOXATNPR1 was found on an
Arabidopsis disease resistance regulatory NPRI (Nonex-
presser of PR genes 1) gene and recognized by salicylic
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Fig. 9 The alignment of amino acid sequences of three isoforms of the uncharacterized protein LOC110648447 by Clustal W multiple sequence

alignment

acid (SA)-induced WRKY proteins [9, 105]. Interest-
ingly, many sites of w-box founded on the promoter of
the barley germin-like GER4 gene were related to necro-
trophic and biotrophic pathogen induced gene expres-
sion [27]. The mutation of the w-box element in rice
OsPR-10 showed an impaired stress hormone response
[30]. Another SA-activated element found in this study
is the ASFIMOTIFCAMYV element (TGACG), which is
an activating-sequence factor 1 (ASF-1) protein binding
motif [13], [72]. The presence of these SA-responsive ele-
ments suggests a potential response of gene transcription
induced by the stress hormone SA that might accumulate
after R. microporus infection.

The drought-responsive MYB1AT, MYCATERDI, and
PREATPRODH elements found in this study indicate
that this uncharacterized protein gene might play a role
in plant response to environmental stress. The MYB1AT
element identified in the dehydration-responsive gene
was recognized by MYB proteins [1], well-known for
their importance in stress response. The pro- or hypoos-
molarity-responsive element (PRE) named PREAT-
PRODH in the proline dehydrogenase gene is induced by
low osmolarity conditions [75, 76]. The MYC recognition
site MYCATERD1 binds specifically to NAC proteins [83,
92], which are proteins related to ABA signaling [60] and
plant immunity [106].

From the genome sequence of rubber tree clone Reyan
7-33-97, there are three closely related isoforms of the
uncharacterized protein LOC110648447. These 3 isoforms
are likely derived from alternative splicing within the same
genomic locus, as shown in the NW_018447361.1 refer-
ence sequence. The arrangement of exon—intron encod-
ing in each isoform (Fig. 4) and the amino acid alignment
(Fig. 9) show that isoforms X1 and X3 have identical
amino acid sequences for the first 57 residues, and that
isoforms X2 and X3 have identical sequences for the next

94 residues. Isoform-specific fragments might be selected
by using the fragment encoded by the second exon of iso-
form X1, i.e.,, NSSELITENSR, or by using the fragments
encoded by the first exon of isoform X2, i.e. IQDSANS-
FPQAAPSLYTSILISGTGVR (Supplementary Table 1).
There is no amino acid fragment specific to isoform X3.
Different from Reyan 7-33-97, the identical sequences
of the isoforms X1 and X2 were present in different con-
tigs of the RRIM 600 whole genome shotgun sequence
(contig MKXE01009552.1 for isoform X1, and contigs
AJJZ011011755.1 and MKXE01140403.1 for isoform X2).

The uncharacterized protein LOC110648447 is classified
as a member of Bet v 1 protein family
Structural and functional annotations of particular
uncharacterized proteins may result in the identifica-
tion of new structures, aiding in the introduction of new
protein functions and interactions. This study aimed to
create the first 3D model of the uncharacterized protein
LOC110648447, which significantly increased after R.
micoporus infection. As a result, this protein was clas-
sified as a pathogenesis-related 10 (PR-10) protein, also
known as the Bet v 1 protein family (Table 4). This pro-
tein family contains numerous members from plants and
also bacteria, which exhibit Bet v 1-like folding charac-
teristics. The “hotdog fold/domain” typically consists of
seven antiparallel B-sheets, two V-shaped a-helices, and
a long C-terminal a-helix, forming a large hydrophobic
cavity for ligand binding [70]. In this study, the topol-
ogy of the secondary structure arrangement resulting
from PSIPRED prediction (Fig. 5) showed a “B-al-p6 and
C-terminal o-helix” structure, strongly supporting the
classification of uncharacterized protein LOC110648447
into this family.

The Bet v 1 protein family is divided into several
groups, including intracellular pathogenesis-related (IPR)
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proteins, which are classic PR-10 proteins; cytokinin-
specific binding (CSBP) proteins; (S)-norcoclaurine syn-
thases (NCS) proteins; and major latex (MLP) proteins [3,
19]. The MLP proteins are known to perform functions
in many plant species, such as an MLP-like 43 protein
of Arabidopsis, which mediates drought stress via ABA
signaling [95], and an MLP28 protein of cotton, which
plays a role in defense against Verticillium dahlia [101].
In the genus Fragaria, strawberry-related plants showed
an increased expression of PR-10 genes in response to
fungal pathogens [24, 32, 91, 102]. Cowpea and barley
PR-10 s were linked to cultivars resistant against Rhyn-
chosporium secalis and Uromyces vignae infection. [57,
86]. Two antifungal MdPR10 proteins of apple were
recently confirmed to confer resistance to Alternaria leaf
spot disease due to their interaction with leucine-rich
repeat proteins [108]. A PR-10 protein was suggested as
a biomarker of Fusarium head blight (FHB) resistance
due to its high abundance in a comparative iTRAQ/MS
proteomic study of Fusarium graminearum-resistant and
susceptible wheat lines [94]. Interestingly, the root rot
pathogen Fusarium solani triggered the expression of a
defense-related PnPR10 protein of Panax notoginseng,
which showed RNase activity in vitro [47].

In rubber trees, the potential PR10 proteins identified
here not only showed sequences and secondary struc-
tures related to PR10/Bet v 1, but were also in the same
molecular weight range of this protein family (approxi-
mately 17 kDa) (Figs. 1, 2).

The promoter of this gene in rubber trees was also
predicted to respond to various biotic stressors, such as
necrotrophic and biotrophic pathogens (Table 3), which
are proposed to be involved in the up-regulation of gene
transcripts during R. microporus inoculation. In addition,
the predicted GO terms related to biological processes
suggest with a relatively high score of prediction that they
may play a role in defense response against biotic stress
(Table 5), similar to other members in the PR10/Bet v 1
protein family. Although we only hypothesized that the
PR10s here participate in fungal defense in rubber tree
leaves in some aspects, prediction of the GO terms’
molecular functions shows a moderate score of hydro-
lase, protein homodimerization, ABA-binding, and sign-
aling receptor activities.

Structure prediction by I-TASSER suggests possible
phytohormone binding sites and active sites of novel
rubber tree PR-10 s

The predicted structures of uncharacterized protein
LOC110648447 clearly showed the conserved topology
of Bet v 1 folding with relatively low C-scores, except
for isoform X1 (Fig. 6). The C-scores of protein predic-
tion by I-TASSER ranged between -5 and 2, indicating
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acceptable quality and confidence. Accordingly, the low
C-scores of our predicted models may be due to a lack
of closely related protein templates. However, these pre-
dicted structures were annotated to the PDB database
and received high TM-scores when aligned with the
Bet v 1/PR-10 related templates in the PDB (Supple-
mentary Table 6). This result provides additional strong
evidence for classifying the uncharacterized protein
LOC110648447 into the Bet v 1/PR-10 family.

The various proteins of the Bet v 1-like structure spe-
cifically bind with many groups of phytohormones and
metabolites [4]. The hydrophobic binding pocket of Bet
v 1 may also perform a storage role for certain phytohor-
mones before releasing them under specific conditions
[3]. For example, phytoprostane PPE1 binding to a Bet
v 1 protein has been shown to protect the protein from
cysteine protease [85].

In silico prediction of protein binding sites and ligands
revealed a possible hydrophobic cavity of the novel rub-
ber tree PR-10 proteins, which might be the site for
abscisic acid binding in isoform X1, or deoxycholate
binding in all three isoforms (Fig. 7). In this study, the
mutated PYR1 protein (PDB: 3ZVU) was used as the
template structure for the ABA binding site prediction
in I-TASSER (Supplementary Table 7.1). The pyrabac-
tin-resistant (PYR) protein is an ABA receptor that is
homologous to the Bet v 1 protein family [70], and hence,
binding with ABA may be possible for Bet v 1 structural-
related proteins. Deoxycholate is a bile acid molecule
that can exogenously induce Arabidopsis defenses against
bacterial pathogens [107]. The crystal structure of the
major birch allergen Bet v 1 a protein (PDB: 4A83) was
shown to be able to bind to deoxycholate. This protein
was also selected as the template for ligand binding site
prediction for all three isoforms of the rubber tree PR10
protein. Although the C-scores of each binding site pre-
diction exhibit low confidence (<20% confidence), the
results still revealed that the large cavity formed in the
protein models possibly serves as a binding pocket for
phytohormones and other small molecules (Fig. 7). The
molecules that naturally interact with this novel PR-10 of
the rubber tree still require further investigation.

Many studies of PR-10 proteins have been reported
for their RNase activities [40, 98, 110, 43] and cysteine
protease inhibitor activity [5]. However, these two
enzyme activities were not predicted by our PR-10 pro-
tein in the rubber tree. According to enzyme classifica-
tion by I-TASSER, the specific residues of novel rubber
tree PR-10 were predicted to have norcoclaurine syn-
thase (NCS) activity (EC:4.2.1.78) (Fig. 8, Supplementary
Table 7.2). The reaction by the NCS enzyme generates a
six-membered ring by forming a bond between C-6 of
the 3,4-dihydroxylphenyl group of dopamine and C-1 of
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the aldehyde in the imine formed between the substrates.
The product is the precursor of benzylisoquinoline alka-
loids in plants. According to the MetaCyc database
(ID:PWY-3581), NCS enzymes participate in the bio-
synthesis of (S)-reticuline, which is an intermediate in
the biosynthesis of many antimicrobial molecules such
as coptisine and berberine. The proteins showing NCS
activity were found in Thalictrum flavum [77] and Papa-
ver somniferum [49]. The designated plant PR-10 from
Coptis japonica (Uniprot: A2A1A1) and Papaver som-
niferum (Uniprot: Q4QTI9 and Q4QT]O) showed very
similar characters to NCS proteins. We hypothesize that
the predicted active site may be significant for the activ-
ity of PR-10 during secondary metabolite biosynthesis.
It would be interesting to investigate whether the novel
PR-10 protein can perform NCS activity. Defensive alka-
loids in rubber tree leaves may be synthesized due to the
higher expression of this protein when challenged by the
white root rot fungi.

The most conserved region of PR-10 proteins is
located at the connecting loop between beta strands
2 and 3, called the P-loop or Glycine-rich loop [78].
Many of them exhibit nucleotide-binding ability. We
noticed that the structure of the Glycine-rich loop for
all 3 rubber tree PR-10 isoforms (Fig. 10) was similar to
the superposition of various PR-10 structures reported
by Fernandes and colleagues (2013). The P-loop of two
soybean PR-10 proteins, GmPR10 and Gly m 41, were
recently proved to exhibit anti-pathogen function [17].
A couple of glycine residues (GXG) in the P-loop were
also found in a potato PR-10 at positions 45-47 [54].
A PR-10 protein lacking the P-loop was observed in
MLP28, another group of PR-10 proteins in Arabidopsis
[53]. The novel rubber tree PR-10 in this study showed a
couple of conserved glycine residues (Gly47 and Gly49)
in the P-loop, of which Gly49 is the predicted active site
in all three isoforms (Figs. 8, 10). The P-loop observed
in the uncharacterized protein LOC110648447 sequence
strongly supports the likelihood that this protein is a
novel PR-10 of the rubber tree.

A )
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Conclusions

This research demonstrates that the response of rub-
ber trees to white root rot disease is systemically linked
between the infected root and other distal parts such as
the leaves. Many defense-related genes and proteins were
down-regulated, such as the molecular chaperone, 17.3-
kDa HSP, and an ROS-scavenging enzyme, Cu—Zn SOD.
Following infection by R. microporus, the novel PR-10
increased substantially at both the transcript and protein
levels. The Bet v 1-related structure of the novel PR-10,
as well as its ligand-binding sites and putative enzymatic
activity, were predicted and hypothesized for their defense
function. However, further validating the defense ability
of this protein would be beneficial for understanding the
distal response of rubber trees against fungi. The informa-
tion from this study will be useful for white root rot disease
management of rubber trees in the future.

Methods

Pathogen inoculation and sample collection

Rigidoporus microporus NK6, a virulent strain, was iso-
lated from the root of a diseased rubber tree in south-
ern Thailand. Pure fungal mycelia were cultured on
potato dextrose agar (PDA). The mycelia on PDA were
then cut into 0.5 cm diameter discs and used to inocu-
late 100 g of sterile sorghum seeds in Erlenmeyer flasks.
Each flask was inoculated with 5 PDA discs and incu-
bated at 30 °C for 14 days. RRIM 600 grafted rubber tree
seedlings (8 months old) were used in this experiment.
Experimental seedlings were inoculated with fungal cul-
ture placed next to the roots at the bottom of the tree
pot. Control plants were mock inoculated with fungus-
free cultured material. The experiment was conducted
using three replicates under greenhouse conditions. The
infection of rubber trees was validated by observed the
tree morphology and symptoms. At 10, 30, 50 DAI, the
trees did not show the symptom aboveground, but the
roots were completely infected since 10 DAI as shown in
Supplementary Fig. 1. Leaf samples were collected at 10,
30, and 50 DAI and immediately frozen in liquid nitrogen

Fig. 10 The P-loop (blue) connects strands 2 (orange) and strands 3 (green) in the predicted structure of the novel rubber tree PR-10
(uncharacterized protein LOC110648447) isoform X1 (A), isoform X2 (B), and isoform X3 (C)
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before -80 °C storage for subsequent protein and RNA
extraction.

Protein extraction, decontamination, and quantification
Leaf proteins were extracted from 3 g of ground leaf sam-
ple using a phenol-based protocol modified from Hurk-
man and Tanaka [29]. The sample was mixed with 5 mL
of extraction medium (0.1 M Tris—HCIl pH 8.8, 10 mM
EDTA, 0.4% 2-Mercaptoethanol, 0.9 M sucrose) and
5 mL of phenol buffer saturated with Tris—HCI pH 8.8.
The samples were vortexed for 30 s. The mixture was
divided and transferred into 1.5-mL microcentrifuge
tubes and then centrifuged at 10,000 x g for 30 min at
4 °C to separate the mixture. The phenol phase was col-
lected and transferred new microcentrifuge tubes (200
pL per tube). One ml of -80 °C pre-chilled precipitation
buffer (0.1 M ammonium acetate in absolute methanol)
was added into each tube and incubated at -80 °C for at
least 2 h to precipitate proteins in the phenol phase. The
mixture was then centrifuged at 10,000 x g for 30 min at
4 °C again to obtain the protein pellet, and the superna-
tant was discarded. Afterwards, the pellet was washed
twice with Washing buffer I (cold 0.1 M ammonium
acetate in absolute methanol containing 10 mM DTT)
and once with Washing buffer II (cold 80% acetone con-
taining 10 mM DTT) by vortexing the pellet in 1 mL of
washing buffer and centrifuging at 10,000 x g for 30 min
at 4 oC. The pellet was then air-dried for 3—5 min and
rehydrated in an optimal volume of Rehydration buffer
(7 M Urea, 2 M Thiourea, 30 mM DTT, 4% CHAPS).
The rehydrated protein was kept at -80 °C until analysis.
Then, the concentration of protein was triplicate meas-
ured at an absorbance of 595 nm using Bradford’s assay
reagent system (Bio-Rad, USA). The pooled samples were
decontaminated using a 2D Clean-Up kit (GE Healthcare,
USA) following the manufacturer’s protocol.

Comparative proteomic analysis using 1D- and 2D-PAGE

The protein samples were separated by 1 dimensional-
and 2 dimensional- polyacrylamide gel electrophoresis
(ID- and 2D-PAGE). For 1D-PAGE, the protein sam-
ples (10 pg) were separated by 12.5% polyacrylamide
gels as described by Laemmli [44]. For 2D-PAGE, equal
amounts of protein (60 pg) from each sample were sep-
arated as follows. In the first dimension, IPG strips (GE
Healthcare, USA) that were 7 cm in length and pH 3-10
were used. Electrophoresis was performed following the
specific conditions described by the manufacturer. After
isoelectric focusing (IEF), the proteins were separated by
SDS-PAGE in the second dimension using 12.5% poly-
acrylamide gels. The gels were stained using the Coomas-
sie Blue-G staining method. For each biological replicate,
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one set of high-resolution gels, run at different times,
was selected for further analysis. The relative abundance
of each protein spot was quantified. The gel images were
scanned by a UMAX image scanner coupled with Lab-
scan software (GE Healthcare, USA). For the 2D-PAGE
profile, protein spots were detected, matched, and vol-
ume-quantified using ImageMaster 2D platinum v.6.0
software (GE Healthcare, USA).

Protein identification

The fold-change of each candidate protein spot was cal-
culated from the ratio of their relative volumes. The
selected protein band and spots were excised from
preparative gels and sent for protein identification by
ESI-QUAD-TOF mass spectrometry at Salaya Central
Instrument Facility, Mahidol University, Thailand. The
resultant data were searched against databases using
MASCOT (www.matrixscience.com) to identify the
annotated names of the sequenced proteins.

RNA extraction, decontamination, and quantification

The RNA sample of each treatment was isolated from
0.2 g of ground leaf sample using Pure Link " Plant RNA
reagent (Invitrogen, USA) according to the manufactur-
er’s protocol. The removal of genomic DNA contamina-
tion in isolated RNA samples was performed using the
DNA-free” DNA removal kit (Invitrogen, USA) and
DNase-treated samples were quantified by NanoDrop
spectrophotometer. The cDNA synthesis was then car-
ried out using the SuperScript  III first-strand synthe-
sis system (Invitrogen, USA). The resulting concentrated
c¢DNA was kept at -20 °C for expression analysis.

Primer design and efficiency validation

The primers of each selected gene were designed from
available sequences in GenBank accessions (Table 2).
The primer sequences and amplicon regions which were
potentially suitable for Reverse Transcription Quantita-
tive PCR (RT-qPCR) amplification were investigated using
NCBI Primer BLAST (https://www.ncbinlm.nih.gov/
tools/primer-blast/) and further observed for self-dimers
and heterodimers by the IDT oligo analyzer (https://www.
idtdna.com/calc/analyzer) to obtain the suitable primer
pairs for RT-qPCR. The annealing temperature (T,) of
each primer for RT-qPCR was optimized. The primer effi-
ciency (E) was validated using serial-diluted pooled cDNA
of leaf samples for RT-qPCR. The slope obtained from
plotting C; values (y-axis) against the log of concentration
(x-axis) was used for efficiency calculation, following the
formula E = (107/5°P¢ — 1) x 100.
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Relative gene expression analysis by RT-qPCR

The total 20-pL mixture used in RT-qPCR reaction
contained 13.6 uL of H,O, 2 pL of 10X Buffer, 0.8 pL of
50 mM MgCl,, 0.4 pL of 10 mM dNTP mix (Biotechrab-
bit, Germany), 0.4 puL of 20 mM forward primer, 0.4 pL
of 20 mM reverse primer, 0.24 uL of SYBR Green (Sigma,
USA), and 2 pL of 1:25 diluted sample cDNA. Thermal
cycling was performed by the ABI 7500 fast real-time
PCR system (Applied Biosystems, USA), set as follows:
initial denaturation at 94 °C for 3 min, followed by 40
cycles of denaturation at 95 °C for 15 s and annealing at
the optimized temperature of each primer pair, followed
by polymerization at 72 °C for 1 min. The C values of
the target gene were collected for the calculation of rela-
tive gene expression, normalized with the UBC2a refer-
ence gene [46]. The C; data obtained from 3 biological
and 9 technical replicates (N=27) were analyzed for the
fold-change in relative expression, following the method
described by Taylor et al. [90]. Statistical analysis was
carried out using analysis of variance (ANOVA) and
Tukey’s post hoc significance test at p <0.05 in SPSS soft-
ware (IBM, USA).

Cis-acting element analysis of uncharacterized protein
LOC110648447

A genomic sequence of the uncharacterized protein
LOC110648447 was BLAST searched against whole-
genome shotgun contigs of rubber tree (id:3981) in the
NCBI database. The hit contig MKXE01009552.1 from
clone RRIM600 was selected for the analysis. A sequence
of 3000 bp at the 5-end upstream before the coding
sequence was chosen to search for a cis-acting element
via the NEWPLACE database (https://www.dna.affrc.go.
jp/PLACE/?action=newplace) and for functional analysis
of the obtained elements.

Structure-based in silico predictions of uncharacterized
protein LOC110648447

The amino acid sequences of uncharacterized protein
LOC110648447 isoforms were submitted to online
servers for the secondary structure and 3D structure
predictions using the PSIPRED 4.0 protein secondary
structure prediction server (http://bioinf.cs.ucl.ac.uk/
psipred/) and Iterative Threading ASSEmbly Refine-
ment (I-TASSER) (https://zhanglab.dcmb.med.umich.
edu/I-TASSER/), respectively. [-TASSER predicts the
functions of modeled proteins based on global and
local similarity to template proteins in the Protein
Data Bank (PDB) with known structures and functions.
Here, the I-TASSER server was then applied to build
the structural model of the uncharacterized protein
using identified templates in the PDB database using

Page 17 of 21

10 threading algorithms. The models were then refined
and scored before further analyzing the function of the
highest-scoring model based on structural matching
with proteins in the BioLiP database [103]. The result-
ing output of template proteins, predicted structural
models, proteins related to the predicted structural
models, GO terms, ligand binding sites, and enzymatic
active sites (summarized from the I-TASSER server)
were obtained to determine the potential function of
the uncharacterized protein.
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Additional file 1: Supplementary Figure 1. The phenotypes of mock-
and R. microporus-inoculated rubber tree. Supplementary Figure 2. Raw
Image of One-dimensional (1D) SDS-PAGE gel showed the comparison of
the protein patterns of rubber tree leaves after R. microporus inoculation
by SDS-PAGE with Coomassie brilliant blue (CBB) dye. Lane 1: protein
marker; Lanes 2, 4, 6: mock inoculation at 10, 30, and 50 days after
inoculation (DA), respectively; Lanes 3, 5, 7: R. microporus-inoculation at
10, 30, and 50 DA, respectively. Supplementary Figure 3. Raw Image of
Two-dimensional (2D) SDS-PAGE gels. The three replicates of 2D SDS-PAGE
of each treatment are showed below. The framed gels are the representa-
tive gels of each treatment. Supplementary Figure 4. Location of the
coding sequence of the uncharacterized protein LOC110748447 isoforms
on whole genome shotgun contig LVXX01001672.1 (Range: 61922-78548)
Hevea brasiliensis cultivar reyan7-33-97 scaffold1672, whole genome shot-
gun sequence (matched 100% +/- ). Supplementary Figure 5. Location
of the coding sequence of the uncharacterized protein LOC110748447
isoforms on whole genome shotgun contig MKXE01009552.1 (Range:
38570-39259) Hevea brasiliensis cultivar RRIM600, whole genome

shotgun sequence (matched 100% /- with isoform X1) The 3000 bp

of 5'upstream region was the blue region. Supplementary Figure 6.
Location of predicted cis-acting elements on the promoter region of
Uncharacterized protein LOC110648447. Supplementary Figure 7. The
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secondary structure prediction of Uncharacterized protein LOC110648447
isoforms using PSIPRED server. Supplementary Figure 8. The secondary
structure prediction of Uncharacterized protein LOC110648447 isoforms
using I-TASSER server. Supplementary Figure 9. The predicted normal-
ized B-factor of predicted secondary structure of Uncharacterized protein
LOC110648447 isoforms using I-TASSER server. Supplementary Table 1.
Identification results of the selected 1D-PAGE band and 2D-PAGE spots
by ESI-QUAD-TOF mass spectrometry (MS/MS) analysis. Supplementary
Table 2. Location of predicted cis-acting elements on the promoter
region of Uncharacterized protein LOC110648447. Supplementary
Table 3. The top 10 threading templates used by I-TASSER in predicting
the 3D structures of Uncharacterized protein LOC110648447 isoforms.
Supplementary Table 4. The alignment of Uncharacterized protein
LOC110648447 isoforms with the top 10 threading templates in sup-
plementary table 3. Supplementary Table 5. The top 5 final models of
Uncharacterized protein LOC110648447 isoforms predicted by I-TASSER
server. Supplementary Table 6. The top 10 structurally closed proteins in
the PDB to the model of Uncharacterized protein LOC110648447 isoforms
predicted by I-TASSER server. Supplementary Table 7. The predicted
functions of Uncharacterized protein LOC110648447 isoforms by COFAC-

TOR and COACH through I-TASSER server.

Acknowledgements

This research was financially supported by the Natural Biological Control
Research Center (NBCRC), Thailand. Mr. Rawit Longsaward was supported by
a Science Achievement Scholarship of Thailand (SAST). We thank Dr. Alyssa
Stewart for assisting with English proofreading.

Authors’ contributions

UV designed and conceived the study. AP prepared plant materials and the
fungal pathogen. RL carried out the experiments and wrote the manuscript.
UV revised the manuscript. AP and PK provided technical assistance and
research guidance. All authors have read, edited and approved the manuscript
for submission.

Funding
This study was funded by the Natural Biological Control Research Center
(NBCRC), Thailand.

Availability of data and material
The datasets generated in the present study are available from the corre-
sponding author on reasonable request.

Declarations

Ethics approval and consent to participate
(Not applicable).

Consent for publication
(Not applicable).

Competing interests
The authors declare no competing interests.

Received: 17 May 2022 Accepted: 28 February 2023
Published online: 22 March 2023

References

1. Abe H, UraoT, Ito T, Seki M, Shinozaki K, Yamaguchi-Shinozaki K. Arabi-
dopsis AtMYC2 (bHLH) and AtMYB2 (MYB) function as transcriptional
activators in abscisic acid signaling. Plant Cell. 2003;15:63-78. https://
doi.org/10.1105/tpc.006130.

2. Acosta-Mufiz CH, Escobar-Tovar L, Valdes-Rodriguez S, Fernandez-Pavia
S, Arias-Saucedo LJ, dela Cruz Espindola Barquera M, et al. Identification
of avocado (Persea americana) root proteins induced by infection with

Page 18 of 21

the oomycete Phytophthora cinnamomi using a proteomic approach.
Physiol Plantarum. 2012;144:59-72. https://doi.org/10.1111/j.1399-3054.
2011.01522.x.

Agarwal P, Agarwal PK. Pathogenesis related-10 proteins are small,
structurally similar but with diverse role in stress signaling. Mol Biol Rep.
2014;41:599-611. https://doi.org/10.1007/511033-013-2897-4.

Aglas L, Soh WT, Kraiem A, Wenger M, Brandstetter H, Ferreira F. Ligand
binding of PR-10 proteins with a particular focus on the Bet v 1 allergen
family. Curr Allergy Asthm R. 2020;20:25. https://doi.org/10.1007/
$11882-020-00918-4.

Andrade LBS, Oliveira AS, Ribeiro JKC, Kiyota S, Vasconcelos IM, Oliveira
JTA, et al. Effects of a novel pathogenesis-related class 10 (PR-10)
protein from Crotalaria pallida roots with papain inhibitory against
root-knot nematode Meloidogyne incognita. J Agric Food Chem.
2010;58:4145-52. https://doi.org/10.1021/jf9044556.

Andrew B, Ahmad K, Ismail SI, Ahmad MF, Ahmed OH, Yun WM. Disease
prevalence and molecular characterization of Rigidoporus microporus
associated with white root rot disease of rubber tree (Hevea brasiliensis)
in Malaysia. J Rubber Res. 2021;24:175-86. https://doi.org/10.1007/
$42464-021-00083-x.

CABI. Rigidoporus microporus (white root disease of rubber). CAB
International. 2020. www.cabi.org/isc/datasheet/47610. Accessed 17
Apr 2020. https://doi.org/10.1079/cabicompendium.47610.

Calderone V, Trabucco M, Vujicic A, Battistutta R, Giacometti GM,
Andreucci F, Barbato R, Zanotti G. Crystal structure of the PsbQ protein
of photosystem Il from higher plants. EMBO Rep. 2003;4:900-5. https://
doi.org/10.1038/sj.emborembor923.

Chen C, Chen Z. Potentiation of developmentally regulated plant
defense response by AtWRKY18, a pathogen-induced Arabidopsis
transcription factor. Plant Physiol. 2002;129:706—16. https://doi.org/10.
1104/pp.001057.

Chi YH, Koo SS, Oh HT, Lee ES, Park JH, Phan KAT, Wi SD, Bae SB, Paeng
SK, Chae HB, Kang CH, Kim MG, Kim W-Y, Yun D-J, Lee SY.The physi-
ological functions of universal stress proteins and their molecular
mechanism to protect plants from environmental stresses. Front Plant
Sci. 2019;10:750. https://doi.org/10.3389/fpls.2019.00750.

Combier JP, Venie T, Billy F, Yahyaoui FE, Mathis R, Gamas P. The
MtMMPL1 early nodulin is a novel member of the matrix metallopro-
teinase family with a role in Medicago truncatula infection by Sinorhizo-
bium meliloti. Plant Physiol. 2007;144:703-16. https://doi.org/10.1104/
pp.106.092585.

Cui S, Huang F, Wang J, Ma X, Cheng Y, Liu J. A proteomic analysis of
cold stress responses in rice seedlings. Proteomics. 2005;5:3162-72.
https://doi.org/10.1002/pmic.200401148.

Despres C, Chubak C, Rochon A, Clark R, Bethune T, Desveaux D,
Fobert PR. The Arabidopsis NPR1 disease resistance protein is a novel
cofactor that confers redox regulation of DNA binding activity to the
basic domain/leucine zipper transcription factor TGA1. Plant Cell.
2003;15:2181-91. https://doi.org/10.1105/tpc.012849.

Eulgem T, Rushton PJ, Schmelzer E, Hahlbrock K, Somssich IE. Early
nuclear events in plant defence signaling: rapid gene activation by
WRKY transcription factors. EMBO J. 1999;18:4689-99. https://doi.org/
10.1093/emboj/18.17.4689.

Fan H, Ren L, Meng X, Song T, Meng K, Yu Y. Proteome-level investiga-
tion of Cucumis sativus-derived resistance to Sphaerotheca fuligi-

nea. Acta Physiol Plant. 2014;36:1781-91. https://doi.org/10.1007/
s11738-014-1552-6.

Fang X, Chen W, Xin Y, Zhang H, Yan C, Yu H, et al. Proteomic analysis of
strawberry leaves infected with Colletotrichum fragariae. ) Proteomics.
2012;75:4074-90. https//doi.org/10.1016/}jprot.2012.05.022.

Fang X, Fan SJ, Qiu YM, Song B, Liu SS, Wu JJ, et al. Effects of P-loop,Bet v
1 domain deletion and mutation on ability of GmPR10 and Gly m 41 to
inhibit Phytophthora sojae. Chin J Oil Crop Sci. 2020;42:818-25.

Farid AM, Lee SS, Maziah Z, Patahayah M. Pathogenicity of Rigidoporus
microporus and Phellinus noxius against four major plantation tree spe-
cies in peninsular Malaysia. J Trop For Sci. 2009;21:289-98. https://www.
jstor.org/stable/23616753.

Fernandes H, Michalska K, Sikorski M, Jaskolski M. Structural and func-
tional aspects of PR-10 proteins. FEBS J. 2013;280:1169-99. https://doi.
org/10.1111/febs.12114.


https://doi.org/10.1105/tpc.006130
https://doi.org/10.1105/tpc.006130
https://doi.org/10.1111/j.1399-3054.2011.01522.x
https://doi.org/10.1111/j.1399-3054.2011.01522.x
https://doi.org/10.1007/s11033-013-2897-4
https://doi.org/10.1007/s11882-020-00918-4
https://doi.org/10.1007/s11882-020-00918-4
https://doi.org/10.1021/jf9044556
https://doi.org/10.1007/s42464-021-00083-x
https://doi.org/10.1007/s42464-021-00083-x
http://www.cabi.org/isc/datasheet/47610
https://doi.org/10.1079/cabicompendium.47610
https://doi.org/10.1038/sj.embor.embor923
https://doi.org/10.1038/sj.embor.embor923
https://doi.org/10.1104/pp.001057
https://doi.org/10.1104/pp.001057
https://doi.org/10.3389/fpls.2019.00750
https://doi.org/10.1104/pp.106.092585
https://doi.org/10.1104/pp.106.092585
https://doi.org/10.1002/pmic.200401148
https://doi.org/10.1105/tpc.012849
https://doi.org/10.1093/emboj/18.17.4689
https://doi.org/10.1093/emboj/18.17.4689
https://doi.org/10.1007/s11738-014-1552-6
https://doi.org/10.1007/s11738-014-1552-6
https://doi.org/10.1016/j.jprot.2012.05.022
https://www.jstor.org/stable/23616753
https://www.jstor.org/stable/23616753
https://doi.org/10.1111/febs.12114
https://doi.org/10.1111/febs.12114

Longsaward et al. BMC Plant Biology

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

36.

37.

(2023) 23:157

Fisol AFBC, Saidi NB, Al-Obaidi JR, Lamasudin DU, Atan S, Razali N, et al.
Differential analysis of mycelial proteins and metabolites from Rigidopo-
rus microporus during in vitro interaction with Hevea brasiliensis. Microb
Ecol. 2021;83:363-79. https://doi.org/10.1007/500248-021-01757-0.
Gellért A, Pésa T, Fabian A, Szabo L, Boka K, Forré B, et al. A single point
mutation on the cucumber mosaic virus surface induces an unex-
pected and strong interaction with the F1 complex of the ATP synthase
in Nicotiana clevelandii plants. Virus Res. 2018;251:47-55. https://doi.
org/10.1016/j.virusres.2018.05.005.

Goh YK, Marzuki NF, Liew YA, Goh YK, Goh KJ. Antagonistic effects of
fungicolous ascomycetous Cladobotryum semicirculare on Rigidoporus
microporus white root rot disease in rubber trees (Hevea brasiliensis)
under in vitro and nursery experiments. J Rubber Res. 2018,21:62-72.
https://doi.org/10.1007/BF03449162.

Gohre V, Jones AM, Sklenar J, Robatzek S, Weber AP. Molecular

crosstalk between PAMP-triggered immunity and photosynthesis.

Mol Plant Microbe Interact. 2012;25:1083-92. https://doi.org/10.1094/
MPMI-11-11-0301.

Gonzales G, Fuentes L, Moya-Leon MA, Sandoval C, Herrera R. Charac-
terization of two PR genes from Fragaria chiloensis in response to Botrytis
cinerea infection: a comparison with Fragaria x ananassa. Physiol Mol
Plant Pathol. 2013;82:73-80. https://doi.org/10.1016/j.pmpp.2013.02.001.
Govrin EM, Lavine A. The hypersensitive response facilitates plant
infection by the necrotrophic pathogen Botrytis cinerea. Curr Biol.
2000;10:751-7. https://doi.org/10.1016/50960-9822(00)00560-1.

Ha JH, Jang HA, Moon KB, Baek KH, Choi GJ, Choi D, et al. Nicotiana
benthamiana Matrix Metalloprotease 1 (NMMP1) gene confers disease
resistance to Phytophthora infestans in tobacco and potato plants. J Plant
Physiol. 2017;218:189-95. https://doi.org/10.1016/j,jplph.2017.08.010.
Himmelbach A, Liu L, Zierold U, Altschmied L, Maucher H, Beier F,
Muller D, Hensel G, Heise A, Schutzendubel A, Kumlehn J, Schweizer P.
Promoters of the barley germin-like GER4 gene cluster enable strong
transgene expression in response to pathogen attack. Plant Cell.
2010;22:937-52. https://doi.org/10.1105/tpc.109.067934.

Howard RJ. Cytology of fungal pathogens and plant-host interactions.
Curr Opin Microbiol. 2001;4:365-73. https://doi.org/10.1016/51369-
5274(00)00219-8.

Hurkman WJ, Tanaka CK. Solubilization of plant membrane proteins

for analysis by two-dimensional gel electrophoresis. Plant Physiol.
1986,81:802-6. https://doi.org/10.1104/pp.81.3.802.

Hwang SH, Lee IA, Yie SW, Hwang DJ. Identification of an OsPR10a
promoter region responsive to salicylic acid. Planta. 2008;227:1141-50.
https://doi.org/10.1007/500425-007-0687-8.

Iba K. Acclimative response to temperature stress in higher plants:
approaches of gene engineering for temperature tolerance. Annu Rev
Plant Biol. 2002;53:225-45. https://doi.org/10.1146/annurev.arplant.53.
100201.160729.

Jambagi S, Dunwell JM. Global transcriptome analysis and identification
of differentially expressed genes after infection of Fragaria vesca with
powdery mildew (Podosphaera aphanis). Transcriptomics. 2015;2:106.
https://doi.org/10.4172/2329-8936.1000106.

Jayasuriya KE. Factors affecting disease tolerance of rubber tree

and research needs for developing disease tolerance genotypes for

the sustainability of rubber industry. Bull Rubber Res Inst Sri Lanka.
2004;45:1-10. http://rri.nsfaclk/handle/1/2507.

Jing X, Hou P, LuY, Deng S, Li N, Zhao R, et al. Overexpression of copper/
zinc superoxide dismutase from mangrove Kandelia candel in tobacco
enhances salinity tolerance by the reduction of reactive oxygen species
in chloroplast. Front Plant Sci. 2015;6:23. https://doi.org/10.3389/fpls.
2015.00023.

Joo JH,Wang S, Chen JG, Jones AM, Fedoroff NV. Different signaling and
cell death roles of heterotrimeric G protein alpha and beta subunits

in the Arabidopsis oxidative stress response to ozone. Plant Cell.
2005;17:957-70. https://doi.org/10.1105/tpc.104.029603.

Kaewchai S, Soytong K. Application of biofungicides against Rigidopo-
rus microporus causing white root disease of rubber tree. J Agri Tech.
2010,6:349-63.

Kangasjarvi S, Tikkanen M, Durian G, Aro EM. Photosynthetic light
reactions — an adjustable hub in basic production and plant immunity
signaling. Plant Physiol Biochem. 2014;81:128-34. https://doi.org/10.
1016/j.plaphy.2013.12.004.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Page 19 of 21

Kariola T, Brader G, Li J, Palva ET. Chlorophyllase 1, a damage control
enzyme, affects the balance between defense pathways in plants. Plant
Cell. 2005;17:282-94. https://doi.org/10.1105/tpc.104.025817.

Kerbler SM, Taylor NL, Millar AH. Cold sensitivity of mitochondrial ATP
synthase restricts oxidative phosphorylation in Arabidopsis thaliana.
New Phytol. 2019;221:1776-88. https://doi.org/10.1111/nph.15509.

Kim ST, Yu S, Kang YH, Kim SG, Kim JY, Kim SH, Kang KY. The rice
pathogen-related protein 10 (JIOsPR10) is induced by abiotic and biotic
stresses and exhibits ribonuclease activity. Plant Cell Rep. 2008;27:593.
https://doi.org/10.1007/500299-007-0485-6.

Koop DM, Rio M, Sabau X, Cardoso SEA, Cazevieille C, Leclercq J, et al.
Expression analysis of ROS producing and scavenging enzyme-encod-
ing genes in rubber tree infected by Pseudocercospora ulei. Plant Physiol
Biochem. 2016;104:188-99. https://doi.org/10.1016/j.plaphy.2016.03.022.
Kovalchuk N, Li M, Wittek F, Reid N, Singh R, Shirley N, Ismagul A, Eliby
S, Johnson A, Milligan AS, Hrmova M, Langridge P, Lopato S. Defensin
promoters as potential tools for engineering disease resistance in cereal
grains. Plant Biotechnol J. 2010;8:47-64. https://doi.org/10.1111/j.1467-
7652.2009.00465 X.

Krishnaswamy S, Baral PK, James MNG, Kav NNV. Site-directed
mutagenesis of histidine 69 and glutamic acid 148 alters the ribonucle-
ase activity of pea ABR17 (PR10.4). Plant Physiol Biochem. 2011;49:958—
62. https://doi.org/10.1016/j.plaphy.2010.10.010.

Laemmli U. Cleavage of structural proteins during the assembly of the
head of bacteriophage T4. Nature. 1970;227:680-5. https://doi.org/10.
1038/227680a0.

Lenman M, Sérensson C, Andreasson E. Enrichment of phosphopro-
teins and phosphopeptide derivatization identify universal stress
proteins in elicitor-treated Arabidopsis. Mol Plant Microbe Interact.
2008;21:1275-84. https://doi.org/10.1094/MPMI-21-10-1275.

LiH, Qin'Y, Xiao X, Tang C. Screening of valid reference genes for real-
time RT-PCR data normalization in Hevea brasiliensis and expression vali-
dation of a sucrose transporter gene HbSUT3. Plant Sci. 2011;181:132-9.
https://doi.org/10.1016/j.plantsci.2011.04.014.

Li S,Wang Z, Tang B, Zheng L, Chen H, Cui X, et al. A Pathogenesis-
related protein-like gene is involved in the Panax notoginseng defense
response to the root rot pathogen. Front Plant Sci. 2021;11:610176.
https://doi.org/10.3389/fpls.2020.610176.

Limsakul A, Limjirakan S, Sriburi T. Observed changes in daily rainfall
extremes along Thailand’s coastal zone. J Environ Res. 2010,32:49-68.
https://ph01 tci-thaijo.org/index.php/aer/article/view/9701.

Liscombe DK, MaclLeod BP, Loukanina N, Nandi Ol, Facchini PJ. Evidence
for the monophyletic evolution of benzylisoquinoline alkaloid biosyn-
thesis in angiosperms. Phytochemistry. 2005;66:2500-20. https://doi.
0rg/10.1016/j.phytochem.2005.04.044.

LiuR, ChenT,Yin X, Xiang G, Peng J, Fu Q, Li M, Shang B, Ma H, Liu G,
Wang Y, Xu Y. A Plasmopara viticola RXLR effector targets a chloro-

plast protein PsbP to inhibit ROS production in grapevine. Plant J.
2021;106:1557-70. https://doi.org/10.1111/tpj.15252.

LiuY, Dammann C, Bhattacharyya MK. The matrix metalloproteinase gene
GmMMP?2 is activated in response to pathogenic infections in soybean.
Plant Physiol. 2001;127:1788-97. https://doi.org/10.1104/pp.010593.

Luo H, Song F, Goodman RM, Zheng Z. Up-regulation of OsBIHD1, a rice
gene encoding BELL homeodomain transcriptional factor, in disease
resistance responses. Plant Biol. 2005;7:459-68. https://doi.org/10.
1055/5-2005-865851.

Lytle BL, Song J, de la Cruz NB, Peterson FC, Johnson KA, Bingman CA,
et al. Structures of two Arabidopsis thaliana major latex proteins repre-
sent novel helix-grip folds. Proteins. 2009;76:237-43. https://doi.org/10.
1002/prot.22396.

Matton DP, Brisson N. Cloning, expression and sequence conservation
of pathogenesis-related gene transcripts of potato. Mol Plant Microbe
Interact. 1989,2:325-31. https://doi.org/10.1094/mpmi-2-325.
Merkouropoulos G, Andreasson E, Hess D, Boller T, Peck SC. An
Arabidopsis protein phosphorylated in response to microbial elicita-
tion, AtPHOS32, is a substrate of MAP kinases 3 and 6. J Biol Chem.
2008;283:10493-9. https://doi.org/10.1074/jbc.M800735200.

Milli A, Cecconi D, Bortesi L, Persi A, Rinalducci S, Zamboni A, et al. Prot-
eomic analysis of the compatible interaction between Vitis vinifera and
Plasmopara viticola. J Proteomics. 2012;75:1284-302. https://doi.org/10.
1016/}jprot.2011.11.006.


https://doi.org/10.1007/s00248-021-01757-0
https://doi.org/10.1016/j.virusres.2018.05.005
https://doi.org/10.1016/j.virusres.2018.05.005
https://doi.org/10.1007/BF03449162
https://doi.org/10.1094/MPMI-11-11-0301
https://doi.org/10.1094/MPMI-11-11-0301
https://doi.org/10.1016/j.pmpp.2013.02.001
https://doi.org/10.1016/s0960-9822(00)00560-1
https://doi.org/10.1016/j.jplph.2017.08.010
https://doi.org/10.1105/tpc.109.067934
https://doi.org/10.1016/S1369-5274(00)00219-8
https://doi.org/10.1016/S1369-5274(00)00219-8
https://doi.org/10.1104/pp.81.3.802
https://doi.org/10.1007/s00425-007-0687-8
https://doi.org/10.1146/annurev.arplant.53.100201.160729
https://doi.org/10.1146/annurev.arplant.53.100201.160729
https://doi.org/10.4172/2329-8936.1000106
http://rri.nsf.ac.lk/handle/1/2507
https://doi.org/10.3389/fpls.2015.00023
https://doi.org/10.3389/fpls.2015.00023
https://doi.org/10.1105/tpc.104.029603
https://doi.org/10.1016/j.plaphy.2013.12.004
https://doi.org/10.1016/j.plaphy.2013.12.004
https://doi.org/10.1105/tpc.104.025817
https://doi.org/10.1111/nph.15509
https://doi.org/10.1007/s00299-007-0485-6
https://doi.org/10.1016/j.plaphy.2016.03.022
https://doi.org/10.1111/j.1467-7652.2009.00465.x
https://doi.org/10.1111/j.1467-7652.2009.00465.x
https://doi.org/10.1016/j.plaphy.2010.10.010
https://doi.org/10.1038/227680a0
https://doi.org/10.1038/227680a0
https://doi.org/10.1094/MPMI-21-10-1275
https://doi.org/10.1016/j.plantsci.2011.04.014
https://doi.org/10.3389/fpls.2020.610176
https://ph01.tci-thaijo.org/index.php/aer/article/view/9701
https://doi.org/10.1016/j.phytochem.2005.04.044
https://doi.org/10.1016/j.phytochem.2005.04.044
https://doi.org/10.1111/tpj.15252
https://doi.org/10.1104/pp.010593
https://doi.org/10.1055/s-2005-865851
https://doi.org/10.1055/s-2005-865851
https://doi.org/10.1002/prot.22396
https://doi.org/10.1002/prot.22396
https://doi.org/10.1094/mpmi-2-325
https://doi.org/10.1074/jbc.M800735200
https://doi.org/10.1016/j.jprot.2011.11.006
https://doi.org/10.1016/j.jprot.2011.11.006

Longsaward et al. BMC Plant Biology

57.

58

59.

60.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

(2023) 23:157

Mould MJR, XuT, Barbara M, Iscove NN, Heath MC. cDNAs generated
from individual epidermal cells reveal that differential gene expression
predicting subsequent resistance or susceptibility to rust fungal infection
occurs prior to the fungus entering the cell lumen. Mol Plant Microbe
Interact. 2003;16:835-45. https://doi.org/10.1094/MPMI.2003.16.9.835.
Nishiuchi T, Shinshi H, Suzuki K. Rapid and transient activation of
transcription of the ERF3 gene by wounding in tobacco leaves:
possible involvement of NtWRKYs and autorepression. J Biol Chem.
2004;279:55355-61. https://doi.org/10.1074/jbc.M409674200.

Nomura H, Komori T, Uemura S, Kanda Y, Shimotani K, Nakai K, Furuichi
T, Takebayashi K, Sugimoto T, Sano S, Suwastika IN, Fukusaki E, Yoshioka
H, Nakahira Y, Shiina T. Chloroplast-mediated activation of plant
immune signalling in Arabidopsis. Nat Commun. 2012;3:926. https://
doi.org/10.1038/ncomms1926.

Nuruzzaman M, Sharoni AM, Satoh K, Moumeni A, Venuprasad R, Serraj
R, Kumar A, Leung H, Attia K, Kikuchi S. Comprehensive gene expres-
sion analysis of the NAC gene family under normal growth conditions,
hormone treatment, and drought stress conditions in rice using near-
isogenic lines (NILs) generated from crossing Aday Selection (drought
tolerant) and IR64. Mol Genet Genomics. 2012;287:389-410. https://doi.
0rg/10.1007/500438-012-0686-8.

Ogbebor NO, Adekunle AT, Eghafona ON, Ogboghodo Al. Biological
control of Rigidoporus lignosus in Hevea brasiliensis in Nigeria. Fungal
Biol. 2015;119:1-6. https://doi.org/10.1016/j.funbio.2014.10.002.
Oghenekaro AO, Kovalchuk A, Raffaello T, Camareno S, Gressler M,
Henrissat B, et al. Genome sequencing of Rigidoporus microporus pro-
vides insights on genes important for wood decay, latex tolerance and
interspecific fungal interactions. Sci Rep. 2020;10:5250. https://doi.org/
10.1038/541598-020-62150-4.

Oghenekaro AO, Omorusi VI, Asiegbu FO. Defence-related gene expres-
sion of Hevea brasiliensis clones in response to the white rot pathogen
Rigidoporus microporus. For Path. 2016;46:318-26. https://doi.org/10.
1111/efp.12260.

Omorusi VI. Effects of white root rot disease on Hevea brasiliensis (Mull.
Arg.) — Challenges and control approach. In: Dhal NK, Sahu SC, editors.
Plant Science. London: IntechOpen; 2012. https://doi.org/10.5772/
54024.

Park HC, Kim ML, Kang YH, Jeon JM, Yoo JH, Kim MC, Park CY, Jeong JC,
Moon BC, Lee JH, Yoon HW, Lee SH, Chung WS, Lim CO, Lee SY, Hong
JC, Cho MJ. Pathogen- and NaCl-induced expression of the SCaM-4 pro-
moter is mediated in part by a GT-1 box that interacts with a GT-1-like
transcription factor. Plant Physiol. 2004;135:2150-61. https://doi.org/10.
1104/pp.104.041442.

Park SC, Jung YJ, Lee Y, Kim IR, Seol MA, Kim EJ, Jang MK, Lee JR.
Functional characterization of the Arabidopsis universal stress protein
AtUSP with an antifungal activity. Biochem Biophys Res Commun.
2017;486:923-9. https://doi.org/10.1016/j.bbrc.2017.03.126.

Pegg KG. Biological control of Phytophthora cinnamomi root rot of avo-
cado and pineapple in Queensland. In: Seminar Papers of Annual Confer-
ence of Australian Nurserymen’s Association, Hobart, Australia. 1977.
Poland JA, Balint-Kurti PJ, Wisser RJ, Pratt RC, Nelson RJ. Shades of

gray: the world of quantitative disease resistance. Trends Plant Sci.
2009;14:21-9. https://doi.org/10.1016/j.tplants.2008.10.006.

Prasad TK, Anderson MD, Martin BA, Stewart CR. Evidence for chilling-
induced oxidative stress in maize seedlings and a regulatory role for
hydrogen peroxide. Plant Cell. 1994,6:65-74. https://doi.org/10.1105/
tpc.6.1.65.

Radauer C, Lackner P, Breiteneder H. The Bet v 1 fold: an ancient, ver-
satile scaffold for binding of large, hydrophobic ligands. BMC Evol Biol.
2008;8:286. https://doi.org/10.1186/1471-2148-8-286.

Rawlings ND, Barrett AJ, Bateman A. MEROPS: the peptidase database.
Nucleic Acids Res. 2010;38:227-33. https://doi.org/10.1093/nar/gkp971.
Redman J, Whitcraft J, Johnson C, Arias J. Abiotic and biotic stress dif-
ferentially stimulate as-1 element activity in Arabidopsis. Plant Cell Rep.
2002;21:180-5. https://doi.org/10.1007/500299-002-0472-x.
Rodriguez-Herva JJ, Gonzales-Melendi P, Cuartas-Lanza R, Antunez-
Lamas M, Rio-Alvarez |, Li Z, Lopez-Torrejon G, Diaz |, Del Pozo JC,
Chakravarthy S, Collmer A, Rodriguez-Palenzuela P, Lopez-Solanilla E. A
bacterial cysteine protease effector protein interferes with photo-
synthesis to suppress plant innate immune responses. Cell Microbiol.
2012;14:669-81. https://doi.org/10.1111/}.1462-5822.2012.01749.x.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84

85.

86.

87.

88.

89.

Page 20 of 21

Ruffle SV, Sayre RT. Functional analysis of photosystem II. In: Gold-
shmidt-Cleremont M, Merchant S, Rochaix JD, editors. Molecular
Biology of Chlamydomonas: Chloroplasts and Mitochondria. Kluwer
Academic Publishers, Dordrecht: The Netherlands; 1998. p. 287-322.
Sahtoh R, Fujita Y, Nakashima K, Seki M, Shinozaki K, Yamakuchi-Shino-
zaki K. A novel subgroup of bZIP proteins functions as transcriptional
activations in hypoosmolarity-responsive expression of the ProDH gene
in Arabidopsis. Plant Cell Physiol. 2004,45:309-17. https://doi.org/10.
1093/pcp/pch036.

Sahtoh R, Nakashima K, Seki M, Shinozaki K, Yamakuchi-Shinozaki K.
ACTCAT, a novel cis-acting element for proline- and hypoosmolarity-
responsive expression of the ProDH gene encoding proline dehydroge-
nase in Arabidopsis. Plant Physiol. 2002;130:709-19. https://doi.org/10.
1104/pp.009993.

Samanani N, Liscombe DK, Facchini PJ. Molecular cloning and char-
acterization of norcoclaurine synthase, an enzyme catalyzing the first
committed step in benzylisoquinoline alkaloid biosynthesis. Plant J.
2004;40:302-13. https://doi.org/10.1111/j.1365-313X.2004.02210.x.
Saraste M, Sibbald PR, Wittinghofer A. The P-loop — a common motif

in ATP- and GTP-binding proteins. Trends Biochem Sci. 1990;15:430-4.
https://doi.org/10.1016/0968-0004(90)90281-f.

Sarkar NK, Kim YK, Grover A. Rice sHsp genes: genomic organization
and expression profiling under stress and development. BMC Genom-
ics. 2009;10:393. https://doi.org/10.1186/1471-2164-10-393.
Schiermeyer A, Hartenstein H, Mandal MK, Otte B, Wahner V, Schillberg
S. A membrane-bound matrix-metalloproteinase from Nicotiana
tabacum cv. BY-2 is induced by bacterial pathogens. BMC Plant Biol.
2009;9:83. https://doi.org/10.1186/1471-2229-9-83.

Sdoodee S. The influence of global warming on phenological change
of mangosteen (Garcinia mangostana L.) in Songkhla. In: Proceedings of
the 339 Congress on science and technology, Thailand (STT33) “science
& technology for global sustainability’, Nakhon Si Thammarat, Thailand.
2007.

Siddiqui N, Middleton C, Ribeiro C, Atan S, Di Cola A. Gel-based prot-
eomic study for differential expression of Hevea brasiliensis root proteins
in response to infection by soil fungus Rigidoporus microporus. Acta
Hortic. 2017;1152:229-34. https://doi.org/10.17660/ActaHortic.2017.
1152.31.

Simpson SD, Nakashima K, Narusaka Y, Seki M, Shinozaki K, Yamakuchi-
Shinozaki K. Two different novel cis-acting elements of erd1, a clpA
homologous Arabidopsis gene function in induction by dehydration
stress and dark-induced senescence. Plant J. 2003;33:259-70. https://
doi.org/10.1046/].1365-313x.2003.01624.x.

Siri-udom S, Suwannarach N, Lumyong S. Applications of volatile com-
pounds acquired from Muscodor heveae against white root rot disease
in rubber tree (Hevea brasiliensis Mull. Arg.) and relevant allelopathy
effects. Fungal Biol. 2017;121:573-81. https://doi.org/10.1016/j.funbio.
2017.03.004.

Soh WT, Aglas L, Mueller GA, Gilles S, Weiss R, Scheiblhofer S, Huber S,
Scheidt T, Thompson PM, Briza P, London RE, Traidl-Hoffmann C, Cabrele
C, Brandstetter H, Ferreira F. Multiple roles of Bet v 1 ligands in allergen
stabilization and modulation of endosomal protease activity. Allergy.
2019;74:2382-93. https://doi.org/10.1111/all.13948.

Steiner-Lange S, Fischer A, Boettcher A, Rouhara |, Liedgens H,
Schmelzer E, et al. Differential defense reactions in leaf tissues of
barley in response to infection by Rhynchosporium secalis and to
treatment with a fungal avirulence gene product. Mol Plant Microbe
Interact. 2003;16:893-902. https://doi.org/10.1094/MPMI.2003.16.10.
893.

Sun H, Zhang H, Xu Z, Wang Y, Liu X, LiY, et al. TMT-based quantitative
proteomic analysis of the effects of Pseudomonas syringae pv. tabaci
(Pst) infection on photosynthetic function and the response of the
MAPK signaling pathway in tobacco leaves. Plant Physiol Biochem.
2021;166:657-67. https//doi.org/10.1016/j.plaphy.2021.06.049.

Tan YF, Millar AH, Taylor NL. Components of mitochondrial oxidative
phosphorylation vary in abundance following exposure to cold and
chemical stresses. J Proteome Res. 2012;11:3860-79. https://doi.org/10.
1021/pr3003535.

Tangonan N, Pecho JA, Butardo EGG. Technoguide on disease of rubber
tree and their management. Department of Agriculture, Bureau of
Agricultural Research, Philippines; 2008.


https://doi.org/10.1094/MPMI.2003.16.9.835
https://doi.org/10.1074/jbc.M409674200
https://doi.org/10.1038/ncomms1926
https://doi.org/10.1038/ncomms1926
https://doi.org/10.1007/s00438-012-0686-8
https://doi.org/10.1007/s00438-012-0686-8
https://doi.org/10.1016/j.funbio.2014.10.002
https://doi.org/10.1038/s41598-020-62150-4
https://doi.org/10.1038/s41598-020-62150-4
https://doi.org/10.1111/efp.12260
https://doi.org/10.1111/efp.12260
https://doi.org/10.5772/54024
https://doi.org/10.5772/54024
https://doi.org/10.1104/pp.104.041442
https://doi.org/10.1104/pp.104.041442
https://doi.org/10.1016/j.bbrc.2017.03.126
https://doi.org/10.1016/j.tplants.2008.10.006
https://doi.org/10.1105/tpc.6.1.65
https://doi.org/10.1105/tpc.6.1.65
https://doi.org/10.1186/1471-2148-8-286
https://doi.org/10.1093/nar/gkp971
https://doi.org/10.1007/s00299-002-0472-x
https://doi.org/10.1111/j.1462-5822.2012.01749.x
https://doi.org/10.1093/pcp/pch036
https://doi.org/10.1093/pcp/pch036
https://doi.org/10.1104/pp.009993
https://doi.org/10.1104/pp.009993
https://doi.org/10.1111/j.1365-313X.2004.02210.x
https://doi.org/10.1016/0968-0004(90)90281-f
https://doi.org/10.1186/1471-2164-10-393
https://doi.org/10.1186/1471-2229-9-83
https://doi.org/10.17660/ActaHortic.2017.1152.31
https://doi.org/10.17660/ActaHortic.2017.1152.31
https://doi.org/10.1046/j.1365-313x.2003.01624.x
https://doi.org/10.1046/j.1365-313x.2003.01624.x
https://doi.org/10.1016/j.funbio.2017.03.004
https://doi.org/10.1016/j.funbio.2017.03.004
https://doi.org/10.1111/all.13948
https://doi.org/10.1094/MPMI.2003.16.10.893
https://doi.org/10.1094/MPMI.2003.16.10.893
https://doi.org/10.1016/j.plaphy.2021.06.049
https://doi.org/10.1021/pr3003535
https://doi.org/10.1021/pr3003535

Longsaward et al. BMC Plant Biology

90.

91.

92.

93.

94,

95.

96.

97.

98.

99.

100.

102.

103.

104.

105.

107.

(2023) 23:157

Taylor SC, Nadeau K, Abbasi M, Lachance C, Nguyen M, Fenrich J. The
ultimate qPCR experiment: producing publication quality, reproducible
data the first time. Trends Biotechnol. 2019;37:761-74. https://doi.org/
10.1016/j.tibtech.2018.12.002.

Toljamo A, Blande D, Karenlampi S, Kokko H. Reprogramming of straw-
berry (Fragaria vesca) root transcriptome in response to Phytophthora
cactorum. PloS ONE. 2016;11:e0161078. https://doi.org/10.1371/journal.
pone.0161078.

Tran LS, Nakashima K, Sakuma'Y, Simpson SD, Fujita Y, Maruyama K,
Fujita M, Seki M, Shinozaki K, Yamakuchi-Shinozaki K. Isolation and func-
tional analysis of Arabidopsis stress-inducible NAC transcription factors
that bind to a drought-responsive cis-element in the early responsive
to dehydration stress 1 promoter. Plant Cell. 2004;16:2481-98. https://
doi.org/10.1105/tpc.104.022699.

Trishla VS, Marriboina S, Boyidi P, Gudipalli P, Kirti PB. GUS-reporter
based analysis of the promoter activity of Gossypium hirsutum NAC
transcription factor, GhNAC4 that is induced by phytohormones and
environmental stresses. Plant Cell Tissue Organ Cult. 2020;141:643-54.
https://doi.org/10.1007/511240-020-01825-2.

Wang B, Li X, Chen W, Kong L. The data of isobaric tags for relative and
absolute quantification-based proteomic analysis of defense responses
triggered by the fungal pathogen Fusarium graminearum in wheat.
Data Brief. 2019;27:104747. https://doi.org/10.1016/j.dib.2019.104747.
Wang Y, Yang L, Chen X, Ye T, Zhong B, Liu R, et al. Major latex protein-
like protein 43 (MLP43) functions as a positive regulator during abscisic
acid responses and confers drought tolerance in Arabidopsis thaliana. J
Exp Bot. 2016;67:421-34. https://doi.org/10.1093/jxb/erv477.

Waters ER, Lee GJ, Vierling E. Evolution, structure and function of the
small heat shock proteins in plants. J Exp Bot. 1996;47:325-38. https://
doi.org/10.1093/jxb/47.3.325.

Wattanasilakorn S, Sdoodee S, Nualsri C, Chuenchit S. Screening of rub-
ber (Hevea brasiliensis Muell. Arg.) rootstocks for the white root disease
resistance. J Agr Tech. 2012;8:2385-95. http://www.ijat-aatsea.com. ISSN
1686-9141.

Xie YR, Chen ZY, Brown RL, Bhatnagar D. Expression and functional char-
acterization of two pathogenesis-related protein 10 genes from Zea
mays. J Plant Physiol. 2010;167:121-30. https://doi.org/10.1016/j jplph.
2009.07.004.

Xie Z, Zhang ZL, Zou X, Huang J, Ruas P, Thompson D, Shen QJ. Annota-
tions and functional analyses of the rice WRKY gene superfamily reveal
positive and negative regulators of abscisic acid signaling in aleurone
cells. Plant Physiol. 2005;137:176-89. https://doi.org/10.1104/pp.104.
054312.

Yan SP, Zhang QY, Tang ZC, Su WA, Sun WN. Comparative proteomic
analysis provides new insights into chilling stress responses in rice. Mol
Cell Proteomics. 2006;5:484-96. https://doi.org/10.1074/mcp.M5002
51-MCP200.

Yang CL, Liang S, Wang HY, Han LB, Wang FX, Cheng HQ, et al.
Cotton major latex protein 28 functions as a positive regulator of
ethylene responsive factor 6 in defense against Verticillium dahlia.
Mol Plant. 2015;8:399-411. https://doi.org/10.1016/j.molp.2014.11.
023.

Yang J, Ding Z, Wang J, Tian S, Duan K, Gao Q. Bet v 1 potential allergens
are involved in anthracnose resistance of strawberry varieties. J Berry
Res. 2021;11:21-32. https://doi.org/10.3233/JBR-200627.

Yang J, Zhang Y. I-TASSER server: new development for protein structure
and function predictions. Nucleic Acids Res. 2015;43:174-81. https://
doi.org/10.1093/nar/gkv342.

Young RA, Elliott TJ. Stress proteins, infection and immune surveillance.
Cell. 2002;59:5-8. https://doi.org/10.1016/0092-8674(89)90861-1.

Yu D, Chen C, Chen Z. Evidence for an important role of WRKY DNA
binding proteins in the regulation of NPR1 gene expression. Plant Cell.
2001;13:1527-40. https://doi.org/10.1105/tpc.010115.

Yuan X, Wang H, Cai J, Li D, Song F. NAC transcription factors in

plant immunity. Phytopathol Res. 2019;1:3. https://doi.org/10.1186/
$42483-018-0008-0.

Zarattini M, Launay A, Farjad M, Wénes E, Taconnat L, Boutet S, Bernac-
chia G, Fagard M. The bile acid deoxycholate elicits defenses in Arabi-
dopsis and reduces bacterial infection. Mol Plant Pathol. 2017;18:540—
54. https://doi.org/10.1111/mpp.12416.

108

109.

110.

Page 21 of 21

. Zhang Q, Xu C, Wei H, Fan W, Li T. Two pathogenesis-related proteins
interact with leucine-rich repeat proteins to promote Alternaria leaf
spot resistance in apple. Hortic Res. 2021;8:219. https://doi.org/10.1038/
$41438-021-00654-4.

Zhao P, Zhang F, Liu D, Imani J, Langen G, Kogel KH. Matrix metallopro-
teinases operate redundantly in Arabidopsis immunity against necro-
trophic and biotrophic fungal pathogens. PLoS ONE. 2017;12:e0183577.
https://doi.org/10.1371/journal.pone.0183577.

Zubini P, Zambelli B, Musiani F, Ciurli S, Bertolini P, Baraldi E. The RNA
hydrolysis and the cytokinin binding activities of PR-10 proteins

are differentially performed by two isoforms of the Pru p 1 peach

major allergen and are possibly functionally related. Plant Physiol.
2009;150:1235-47. https://doi.org/10.1104/pp.109.139543.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.1016/j.tibtech.2018.12.002
https://doi.org/10.1016/j.tibtech.2018.12.002
https://doi.org/10.1371/journal.pone.0161078
https://doi.org/10.1371/journal.pone.0161078
https://doi.org/10.1105/tpc.104.022699
https://doi.org/10.1105/tpc.104.022699
https://doi.org/10.1007/s11240-020-01825-2
https://doi.org/10.1016/j.dib.2019.104747
https://doi.org/10.1093/jxb/erv477
https://doi.org/10.1093/jxb/47.3.325
https://doi.org/10.1093/jxb/47.3.325
http://www.ijat-aatsea.com
https://doi.org/10.1016/j.jplph.2009.07.004
https://doi.org/10.1016/j.jplph.2009.07.004
https://doi.org/10.1104/pp.104.054312
https://doi.org/10.1104/pp.104.054312
https://doi.org/10.1074/mcp.M500251-MCP200
https://doi.org/10.1074/mcp.M500251-MCP200
https://doi.org/10.1016/j.molp.2014.11.023
https://doi.org/10.1016/j.molp.2014.11.023
https://doi.org/10.3233/JBR-200627
https://doi.org/10.1093/nar/gkv342
https://doi.org/10.1093/nar/gkv342
https://doi.org/10.1016/0092-8674(89)90861-1
https://doi.org/10.1105/tpc.010115
https://doi.org/10.1186/s42483-018-0008-0
https://doi.org/10.1186/s42483-018-0008-0
https://doi.org/10.1111/mpp.12416
https://doi.org/10.1038/s41438-021-00654-4
https://doi.org/10.1038/s41438-021-00654-4
https://doi.org/10.1371/journal.pone.0183577
https://doi.org/10.1104/pp.109.139543

	A novel rubber tree PR-10 protein involved in host-defense response against the white root rot fungus Rigidoporus microporus
	Abstract 
	Background 
	Results 
	Conclusions 

	Background
	Results
	Comparative rubber tree leaf proteome reveals some differentially expressed proteins after R. microporus inoculation
	Relative gene expression of selected R. microporus responsive proteins in rubber tree leaves by RT-qPCR
	Cis-acting regulatory elements of uncharacterized protein LOC110648447
	Classification of uncharacterized protein LOC110648447 based on amino acid sequences
	In-silico prediction of the 3D structure and interactive features of uncharacterized protein LOC110648447 by I-TASSER

	Discussion
	White root rot fungi negatively affect the rubber tree defensive proteins found in leaves
	The novel uncharacterized protein LOC110648447 might mediate rubber tree response to white root rot fungi
	The uncharacterized protein LOC110648447 is classified as a member of Bet v 1 protein family
	Structure prediction by I-TASSER suggests possible phytohormone binding sites and active sites of novel rubber tree PR-10 s

	Conclusions
	Methods
	Pathogen inoculation and sample collection
	Protein extraction, decontamination, and quantification
	Comparative proteomic analysis using 1D- and 2D-PAGE
	Protein identification
	RNA extraction, decontamination, and quantification
	Primer design and efficiency validation
	Relative gene expression analysis by RT-qPCR
	Cis-acting element analysis of uncharacterized protein LOC110648447
	Structure-based in silico predictions of uncharacterized protein LOC110648447

	Anchor 29
	Acknowledgements
	References


