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SUMMARY

Tapping panel dryness (TPD) is a century-old problem that has plagued the natural rubber production of
Hevea brasiliensis. TPD may result from self-protective mechanisms of H. brasiliensis in response to stresses
such as excessive hormone stimulation and mechanical wounding (bark tapping). It has been hypothesized
that TPD impairs rubber biosynthesis; however, the underlying mechanisms remain poorly understood. In
the present study, we firstly verified that TPD-affected rubber trees exhibited lower rubber biosynthesis
activity and greater rubber molecular weight compared to healthy rubber trees. We then demonstrated that
HbFPS1, a key gene of rubber biosynthesis, and its expression products were downregulated in the latex of
TPD-affected rubber trees, as revealed by transcriptome sequencing and iTRAQ-based proteome analysis.
We further discovered that the farnesyl diphosphate synthase HbFPS1 could be recruited to small rubber
particles by HbSRPP1 through protein—protein interactions to catalyze farnesyl diphosphate (FPP) synthesis
and facilitate rubber biosynthesis initiation. FPP content in the latex of TPD-affected rubber trees was signif-
icantly decreased with the downregulation of HbFPS1, ultimately resulting in abnormal development of rub-
ber particles, decreased rubber biosynthesis activity, and increased rubber molecular weight. Upstream
regulator assays indicated that a novel regulator, MYB2-like, may be an important regulator of downregula-
tion of HbFPS1 in the latex of TPD-affected rubber trees. Our findings not only provide new directions for
studying the molecular events involved in rubber biosynthesis and TPD syndrome and contribute to rubber
management strategies, but also broaden our knowledge of plant isoprenoid metabolism and its regulatory
networks.
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INTRODUCTION ) .
opucTio zones, and finally, there is a complete lack of latex flow

Tapping panel dryness (TPD) is a syndrome that affects
rubber trees (Hevea brasiliensis Muell. Arg.), the only eco-
nomically viable source of natural rubber (NR), which is an
important raw industrial material used in various economic
sectors worldwide. TPD may be a self-protective mecha-
nism of rubber trees in response to excessive stimulation
with ethylene (ET) and bark tapping during rubber produc-
tion (Peng et al., 2011). The first TPD symptom is the
appearance of partial dry zones along the tapping panel of
the tree bark. These eventually become completely dry
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upon tapping (Sookmark et al., 2002) (Figure S1). TPD has
been jeopardizing rubber production for over 100 years. It
is a critical factor affecting NR vyield in rubber plantations,
causing 10-40% NR vyield losses annually in one rubber
tree cultivation cycle (Gebelin et al., 2013). The underlying
mechanisms of TPD onset have been extensively investi-
gated, with accumulating information indicating that it is a
complex physiological disorder (Chen et al., 2003; d’Auzac
& Jacob, 1989; de Fay & Jacob, 1989). TPD can be detected
early by monitoring latex peroxidase activity and the
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inorganic phosphate (Pi) content (Tristama et al., 2019).
There is evidence that TPD susceptibility is an intrinsic
genetically inherited characteristic (Jacob, 1989; Yang &
Fan, 1995) that can be induced by overexploitation, i.e.,
excessive tapping and/or ET overstimulation (Chrestin,
1989; Fan & Yang, 1984; Faridah et al., 1996; Li et al., 2020;
Nie et al., 2016). Nevertheless, the TPD-associated molecu-
lar mechanisms are still rather elusive. Thus, they should
be elucidated entirely to accelerate the development of
techniques for controlling this disorder.

Cytological and physiological studies have revealed
that rubber tree TPD might result from programmed cell
death (PCD) activation, triggered by various stress
responses, to protect the tree and enhance survival (Chen
et al., 2003; de Fay, 2011; Li et al., 2016; Peng et al., 2011;
Venkatachalam et al., 2009). In TPD-affected rubber trees,
potential PCD pathway-related genes are induced. On the
other hand, several rubber biosynthesis-related key genes,
such as rubber elongation factor (REF), HbTOMZ20, small
rubber particle protein (SRPP), and mevalonate-5-
phosphate kinase (PMK), are downregulated (Li et al.,
2010, 2016; Liu et al., 2015). Notably, two PCD-associated
proteins, HoTCTP and HbMC1, were found to interact with
REF (Deng et al., 2016; Liu et al., 2019). These studies
demonstrated that rubber biosynthesis occurring on the
rubber particles (RPs) in the laticifers might be greatly
affected by TPD, resulting in significantly reduced rubber
production.

Although many previous investigations have been con-
ducted on the mechanisms underlying TPD (Chen et al., 2003;
de Fay, 2011; Li et al., 2010, 2016; Venkatachalam et al., 2009),
it remains uncertain whether TPD affects rubber biosynthesis
of the laticiferous cells. The efficiency of rubber biosynthesis
by laticiferous cells is one of the three major factors deter-
mining rubber production (Yamaguchi et al., 2020). Rubber is
a biopolymer synthesized in laticiferous cells by rubber trans-
ferase (cis-prenyltransferase [CPT], EC 2.5.1.20) together with
related proteins such as REF and SRPP (Men et al., 2019).
Two substrates are essential for rubber biosynthesis. The first
is the precursor isopentenyl pyrophosphate (IPP) from
sucrose hydrolysis via the cytosolic mevalonate (MVA) path-
way or the plastidic 2-C-methyl-p-erythritol-4-phosphate
(MEP) pathway (Chow et al., 2012). The second is the allylic
pyrophosphate (APP) initiator such as farnesyl diphosphate
(FPP), geranyl pyrophosphate (GPP), or geranylgeranyl
pyrophosphate (GGPP) (Cornish, 2001), among which FPP
synthesized by farnesyl diphosphate synthase (FPS) is the
most efficient (Xie et al., 2008). A recent investigation
revealed that laticiferous cells have a higher proportion of
miRNA- and trans-acting siRNA-mediated transcript cleavage
activity than other tissues, and several important biological
pathways such as hormonal signaling and rubber biosynthe-
sis are affected by post-transcriptional silencing in laticiferous
cells (Leclercq et al., 2020). Therefore, latex, the cytoplasm of
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laticifers (Hagel et al., 2008), is a more suitable material for
studying the effects of TPD on rubber biosynthesis than the
bark tissue used previously (Li et al., 2016; Liu et al., 2015).
Moreover, a combined analysis of the latex transcriptome
and proteome to identify variation before and after TPD could
more accurately elucidate the impact of TPD on laticiferous
cells, especially on the molecular mechanisms of rubber
biosynthesis, than a transcript-level analysis alone.

The present study reports the physiological parame-
ters, rubber biosynthesis activity, average rubber molecu-
lar weight, and latex transcriptome and proteome in
healthy and TPD-affected rubber trees. We focused on the
expression of rubber biosynthesis-related genes and pro-
teins, and found that the level of FPP synthase HbFPS1, a
critical rate-limiting enzyme in the pathway of rubber
biosynthesis (Cornish, 1993; Men et al., 2019), was signifi-
cantly altered. HbFPS1 expression regulation and its sub-
cellular relocation through protein-protein interactions
were further elucidated. These results indicate that HoFPS1
down regulation is the primary determinant for the reduc-
tion of rubber biosynthesis activity and the increase of rub-
ber molecular weight in TPD-affected rubber trees.

RESULTS

Latex physiological parameters of healthy and TPD-
affected trees

Rubber yield and physiological parameters were measured
to analyze latex metabolism in rubber trees during different
stages of TPD. Significant decreases in NR yield, Pi content,
and thiol (RSH) content were observed (Figure 1a,c,e), while
remarkable increases in sucrose content and rubber molec-
ular weight were observed in latex sample T4 (Figure 1b,j).
No significant changes in Mg?" content were observed in
latex samples T2 and T4 (Figure 1d). These results indicate
that the latex metabolic activity and reactive oxygen species
(ROS) scavenging ability decrease as the TPD symptoms
worsen.

Rubber biosynthesis activity in latex from healthy and
TPD-affected trees

It has been hypothesized that TPD influences rubber
biosynthesis through changing the expression of rubber
biosynthesis-related genes in the latex or bark (Li
et al., 2010, 2016; Liu et al., 2015). We monitored the rub-
ber biosynthesis activity of latex from healthy and TPD-
affected trees by in vitro rubber biosynthesis efficiency
assays (Figure 1i). Rubber biosynthesis activity was
decreased significantly in T4 compared to H (healthy trees),
suggesting that rubber yield might be directly reduced in
TPD-affected trees. Furthermore, although the average RP
size and the abundance of large RPs (LRPs) with a volume
mean diameter (VMD) of more than 1.0 um were not sig-
nificantly different in TPD-affected trees compared to
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Figure 1. Latex yield and physiological parameters of healthy and TPD-affected rubber trees. (a) Latex yield. (b) Sucrose content. (c) Pi content. (d) Mg2+ content.
(e) RSH content. (f) Average RP size. (g) Percentage of SRPs (VMD < 0.3 um). (h) Percentage of LRPs (VMD > 1.0 um). (i) Rubber biosynthesis activity of latex. (j)
Rubber average molecular weight. One-way analysis of variance and the Student-Newman-Keuls test were performed to identify significant differences
between groups. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, n = 12. TPD, tapping panel dryness; RP, rubber particle; SRPs, small rubber particles; LRPs,
large rubber particles; VMD, volume mean diameter; APC'3C, atom percentage of "*C.

healthy trees (Figure 1f,h), the abundance of small RPs
(SRPs) with a VMD of less than 0.3 um was significantly
higher in TPD-affected trees than in healthy trees (Fig-
ure 1g). This indicates that the RPs of TPD-affected trees
may undergo abnormal development due to reduction in
rubber biosynthesis. Notably, Mg?" content in the latex C-
serum is correlated with rubber biosynthesis activity (Scott
et al., 2003). However, in the present study, no significant
differences were observed in the Mg?" content of the latex
C-serum between TPD-affected trees and healthy trees,
despite significantly decreased rubber biosynthesis activ-
ity. This may be due to the instability of the lutoids in TPD
latex, which are prone to rupture and release of Mg?",
resulting in inaccurate C-serum Mg?" content determina-
tion results. Herlinawati et al. (2022) advocated that the
Mg?" measurements in TPD latex have relatively poor
reproducibility and are susceptible to seasonal effects.
Therefore, these results may not be a true reflection of the
Mg?" content in the C-serum.

Identification of differentially expressed genes using
transcriptome sequencing

In total, 369 600 064 high-quality reads were obtained from
the H, T2, and T4 cDNA libraries. Of these, 325 260 983 reads
were mapped to the H. brasiliensis reference genome. In
total, 29 004 unique genes were detected in the latex of
healthy and TPD-affected trees (additional information in

Table S1). The T2 group exhibited 66 (47 upregulated and 19
downregulated) and the T4 group exhibited 2312 (1178
upregulated and 1134 downregulated) differentially
expressed genes (DEGs) compared with the H group, respec-
tively (Table S2). Thus, there were significant differences in
the gene expression profiles in the latex of healthy and TPD-
affected trees. These differences were more profound
between healthy trees and the T4 TPD-affected rubber trees.

Identification of differentially abundant proteins by iTRAQ
technology

In total, 58 309 spectra, 17 971 peptides, and 3357 proteins
were identified from 535 879 total spectra, with a false dis-
covery rate (FDR) of <1%. The T2 group exhibited 168 (85
upregulated and 83 downregulated) and the T4 group
exhibited 171 (70 upregulated and 101 downregulated) dif-
ferentially abundant proteins (DAPs) compared with the H
group, respectively, with a fold change value of >1.2 or
<0.85 and P < 0.05 (Table S3).

Comparative analysis of DEGs and DAPs

To evaluate the relationship between transcript levels and
protein abundance, we compared the identified DAPs and
DEGs. In the T2_H (T2 group compared with the H group)
and T4_H (T4 group compared with the H group) compar-
isons, 48 shared DEGs and 67 shared DAPs were identified
(Figure S2a). Specifically, 11 DEGs and 24 DAPs were
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upregulated and 37 DEGs and 43 DAPs were downregu-
lated in both comparisons. Furthermore, in T2_H and T4_H,
1 and 19 DAPs and their corresponding DEGs were identi-
fied, respectively (Figure S2a). No DAPs were co-regulated
with their corresponding DEGs in T2_H, while 12 co-
regulated DAPs (eight with increased and four with
decreased abundance) were identified in T4_H (Figure S2b).
Finally, Pearson correlation analysis between DAPs and
DEGs indicated that in T4_H, protein abundance changes
were significantly correlated with changes in their corre-
sponding transcript levels (P> 0.05 in T2_H and P < 0.01 in
T4_H). However, the correlation was very low (r=0.024 in
T2_H and r=10.104 in T4_H) (Figure S2c-e).

KEGG pathway annotations of DAPs and DEGs

The 2330 DEGs and 272 DAPs identified above were classi-
fied into different KEGG pathways. In the T2_H compar-
ison, 168 DAPs were classified into 52 pathways, while 66
DEGs were classified into 14 pathways (Figure 2a). Further-
more, 11 and two KEGG pathways were significantly over-
represented (P<0.05) in T2_H DAPs and DEGs,
respectively (Figure 2c; Table S4). In the T4_H comparison,
171 DAPs were classified into 50 pathways, while 2312
DEGs were classified into 139 pathways (Figure 2b). Eight
and 12 KEGG pathways were significantly overrepresented
in T4_H DAPs and T4_H DEGs, respectively (Figure 2c;
Table S4). These 2330 DEGs were significantly enriched in
14 KEGG pathways mainly related to energy metabolism
(ko00190, ko00195, ko00920), carbohydrate metabolism
(ko00020, ko00562, ko00620), PCD (ko03050), and signal
transduction/information processing (ko03008, ko03020,
ko03040, ko03050, ko04075). The 272 DAPs were signifi-
cantly enriched in 16 KEGG pathways related to energy
metabolism (ko00010, ko00710, ko01200), lipid metabolism
(ko00062, ko00564, ko00565, ko00590), carbohydrate meta-
bolism (ko00010, ko00020, ko01200), nucleotide/amino acid
metabolism (ko00240, ko00270, ko00350, ko00460), ROS
scavenging (ko00270, ko00480), PCD (ko03050, ko04141),
and signal transduction/information processing (ko03050,
ko04141, ko04144) (Figure 2c; Table S4).

DEGs and DAPs involved in rubber biosynthesis

In the pre-IPP steps of the rubber biosynthesis pathway,
the IPP monomer is mainly synthesized from the MVA
pathway (Sando et al., 2008; Men et al., 2019). We identi-
fied two DAPs and one DEG encoding an enzyme involved
in the MVA pathway. Specifically, a 3-hydroxy-3-methyl-
glutaryl-CoA synthase (HMGS) was upregulated in both
T2_H and T4_H, an acetyl-CoA C-acetyltransferase (ACAT)
was downregulated in T4_H, and a DEG encoding a
3-hydroxy-3-methyl-glutaryl-CoA reductase (HMGR) was
upregulated in T4_H. Besides the MVA pathway, the IPP
monomer, used in rubber biosynthesis, may be produced
by the MEP pathway (Chow et al., 2012). We identified a
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DEG encoding a 1-deoxy-p-xylulose 5-phosphate synthase
(DXS) involved in the MEP pathway that was downregu-
lated in T4_H (Figure 2d; Tables S5 and S6). In addition,
four DEGs and eight DAPs identified are linked to rubber
biosynthesis. In the post-IPP steps of the rubber biosynthe-
sis pathway, an oligomeric APP initiator (such as dimethy-
lallyl pyrophosphate [DMAPP], GPP, FPP, or GGPP) is
necessary for NR chain synthesis initiation. In the present
study, a DAP and a DEG encoding an FPP synthase
(HbFPS1, gene ID: scaffold0157_1428529, NCBI Reference
Sequence: XM_021816653.1) were downregulated in both
T2_H and T4_H and in T4_H, respectively. Moreover, a DEG
encoding a GGPP synthase (GGPS) was upregulated in
T4 _H. It has been established that CPT and REF/SRPP fam-
ily proteins play a significant role in rubber biosynthesis
(Brown et al., 2017; Cornish, 2001; Dai et al., 2013; Epping
et al., 2015; Yamashita et al., 2016). Accordingly, we identi-
fied two DEGs encoding CPT and REF/SRPP family proteins
that were downregulated in T4_H, and one, two, and five
REF/SRPP family DAPs that were upregulated in T2_H,
T4_H, and both T2_H and T4_H, respectively (Figure 2d;
Tables S5 and S6). The NR vyield and rubber biosynthesis
activity were significantly lower in TPD-affected trees than
in healthy trees, which might result from downregulation
of rubber biosynthesis-related genes or gene expression
products. Among these, three rubber biosynthesis-related
DEGs, encoding DSX, FPS (HbFPS1), and CPT, and two
DAPs (ATAC and HbFPS1) were downregulated. Only the
protein abundance of HbFPS1 was significantly reduced
during the early TPD stages (T2) and was further greatly
diminished as TPD progressed (T4) (Figure 3b; Table S6),
indicating that HbFPS1 may be closely associated with TPD
onset and progression.

Validation of gene expression by RT-qPCR

Among the 30 genes selected for validation (Table S7), 13
genes exhibited similar expression patterns (P < 0.05)
between the RNA sequencing (RNA-seq) and real-time
quantitative PCR (RT-gPCR) analyses, five genes exhibited
similar expression patterns between the iTRAQ-based pro-
teome and RT-qPCR analysis, and 11 genes exhibited simi-
lar expression patterns in all three analyses (Figure S3). A
significant correlation was observed between the RNA-seq
and RT-qPCR data when assessing the fold change values
of the 30 selected genes (r=0.406, P < 0.01). These results
indicate that transcriptome sequencing is an accurate and
efficient method for assessing gene expression in rubber
tree latex.

FPS and FPP quantification in the latex of healthy and
TPD-affected trees

DEG and DAP analyses indicated that HbFPS1 and its cor-
responding protein were downregulated in the latex of
TPD-affected trees (Figure 3a,b; Tables S5 and S6).
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Figure 2. KEGG pathway analysis of DAPs and DEGs and expression profiles of rubber biosynthesis-related DAPs and DEGs. KEGG pathway annotations for
DAPs and DEGs in comparisons of (a) T2_H and (b) T4_H. The numbers of DAPs (left) and DEGs (right) associated with a pathway are indicated. (c) KEGG
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HMGS, HMG-CoA synthase; HMG-CoA, 3-hydroxy-3-methyl-glutaryl-CoA; HMGR, HMG-CoA reductase; MK, mevalonate kinase; MevP, mevalonate-5-phosphate;
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synthase; ME-cPP, 2-C-methyl-p-erythritol-2,4-cyclodiphosphate; HDS, HMBPP synthase; HMBPP, 4-hydroxy-3-methylbut-2-enyl diphosphate; HDR, HMBPP
reductase; IPP, isopentenyl pyrophosphate; IDI, IPP isomerase; DMAPP, dimethylallyl pyrophosphate; GPS, geranyl pyrophosphate synthase; GPP, geranyl
pyrophosphate; FPS, farnesyl pyrophosphate synthase; FPP, farnesyl pyrophosphate; GGPS, GGPP synthase; GGPP, geranylgeranyl pyrophosphate; CPT,
cis-prenyltransferase; REF, rubber elongation factor; SRPP, small rubber particle protein.
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Figure 3. Relative gene expression and protein abundance of HbFPS1, FPS
content, and relative FPP content in the latex of healthy and TPD-affected
trees. (a) Relative gene expression of HbFPS1. (b) Relative protein abun-
dance of HbFPS1. Data were derived from the RNA-seq transcriptome data
FPKM values (*FDR < 0.05, n = 3) and the fold change values from the
iTRAQ-based proteome data (Student’s t-test, *P < 0.05, n = 3), respectively.
(c) FPS content and (d) relative FPP content. One-way analysis of variance
and the Student-Newman-Keuls test were performed to identify significant
differences between groups. *P < 0.05, **P < 0.01, ****P < 0.0001, n = 6-12.
FPS, farnesyl pyrophosphate synthase; FPP, farnesyl pyrophosphate; TPD,
tapping panel dryness.

Furthermore, a significant reduction in FPS content and its
catalytic product FPP was detected in T2 and T4 and T4,
respectively, by ELISA and GC-MS analysis, consistent with
HbFPS1 expression and its corresponding protein abun-
dance (Figure 3c,d). Therefore, HbFPS1 may be directly
involved in TPD development by affecting rubber biosyn-
thesis in latex.

Effects of FPS and FPP contents on rubber biosynthesis

HbFPS1 was expressed in Escherichia coli BL21 (DE3) and
purified (Figure S4a-c). The effects of FPS and FPP content
on rubber biosynthesis were evaluated using an in vitro
assay. The addition of FPP to the in vitro rubber biosynthe-
sis system enhanced the rate of rubber biosynthesis. In
contrast, rubber biosynthesis was inhibited in the assay
without FPP (Figure 4a,b). When purified HbFPS1 was
added, the rubber synthesis activity of the in vitro system
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with latex as cofactor increased (Figure 4b). However, no
significant change in rubber synthesis activity was found
with washed RPs (WRPs) as cofactor (Figure 4a). This may
be due to the FPS catalytic substrate GPP in the latex,
which was absent in the WRPs. On the other hand, when
alendronate sodium (an FPS inhibitor) was added to the
system with latex as cofactor, the rubber biosynthesis
activity showed a very significant reduction (Figure 4b).
These results suggest that the decrease in FPP content due
to the reduced HbFPS1 abundance in TPD-affected tree
latex may be one of the critical reasons for the reduction in
rubber biosynthesis activity in TPD-affected tree latex.
Moreover, a significant increase in rubber molecular
weight was detected in the latex of T4, which reveals that
TPD may influence the molecular weight of rubber.
Increasing FPP or GPP concentrations decrease the molec-
ular weight of synthesized rubber in the in vitro rubber
biosynthesis system that uses WRPs as cofactor (Cor-
nish, 2001). We analyzed the molecular weight of NR,
which was synthesized by the in vitro rubber biosynthesis
system with different FPP or FPS concentrations. The
results show that the molecular weight of the synthesized
rubber decreased with increasing FPP concentrations
regardless of whether latex or WRPs were used as cofactor
in the assay system (Figure 4c,d). In contrast, the addition
of alendronate sodium to the assay using latex as cofactor
significantly increased the molecular weight of synthesized
rubber (Figure 4d). These results indicate that the increase
in the molecular weight of rubber from TPD-affected trees
might be caused by the decrease in the FPP content of the
latex due to the decrease in the abundance of HbFPS1.

Differences in rubber biosynthesis activity, FPS, and
HbSRPP1 abundance of RPs with different particle sizes

RP1 (having the smallest average particle size) exhibited
the highest rubber biosynthesis activity, based on the
in vitro assay, and this activity decreased significantly with
the increase of RP size. No significant differences were
observed in rubber biosynthesis activity among RP4 and
RP5 and the control (Figure 5a). Correspondingly, HbSRPP1
had the highest abundance in RP1 and decreased with the
increase of RP size (Figure 5¢,d), while FPS was mainly pre-
sent in RP1 (Figure 5b).

Relationship between HbSRPP1 and HbFPS1

RPs originate from the membrane of endoplasmic reticu-
lum (ER) (Brown et al., 2017). We performed subcellular
localization experiments of HbFPS1 and HbSRPP1 using
Nicotiana benthamiana leaf epidermal cells. The fluores-
cence signal of the GFP-fused HbSRPP1 almost overlapped
with that of OsSPP1-red fluorescent protein (RFP) (ER mar-
ker), indicating that HbSRPP1 is predominantly localized in
the ER (Figure 6a-c). These results are in agreement with
previously described localizations for HoSRPP1 (Brown
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et al., 2017). On the other hand, the fluorescence signal of
GFP-fused HbFPS1 was detected in the space surrounding
the chloroplasts (Figure 6g-i) and in the nucleoplasm (Fig-
ure 6j-1), suggesting that HbFPS1 is a soluble protein local-
ized in the cytosol. These results are in agreement with a
previous study of HbFPS1 (Adiwilage & Kush, 1996; Cor-
nish, 1993; Xie et al., 2008). In addition, HbFPS1 was not
predicted to carry a signal peptide or contain any trans-
membrane domains according to the SignalP 4.1 and
TMHMM 2.0 prediction algorithms, so it could also be
detected in the ER (Figure 6d-f).

We further evaluated the relationship between HbSRPP1
and HbFPS1 and whether HbFPS1 is localized on RPs through
protein-protein interactions with HbSRPP1. Co-expression
assays of HbSRPP1 and HbFPS1 showed that co-localized
fluorescence signals on the ER and the nuclear envelope
could be visualized when HbSRPP1-RFP and HbFPS1-GFP
constructs were co-infiltrated into N. benthamiana leaves
(Figure 7a). We therefore performed individual yeast two-
hybrid (Y2H) and bimolecular fluorescence complementation
(BiFC) assays to identify potential protein—protein interactions
among HbREF1, HbSRPP1 and HbFPS1. Individual Y2H
assays showed that HbFPS1 interacts with HbSRPP1
(Figure 7b), and BiFC assays further indicated that their

interaction occurs on the intracellular membranes (Figure 7c).
These observations undoubtedly confirm that HbFPS1 is
relocated on RPs through the protein-protein interactions
with HbSRPP1. Based on the results, we suggest a model for
RP biogenesis and protein-protein interacting pattern among
the rubber biosynthesis-related proteins (Figure 7d).

Y1H, EMSA, and Dual-LUC assays

In total, 29 positive colonies were obtained and sequenced
by screening the latex cDNA library using triple dropout
(TDO) plates (SD/—His—Leu—Trp) supplemented with 80 mm
3-amino-1,2,4-triazole (3-AT). Two candidates encoding tran-
scription factors were obtained, namely, HbEREBP1 (gene
ID:  scaffold0620_551771, NCBI Reference Sequence:
HQ171930.1) and MYB2-like (gene ID: scaffold2277_3347,
NCBI Reference Sequence: XM_021805772.1). The individual
yeast one-hybrid (Y1H) assays showed that the cells with
pGADT7-MYB2like/pHis-pHbFPS1 could grow on TDO plates
with 80 or 120 mm 3-AT, whereas the cells with pGADT7-
HbEREBP1/pHis-pHbFPS1 could grow on TDO plates with 80,
120, or 160 mm 3-AT (Figure 8a). The DNA-protein binding
signal was detected for the recombinant HbEREBP1 and
MYB2-like protein incubated with the HbFPS1 promoter (Fig-
ure 8c), further confirming their binding to the HbFPS1
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promoter. Furthermore, the luciferase (LUC) activity in
tobacco (Nicotiana benthamiana) leaves harboring HbER-
EBP1 or the MYB2-like gene and LUC driven by the HbFPS1
promoter was significantly higher than in leaves harboring
LUC alone (Figure 8d,e). These findings confirm that HbER-
EBP1 and MYB2-like promote HbFPS1 transcription by bind-
ing to its promoter.

Relative expression changes of HbFPS1 and its
transcription regulators MYB2-like and HbEREBP1

Relative expression analysis of different rubber tree tissues
indicated that the MYB2-like gene was expressed in both bark
and latex, while HbEREBP1 was expressed in bark, leaves,

© 2022 The Authors.

and latex (Figure 9a). MYB2-like has a similar expression pat-
tern to HbFPS1 and was significantly downregulated in T4
latex samples and the corresponding bark samples. However,
both RNA-seq and RT-qPCR assays showed no differences in
expression of HbEREBP1 in the latex or bark between TPD-
affected trees and healthy trees (Figures 8b and 9b,c).

DISCUSSION

TPD seriously affects the NR yield and quality of rubber trees
(Putranto & Montoro, 2016; Zhang et al., 2017). Previous
studies investigated the molecular mechanisms of TPD using
suppression subtractive hybridization and transcriptome
sequencing analysis (Li et al., 2010, 2016; Liu et al., 2015).
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Figure 6. Subcellular localization of HbFPS1 and HbSRPP1 in N. benthamiana leaf epidermal cells. (a-c) HbSRPP1-GFP is shown in green and OsSPP1-RFP is
shown in pink. (d-f) HbFPS1-GFP is shown in green and OsSPP1-RFP is shown in pink. (g-i) HbFPS1-GFP is shown in green and chlorophyll autofluorescence is

shown in red. (j-1) HbFPS1-GFP is shown in green and nuclei stained with DAPI are shown in blue. Scale bars: 25 um.

However, no study has investigated the rubber biosynthesis
activity and quality in TPD-affected trees. Our study con-
firmed that TPD-affected trees had significantly lower rubber
biosynthesis activity and higher NR molecular weight com-
pared to healthy trees (Figure 1i,j). On this basis, we carried
out latex transcriptome sequencing and iTRAQ-based pro-
teome analysis of healthy trees and trees with different
degrees of TPD, obtaining a total of 2330 DEGs and 272 DAPs.
These DEGs and DAPs were significantly enriched in 28
KEGG pathways, which were mainly related to energy meta-
bolism, carbohydrate metabolism, lipid metabolism, ROS
scavenging, PCD, and signal transduction/information pro-
cessing (Figure 2c; Table S4). Thus, it can be concluded that
TPD affects energy, carbohydrate, and lipid metabolism, as
well as ROS scavenging, PCD, and signal transduction/

information processing, which is consistent with the physio-
logical parameters of latex from healthy and TPD-affected
trees and in agreement with previous studies (Chen et al.,
2003; de Fay, 2011; Li et al., 2010, 2016; Peng et al., 2011;
Putranto & Montoro, 2016; Venkatachalam et al., 2009; Zhang
et al., 2017). Notably, the correlation between DEGs and DAPs
was very poor (r=0.024 in T2_H and r=0.104 in T4_H), indi-
cating that the protein abundance in the latex of TPD-affected
trees may be significantly affected by post-translational mod-
ifications and splicing events (Pandey & Mann, 2000). Our
study further confirms that post-transcriptional modifications
and silencing affect important biological pathways of laticifer-
ous cells (Leclercq et al., 2020). As a result, studying the
mechanisms underlying TPD using only transcript-level anal-
yses can lead to misleading conclusions.

© 2022 The Authors.
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Rubber is synthesized in the laticifers, which are non-
photosynthetic tissues that are particularly susceptible to
oxidative stress (de Fay et al., 1989). Of the 272 DAPs iden-
tified by iTRAQ-based proteome analysis, 17 were associ-
ated with ROS metabolism, of which 14 were
downregulated (Table S8). The DAP analysis results and
the physiological parameters of decreased RSH content
indicated that alterations in ROS metabolic capacity were
one of the crucial events in the latex of TPD-affected trees.
ROS metabolism is key for NR production, rubber quality,
and tolerance to biotic and abiotic stresses (Zhang
et al, 2017). ROS production can be significantly

© 2022 The Authors.

augmented due to environmental and harvesting stress
and metabolic activities essential for latex regeneration
between two tappings. Therefore, rubber tree overexploita-
tion with high-frequency rubber tapping and excessive ET
stimulation can lead to decreased RSH content, excessive
ROS accumulation, and, ultimately, TPD occurrence
(Putranto et al., 2015). This is supported by our results, as
we observed a decrease in the abundance of ROS
metabolism-related proteins and in RSH content in the
latex of TPD-affected trees. Excessive ROS accumulation
caused by decreased RSH levels in the laticiferous cells of
TPD-affected trees mainly leads to membrane damage,
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lutoid bursting, and subsequent in situ latex coagulation
(Junaidi et al., 2022). However, this is not the major reason
for the decline in rubber biosynthesis activity in TPD-
affected trees.

It has been proposed that TPD could affect rubber
biosynthesis by downregulating rubber biosynthesis-
related genes (Li et al., 2010, 2016; Liu et al., 2015). In the
present study, only HbFPS1 was highly expressed among
the DEGs related to rubber biosynthesis, and its transcript
and protein levels were both progressively reduced with
TPD development (Figure 2d; Tables S5 and S6). Three FPS
genes have been discovered in the rubber tree genome
(Tang et al., 2016), and only HbFPS1, involved in a branch-
ing pathway (ko00900, terpenoid backbone biosynthesis)
of terpenoid backbone biosynthesis (ko09109) in plants, is
highly expressed in rubber tree latex (Table S5). HbFPS1 is

a key enzyme in rubber biosynthesis (Men et al., 2019).
Tanaka et al. (1996) suggested that the direct initiator of
rubber biosynthesis may be a C15 APP consisting of two
trans-isoprene units modified on dimethylallyl. Such units
include FPP or FPP in which dimethylallyl groups are modi-
fied after polymerization. Several in vitro studies on rubber
biosynthesis have shown a variety of APPs, such as
DMAPP, GGP, and GGPP, which are able to initiate rubber
chain elongation (Cornish, 2001). However, in vitro rubber
synthesis assays with WRPs as cofactor clearly showed
that FPP is the most efficient in rubber biosynthesis initia-
tion (Xie et al., 2008). In the present study, we first con-
firmed that the rubber biosynthesis activity of TPD-affected
trees was decreased and further confirmed that the FPS
and FPP contents in the latex of TPD-affected trees were
reduced. Obviously, due to the significantly decreased
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Figure 9. Relative expression of HbFPS1 and the
transcription factor-encoding genes MYB2-like and
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abundance of HbFPS1 in the latex, the content of its cat-
alytic product FPP is correspondingly decreased, which
reduces the initiation of NR chain synthesis and thus
affects rubber biosynthesis in TPD-affected trees.

To confirm the influence of decreased HbFPS1 abun-
dance or FPP content on rubber biosynthesis, we analyzed
the effects of FPP and HbFPS1 on rubber biosynthesis effi-
ciency with in vitro WRPs and further investigated the
impact of FPP, HbFPS1, or FPS inhibitors on rubber biosyn-
thesis efficiency in latex. These experiments not only
repeatedly verified the impact of FPP on rubber biosynthe-
sis efficiency in the assays without other APPs (in vitro rub-
ber biosynthesis assays with WRPs as cofactor), but also
further confirmed the effects of HbFPS1 and its catalytic
product FPP on rubber biosynthesis efficiency in assays
with multiple APPs (using latex containing a variety of
APPs as cofactors). Therefore, HbFPS1 and FPP content or
FPS enzyme activity are positively correlated with rubber

© 2022 The Authors.

biosynthesis, demonstrating that HbFPS1 downregulation
is causal for the decreased rubber biosynthesis activity in
the latex of TPD-affected trees.

Moreover, we found that the molecular weight of rub-
ber in TPD-affected trees is higher than that of rubber in
healthy trees. Previous studies using in vitro rubber
biosynthesis assays with WRPs as cofactor suggested that
initiation and polymerization rates and biopolymer molec-
ular weight were affected by the GPP or FPP content (Cor-
nish, 2001). Increasing GPP or FPP concentrations
increased the rubber biosynthesis rate and the number of
newly initiated rubber molecules. However, GPP or FPP
could decrease the rubber molecular weight by competi-
tion with the APP end of elongating rubber molecules for
the APP binding site (Cornish, 2001; Rojruthai et al., 2010).
In the present study, we followed Cornish et al. (2000) to
analyze the effects of FPP and HbFPS1 on rubber molecular
weight using in vitro WRPs. We additionally analyzed the
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impacts of FPP, HbFPS1, and FPS inhibitors on the molecu-
lar weight of rubber using total latex. We confirmed the
effects of FPP and FPS on the molecular weight of rubber
in an experimental system mimicking the intracellular envi-
ronment of a laticifer. Our results indicate that the down-
regulation of HbFPS1 is potentially responsible for the
increased molecular weight of rubber in TPD-affected
trees. This is the first in vivo observation in rubber trees
that a decrease in FPP or FPS content leads to an increase
in rubber molecular weight.

Regarding the relationship between rubber biosynthe-
sis activity and RP size, we found that the abundance of
SRPs (VMD < 0.3 um) with high rubber biosynthesis activ-
ity (Figure 5a) in TPD-affected tree latex is significantly
higher compared to healthy trees (Figure 1g). However, the
rubber biosynthesis activity of TPD-affected tree latex was
significantly reduced compared to that of healthy trees
(Figure 1i). In light of these results, we suggest that the
decreased abundance of HbFPS1 in latex may be one of
the main reasons for the physiological disorder of TPD-
affected trees. HbFPS1 is a soluble trans-prenyl transferase
expressed in laticifer cytoplasm (Figure 6) (Adiwilage &
Kush, 1996; Cornish, 1993). We discovered that HbFPS1
could be recruited from the cytoplasm to RPs by HoSRPP1
through protein—protein interactions (Figure 7) and mainly
relocates on SRPs with particle sizes smaller than 0.15 um
(Figure 5b-d). The attachment of these enzymes to the
membrane surface of SRPs can facilitate FPP production to
initiate the rubber synthesis-related metabolic channeling,
which is fulfilled by a protein complex that functions as the
NR biosynthesis machinery on SRPs (Brown et al., 2017;
Niephaus et al., 2019; Yamashita et al., 2016; Yamashita &
Takahashi, 2020). It was observed in cytological studies
that RP size gradually increases with increasing amounts
of rubber molecules synthesized and packed in the RPs
(Wu & Hao, 1990). Therefore, a lower abundance of
HbFPS1 might directly lead to a decrease in rubber biosyn-
thesis activity and affect RP development in TPD-affected
trees.

Given that changes in HbFPS1 abundance significantly
affect rubber biosynthesis in latex, we further screened
and validated upstream regulators of HbFPS1. Two tran-
scription factors (HbEREBP1 and MYB2-like) that may regu-
late HbFPS1 were assessed. HOEREBP1 belongs to the
APETALAZ2/ethylene response factor (AP2/ERF) superfam-
ily, whose members are critical in plant ET signal transduc-
tion. Several AP2/ERF members are highly accumulated in
laticifers and produced in response to ET stimulation (Nie
et al., 2016; Putranto & Montoro, 2016). In the present
study, both RNA-seq and RT-gPCR assays showed no
expression differences of HbEREBP1 in the latex between
TPD-affected trees and healthy trees, suggesting that
HbEREBP1 may not be involved in HbFPS1 downregulation
in TPD-affected trees. MYB transcription factors are

involved in plant secondary metabolic pathway regulation,
which typically provides regulatory specificity for a given
target pathway in secondary metabolism by binding to
specific cis-regulatory elements in gene promoters (Che-
zem et al., 2016). Rubber biosynthesis is a branch of the
isoprenoid pathway and MYB transcription factors may
play key regulatory roles. Wang et al. (2017) identified 44
H. brasiliensis MYB transcription factors through latex tran-
scriptome analysis. Among those, HbIMYB19 and
HbIMYB44 promoted expression of rubber biosynthesis-
related genes. In addition, MYB transcription factors are
closely linked to rubber tree TPD. For example, HbMYB1
downregulation in the bark tissue of TPD-affected trees
was associated with PCD (Chen et al., 2003; Peng
et al., 2011). In the present study, we identified a novel
gene encoding a latex-expressed MYB transcription factor,
MYB2-like (Figure S5), which could promote HbFPS1
expression (Figure 8 e). It also exhibited similar expression
patterns with HbFPS1 (Figures 8b and 9), suggesting that it
may be directly involved in the TPD-mediated downregula-
tion of HbFPS1. Thus, downregulation of HbFPS1 in the
latex of TPD-affected trees may be caused by the upstream
downregulation of transcription factors such as MYB2-like,
whose reduced binding to the HbFPS1 promoter results in
its downregulation. Our study significantly enriches our
understanding of pivotal node genes involved in the regu-
lation of rubber biosynthesis, shedding light on the molec-
ular mechanisms underlying the reduction in rubber yield
of TPD-affected rubber trees and potentially providing tar-
gets for the molecular breeding of rubber trees with
reduced TPD incidence.

EXPERIMENTAL PROCEDURES
Plant materials

Hevea brasiliensis clone Reyan 73397 was grown at the experi-
mental plantation of the Chinese Academy of Tropical Agricultural
Sciences (Hainan, China). Trees were 13 years old at the time of
sampling. The harvesting system was used for 3 years before
sampling. Sampling was performed by half spiral tapping (S/2)
once every three days. 1.0% Ethephon (2-chloroethyl phosphonic
acid, an ethylene-releasing compound) was applied to stimulate
latex yield once every five tappings. In this study, the latex taken
from 12 healthy trees with normal latex flow was designated as
‘H’, the latex from 12 TPD-affected trees showing partial latex flow
along more than 3/4 of the length of the tapping cut was desig-
nated as ‘T2’, and the latex from 12 TPD-affected trees with latex
flow along less than 1/4 of the length of the tapping cut was desig-
nated as ‘T4’ (Figure S1).

Measurement of latex physiological parameters and
rubber biosynthesis activity

A 5-ml latex aliquot per tree was placed on ice 5 min after tapping
for immediate analysis. For rubber molecular weight determina-
tion, 0.2 ml of latex from each tree was dried, and then 30 mg of
dry rubber was dissolved in 10 ml tetrahydrofuran (THF) and fil-
tered with a 0.45 um Minisart SRP 25 filter (Sartorius, Gottingen,
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Germany). The molecular weight of NR was determined by gel per-
meation chromatography (GPC). The GPC system includes a
Waters 1515 isocratic HPLC pump equipped with a 2414 refractive
index detector (RID) (Waters Corporation, Milford, MA, USA) and
Styragel HR5 columns (Waters Corporation). cis-1,4-Polyisoprene
(Agilent Technologies, Santa Clara, CA, USA) was used as a stan-
dard sample for molecular weight calibration. GPC was carried out
using 30 pl of rubber solution at 40°C with THF as eluent at a flow
rate of 1.0 ml min~", monitored by RID. The latex rubber biosynthe-
sis activity in NR samples was determined by calculating the 3C
content relative to the total carbon (*C + '2C) content and was
expressed as atom percent (APC) according to Deng et al. (2018).
The average RP size (VMD) was measured by an LA-960S laser par-
ticle analyzer (Horiba, Kyoto, Japan). The NR yield, RSH content,
and sucrose content were determined as previously described (Nie
et al., 2016). The Mg2+ content of C-serum in latex was measured
by the ethylene diamine tetraacetic acid (EDTA) titration method. Pi
content was determined according to Taussky and Shorr (1953).

Total RNA and protein extraction

Three independent biological replicates were collected for each
group (labeled H_1, H_2, H_3, T2_1, T2_2, T2_3, T4_1, T4_2, and
T4_3). For each biological replicate, latex (10 ml per tree), bark,
and leaves (1 g per tree) were collected equally from four trees
and pooled. The total RNA was extracted from the latex (Nie
et al., 2015), bark, and leaf (Nie et al., 2018). RNA quantity and
quality were determined using a NanoDrop 2000 spectrophotome-
ter (Thermo Fisher Scientific, Waltham, MA, USA) and a Bioana-
lyzer Chip RNA 7500 Series Il (Agilent Technologies, Santa Clara,
CA, USA). RP protein was extracted according to Dai et al. (2013).
Total protein was extracted from the latex as previously described
(Dai et al., 2016).

RP preparation and rubber biosynthesis in vitro assays

The WRPs were prepared according to the method of Siler and
Cornish (1993). To isolate the different size RPs, 400 ml of fresh
latex harvested from healthy trees was centrifuged at 10 000 g for
30 min to collect the rubber cream containing the LRPs in the
upper layer. At the same time, the SRPs remained in the water
layer. The collected LRPs were resuspended in 400 ml of Tris—HCI
(pH 7.5) and then filtered with sterile gauze. The resuspended
LRPs were centrifuged at 1000 g for 60 min to collect the rubber
cream termed fraction RP5 (the largest RPs with VMD > 1.0 um) of
the RPs. The remaining water layer with low turbidity was cen-
trifuged sequentially at 2000 g and 6000 g for 60 min. The upper
rubber cream from each centrifuge step was collected as fraction
RP4 (VMD about 0.7 um) and fraction RP3 (VMD about 0.5 pm),
respectively. The remaining separated water layer containing
SRPs was further sequentially centrifuged at 18 000 g and
50 000 g for 45 min. The rubber cream from each centrifugation
step was collected as fraction RP2 (VMD about 0.3 um) and frac-
tion RP1 (the smallest RPs with VMD < 0.15 um), respectively. The
collected RP1-5 fractions were resuspended in two volumes of
Tris-HCI (pH 7.5) and filtered with gauze for subsequent experi-
ments.

In the rubber biosynthesis efficiency assays using in vitro
RPs as cofactor, the resuspended RPs (30 pl) were mixed with
400 pl of reaction buffer containing 1 mm (2-"3C)IPP ("3C-IPP) (Tor-
onto Research Chemicals, North York, ON, Canada), 2 mm MgSQ,,
1 mm DTT, 60 mm KCI, 5 um ATP, and 20 um FPP in 0.1 m Tris-HCI
(pH 7.5). The reaction conditions and detection methods for rub-
ber synthesis efficiency were similar to those described by Deng
et al. (2018), and the results are expressed as APC values.
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Approximately 3 mg of the synthesized NR was dissolved in
500 pl THF, and its molecular weight was measured by GPC
according to the abovementioned method. Three biological repli-
cates were used for all analyses. The rubber biosynthesis effi-
ciency assays, using in vitro latex as cofactor, were performed as
described previously (Deng et al., 2018).

Identification of DEGs from the latex of healthy and TPD-
affected trees

RNA-seq was performed according to Li et al. (2016). The clean
reads from each biological replicate were mapped to the reference
genome (accession no. PRJNA394253) by TopHat2 (version
2.0.3.12). The expected number of fragments per kilobase of tran-
script sequence per millions of base pairs sequenced (FPKM)
method was applied to calculate unigene expression using RSEM
software (v1.2.15). DESeq software (1.6.3) was used to identify
DEGs based on each unigene read count from samples H, T2, and
T4 with FDR < 0.05 as a threshold.

Identification of DAPs by iTRAQ technology

The iTRAQ assays were performed as previously described (Dai
et al., 2016). Sample H from healthy trees was labeled with iTRAQ
tag 118, while samples T2 and T4 from TPD-affected trees were
labeled with tags 119 and 121, respectively. Proteins were identi-
fied and quantified using SEQUEST software integrated with Pro-
teome Discoverer 2.1 (Thermo Fisher Scientific) with the H.
brasiliensis genome database (accession no. PRUINA394253) as a
reference. Protein functional classification and pathway annota-
tion were conducted against the COG and KEGG databases. DAPs
were defined as the proteins with fold change > 1.2 or fold change
< 0.85 (mean value of all compared groups) and P < 0.05 (t-test for
all comparisons) between samples H and T2 or samples H and T4.

KEGG pathway enrichment analyses and RT-qPCR

The KEGG pathway enrichment analyses of DEGs and DAPs were
performed as previously described (Li et al., 2016). In total, 30
genes that were identified and quantified in the transcriptome and
proteome assays were randomly selected for verification by RT-
gPCR. Ten of them were identified as both DEGs and DAPs, and
20 were identified as DAPs. RT-gPCR analysis was performed
according to Nie et al. (2016). The relative gene expression levels
were calculated using the YLS8 gene (NCBI Reference Sequence:
HQ323250.1) as the internal reference for normalization. The pri-
mers for the selected genes were designed using Vector NTI soft-
ware (Thermo Fisher Scientific) (Table S7).

FPS and FPP content analysis in the latex

For FPS content measurement, 100 pl of latex or 100 pg of RPs
was immediately mixed with 100 ul of 0.1 m Tris-HCI buffer (pH
7.5) on ice, and the FPS content was measured by the Plant Farne-
syl Pyrophosphate Synthase ELISA kit following the user manual
(JIANGLAI Biological, Shanghai, China) using a Multiskan™ FC
Microplate Photometer (Thermo Fisher Scientific). For FPP content
determination of latex samples, the method of Zhang et al. (2015)
was followed with modifications. Latex (5 ml) was immediately
mixed in a 50-ml centrifuge tube with 5 ml of 36 mm phosphate
buffer (pH 7.0) and 10 U alkaline phosphatase (Promega Corpora-
tion, Madison, WI, USA), followed by incubation for 30 min at
37°C. Then, 30 ml of n-hexane was added to the reaction and
mixed thoroughly. The mixture was placed at room temperature
for 30 min and then centrifuged at 12 000 g for 20 min. Subse-
quently, the supernatant was mixed with 15 ml of absolute
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ethanol and centrifuged at 10 000 g for 10 min. The centrifuged
supernatant was filtered through a 0.2 um Minisart SRP 25 filter
(Sartorius, Gottingen, NI, Germany) and then concentrated under
a stream of nitrogen (14 psi) to approximately 20 pl. It was finally
diluted with n-hexane to a final volume of 200 pl. Then, 1 pl of the
sample was injected into the GC column in splitless mode. The
metabolite chemical constituents were detected using a TSQ8000
Evo gas chromatograph/mass spectrometer (Thermo Fisher Scien-
tific) with 70 eV of electron impact ionization. Samples were intro-
duced through a DB-5 MS capillary column of
30 m x 0.25 um x 250 pum (Thermo Fisher Scientific). The initial
column temperature was 70°C, which was held for 3 min and then
increased to 300°C at a rate of 10°C min~", with a final hold time
of 5 min. Helium was used as the carrier gas with a linear velocity
of 1 ml min~". The MS transfer line and ion source temperatures
were 300°C and 230°C, respectively. The scanning range was 50—
650 mj/z. Relative quantitative analysis was performed using
TraceFinder 4.1 software according to Yuan et al. (2019).

HbFPS1 expression in Escherichia coli

The HbFPS1 open reading frame (ORF) was synthesized by Sangon
Biotech (Shanghai) Co., Ltd. (China). It was cloned into the expres-
sion vector pET22b (+) (Novagen, Madison, WI, USA) at the Xhol
and Mlul sites to generate the pET22b-HbFPS1 construct and intro-
duced in E. coli BL21 (DE3) (Novagen). Protein biosynthesis was
induced with 0.2 mm isopropyl p-b-thiogalactopyranoside (IPTG) at
37°C for 4 h. The expressed protein was identified by Western blot
analysis using 6xHis Tag Monoclonal Antibodies (Thermo Fisher
Scientific) and purified using the HisPUR Ni-NTA Spin Purification
Kit according to the manufacturer’s instructions (Thermo Fisher Sci-
entific).

Y2H, subcellular localization, co-expression, BiFC, and
Western blot assays

For Y2H assays, the ORFs of HbFPS1, HbREF1 (XM_021797910.1),
and HbSRPP1(XM_021797905.1) were synthesized by Sangon Bio-
tech (Shanghai) Co., Ltd. and inserted in the vectors pGADT7 and
pGBKT7. The Y2H, BiFC, and Western blot assays were performed
as described by Deng et al. (2018). The subcellular localization and
co-expression assays were performed as previously described
(Brown et al., 2017). The ER of the N. benthamiana leaf epidermal
cells was visualized by OsSPP1-RFP.

Y1H, EMSA, and Dual-LUC assays

The HbFPS1 promoter fragment (1066 bp) was synthesized
according to its published sequence (Wang et al., 2017) by Sangon
Biotech (Shanghai) Co., Ltd. and inserted in the vector pHIS2.1 to
generate the bait vector pHIS-pHbFPS1. Total RNA was extracted
from the latex and was mixed in equal proportions from samples
H, T2, and T4 for cDNA library construction. The cDNA library was
constructed using the Matchmaker Gold Yeast One-Hybrid Library
Screening System Kit (Clontech, Mountain View, CA, USA) and
screened according to the Matchmaker Gold Y1H System protocol
(Clontech). Positive colonies were verified by individual Y1H
assays, according to Deng et al. (2018). The HbEREBP1 and MYB2-
like gene ORFs were synthesized and cloned into the expression
vector pET28a (+) (Novagen). The constructed expression vectors
were introduced into E. coli strain BL21 to produce the HbEREBP1
and MYB2-like recombinant proteins. EMSA was performed using
the LightShift Chemiluminescent EMSA Kit (Thermo Fisher Scien-
tific) following the manufacturer’s instructions. The EMSA probe
sequences are listed in Table S7. The HbFPS1 promoter fragment
was synthesized and inserted in the reporter vector pGreenll 0800-

LUC. The HbEREBP1 and MYB2-like ORFs were synthesized and
cloned into the effector vector pGreenll 62-SK. Tobacco (N. ben-
thamiana) was sown and grown at 25°C in a 16/8 h light/dark
photoperiod for approximately 6 weeks before being used for
Dual-LUC assays. The Dual-Luciferase Reporter Assay System kit
(Promega Corporation) was used to perform the Dual-LUC assays.
Six biological replicates were conducted for each combination.

Statistical analysis

SPSS version 22.0 (IBM Corp., Armonk, NY, USA) was used for
statistical analyses. One-way analysis of variance and the Stu-
dent-Newman-Keuls test were used for comparisons between
multiple groups.
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Figure S1. Images of healthy and TPD-affected rubber trees. (a) A
healthy rubber tree with normal latex flow. (b) A TPD-affected rub-
ber tree with latex flow from 3/4 or more of the tapping panel. (c)
A TPD-affected rubber tree with latex flow from 1/4 or less of the
tapping panel. TPD, tapping panel dryness.

Figure S2. Transcript levels and protein abundance in healthy and
TPD-affected rubber trees. (a) Venn diagram of DEGs and DAPs.
(b) Shared DEGs and DAPs between groups. P24, shared DAPs
between T2_H and T4_H; G24, shared DEGs between T2_H and
T4_H; P2G2, genes in T2_H whose associated transcript levels and
protein abundance exhibited similar trends; P4G4, genes in T4_H
whose associated transcript levels and protein abundance
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exhibited similar trends. (c) Comparison of changes in transcript
and protein levels of DEGs and DAPs. (d) Correlations between
transcript levels and protein abundance in DEGs and DAPs from
T2_H. (e) Correlations between transcript levels and protein abun-
dance in DEGs and DAPs from T4_H. DEGs, differentially
expressed genes; DAPs, differentially abundant proteins.

Figure S3. Validation of DEGs and DAPs using RT-qPCR. RT-qPCR
analyses of healthy (H) and TPD-affected rubber trees (T2 and T4).
YLS8 was used as a reference gene. The heatmap of the 30
selected genes was drawn using log,(fold change) values from
the RT-gPCR, RNA-seq, and iTRAQ-based proteome data. DEGs,
differentially expressed genes; DAPs, differentially abundant pro-
teins; TPD, tapping panel dryness.

Figure S4. E. coli expression and purification of HbFPS1. (a)
Heterologous expression of HbFPS1 in E. coli. (1) Molecular mark-
ers. (Il) E. coli cells harboring pET22b-HbFPS1 not induced. (lll)
E. coli cells harboring pET22b-HbFPS1 induced by 0.2 mm IPTG at
37°C after 4 h. (b) HbFPS1 purification. (I) Molecular markers. (Il)
Purified HbFPS1 fusion protein. (c) Western blot of HoFPS1 fusion
protein. (I) Molecular markers. (Il) HbFPS1 fusion protein.

Figure S5. Phylogenetic analysis of HbIMYBs and MYB2-like based
on MUSCLE alignments and the Maximum Likelihood method
with MEGA 6.0. The internal branch support was estimated with
1000 bootstrap replicates. For details on the HbIMYB sequences,
see Wang et al. (2017).

Table S1. Transcriptome sequencing quality assessment and
sequence alignment results.

Table S2. DEG characteristics between TPD-affected and healthy
rubber tree latex.

Table S3. DAP characteristics between TPD-affected and healthy
rubber tree latex.

Table S4. Significantly enriched KEGG pathways among the DEGs
and DAPs between TPD-affected and healthy rubber tree latex.

Table S5. Expression changes of genes involved in rubber biosyn-
thesis based on RNA-seq.

Table S6. Abundance changes of proteins involved in rubber
biosynthesis based on iTRAQ-based proteomic analysis.

Table S7. List of primers used in this study.

Table S8. Variation in abundance of DAPs related to ROS metabo-
lism based on iTRAQ proteomic analysis.
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