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Abstract: This study aimed to explore the influence of temperature on the growth and isoprene
metabolism pathways of Eucommia ulmoides seedlings. Growth indices and levels of rubber and total
triterpenoids in leaves were assessed under three temperature treatments: low (15 °C/10 °C), control
(25°C/20 °C), and high (35 °C/30 °C). High-throughput sequencing identified 2309 differentially
expressed genes, of which 1608 were upregulated and 701 were downregulated. After 40 days, leaf
length, leaf width, and plant height were significantly lower in low- and high-temperature treatments
compared with the control. Specific leaf weight was higher in LT-treated leaves. Chlorophyll a and b
contents were 1.372 mg.g~! and 0.594 mg.g 1, respectively, in control leaves, followed by low- and
high-temperature treatments. Carotenoid content was the highest in LT treatment. The rubber content of
LT and HT groups significantly decreased by 16.5% and 38%, respectively, compared with that of the
control group. Total triterpene content was the lowest in control leaves at 1.02%, which was 30% and
20% less than that in low- and high-temperature treatments, respectively. This study provides insights
into the efficient cultivation of E. ulmoides and the regulatory network of secondary metabolic pathways.

Keywords: Eucommia ulmoides; temperature; rubber; total triterpene

1. Introduction

The isoprene metabolic pathway is important for the synthesis of secondary metabo-
lites in plants. The intermediate isoprenyl pyrophosphate is generated by two path-
ways: the mevalonate (MVA) pathway, which occurs in the cytoplasm, and the pyru-
vate/phosphoglyceraldehyde (MEP) pathway, which occurs in the plastids [1]. According
to a previous study, the isopentenyl pyrophosphate (IPP) that is used as a precursor for
sesquiterpene and triterpene synthesis is produced by the MVA pathway [2], whereas
IPP that is used as a precursor for monoterpene, diterpene, and carotenoid synthesis is
produced by the MEP pathway [3,4]. Based on the number of isoprene residues, terpenes
can be classified into monoterpenes, sesquiterpenes, diterpenes, and triterpenes [5]. Ter-
penoids play a crucial role in regulating plant growth, development, and environmental
adaptation [6]. When environmental temperatures increase, plants adapt by increasing
the production and emission of isoprene [7,8]. Geranyl pyrophosphate (GPP), farnesyl py-
rophosphate (FPP), and geranylgeranyl pyrophosphate (GGPP) are direct precursors used
in the synthesis of monoterpenes, sesquiterpenes, and diterpenes, respectively, using ter-
pene synthase (TPS) [9]. The TPS family is categorized into seven subfamilies: TPS-a, TPS-b,
TPS-c, TPS-d, TPS-e/f, TPS-g, and TPS-h [10]. This family is classified into monoterpene
synthases, sesquiterpene synthases, diterpene synthases, and triterpene synthases based on
terpene products. Isoprene metabolites in plants encompass artemisinin, gibberellins [11],
abscisic acid, chlorophyll, terpenoids, sterols, perfumes, flavors, and rubbers [12].
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Eucommia ulmoides (E. ulmoides), a tertiary relict tree species unique to China, is not
only a precious traditional medicinal herb but also a high-quality source of rubber [13-15].
The pericarp, bark, leaves, and roots of E. ulmoides are rich in rubber filaments. The
rubber content in the fruit ranges from 12% to 17%, and the leaf rubber content is between
2% and 5% [15]. E. ulmoides rubber is a natural polymer compound with the molecular
structure of trans-polyisoprene. It possesses a shape memory function [16], and a unique
“rubber-plastic” duality [17]. This property makes it suitable for development into high-
elasticity rubber materials, low-temperature plasticity materials, and thermoelastic memory
materials. Accordingly, E. ulmoides is widely used in the rubber industry. For instance,
it is blended with chloroprene rubber or polypropylene to enhance the characteristics of
the composite materials and to prepare shape memory materials [18-20]. Rubber is one of
the end products of the isoprene metabolic pathway in rubber-producing plants. IPP is a
precursor for terpenoids, and rubber synthesis, with rubber synthesis primarily sourced
from the MVA pathway and terpenoids, compounds from the MEP pathway [21]. In the
MVA pathway, HMGR determines the direction of “carbon flow.” When HMGR activity
increases, sesquiterpene products increase [22]. However, HMGR expression is affected by
environmental factors, such as light, temperature, and humidity [4,23,24].

Global temperature extremes are becoming more frequent, impacting plant health via
cold stress (0-18 °C), freezing (<0 °C), and heat stress (>25 °C), ultimately affecting crop
production [25,26]. The growth, development, and accumulation of secondary metabolites
in E. ulmoides are inevitably influenced by climate change [18]. Prior research has demon-
strated that rubber trees yield more rubber within a temperature range of 18-28 °C [27]. To
understand the effect of temperature on the growth and isoprene metabolic pathway of
E. ulmoides seedlings, this study analyzed the transcriptomes of E. ulmoides seedlings after
40 days of treatment at the control temperature and high temperature (HT) using RNA
sequencing (RNA-Seq). Differentially expressed genes were analyzed using GO functional
classification and KEGG enrichment analysis to verify the expression levels of genes re-
lated to the isoprene metabolic pathway. This analysis is crucial for using terpenoids as
secondary metabolites and rubber resources in E. ulmoides.

2. Materials and Methods
2.1. Experimental Material

The E. ulmoides seeds used were of the ‘"Huazhong 15" variety and procured from
Yuncheng Huimin Seedling Seed Company, Shanxi Province, in November 2021. The seeds
were stored in a 4 °C refrigerator.

2.2. Methods
2.2.1. Analysis of Phenotypic Changes

Fresh and plump E. ulmoides seeds were carefully selected in the spring season. These
seeds were soaked in warm water overnight, sown in seedling pots, and placed outdoors
under natural conditions to facilitate germination. Once the seedlings had grown to
the six-leaf stage, they were carefully transferred to an artificial climate chamber. Three
temperature treatments were set up to study how the growth of E. ulmoides is affected by low
and high temperatures: 15 °C/10 °C (day/night) for low temperature (LT), 35 °C/30 °C
(day/night) for high temperature (HT), and 25 °C/20 °C (day/night) for the control group.
The photoperiod was set at 16/8 h (day/night), with a relative humidity of 65% =+ 5% and
a light intensity of 12,000 Lux. Phenotypic observations were conducted at regular intervals
of 10 days, specifically on days 0, 10, 20, 30, and 40. Measurements were collected from
the first fully extended leaves: leaf length (from tip to base, excluding the petiole) and leaf
width (at the widest point in the middle). Plant height was measured from the tip of the
terminal leaf to the soil tip. For each group of temperature treatments, a leaf disk of 6 mm
diameter was carefully taken from a consistent position near the bottom of the leaf. These
leaf disks were then mounted in tin foil and dried at 120 °C. The leaves were further dried
in an oven at 80 °C until a constant weight was achieved. The dry weight of leaf disks
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was divided by the area of the disks to calculate the specific leaf weight. Three biological
replicates were performed per group, with ten plants per replicate.

2.2.2. Determination of the Chlorophyll Content

For this procedure, 0.1 g of E. ulmoides leaves was accurately weighed using a precision
scale and placed in a dry mortar. A small amount of 95% anhydrous ethanol was added
incrementally to the morstar. The leaves were ground thoroughly in a light-avoiding area.
The resulting mixture was transferred to 10 mL centrifugal tubes. The volume was adjusted
to 10 mL by adding 95% anhydrous ethanol, ensuring the process was performed in the
dark at room temperature [28]. The mixture was left in the dark overnight. Next, the optical
density (OD) values were measured at wavelengths of 649, 665, and 470 nm using the
SpectraMax®(Molecular Devices, Sunnyvale, CA, USA) ABS Plus microplate reader. Three
biological replicates were set up for each group of treatment, including three mechanical
replicates. The relevant calculation formula was as follows:

Chla = (13.95 A665 — 6.88 A649)

ChlIb = (24.96 Agsg — 7.32 Aggs)

ChlI = Chla + Chlb

Car = (1000A479 — 2.05 x Chla—114.8 x Chlb)/245

2.2.3. Determination of Total Triterpene Content

The total triterpene content was determined according to the method described by
Tao et al. [29], with minor modifications. The ethanol extract was heated at 90-100 °C to
evaporate the reagent, then 0.1 mL of 5% vanilla-glacial acetic acid solution and 0.8 mL of
perchloric acid were added. The mixture was incubated in a water bath at 60 °C for 20 min
to develop the color, then it was removed and cooled in an ice water bath for 3-5 min. After
that, 5.0 mL of glacial acetic acid was added, and the mixture was left at room temperature
for 10 min. The zero point was adjusted with a 1 cm cuvette, and the absorbance was
measured at the wavelength of 550 nm. A standard curve was prepared using oleanolic
acid, and the standard equation for oleanolic acid was Y = 0.0051X — 0.0025 (R2 =0.9993),
where Y is the absorbance value and X is the oleanolic acid fructose content (ug). The total
triterpenes content in the samples was determined using the following formula:

m1><V1><f

= —————— x 100%
my X Vo X 106 %

where x is the amount of total triterpenes in the sample; 1 is the amount of total triterpenes
in the sample reaction solution; m; is the sample mass; V; is the volume of anhydrous
ethanol; V; is the volume of the extract; and f is the dilution factor.

2.2.4. Determination of TPI Content

The extraction and analysis of E. ulmoides rubber followed the method of Lu et al. [30],
with some modifications. For E. ulmoides rubber extraction, the plant’s leaf was subjected
to the following steps: initially, it was fixed in an oven at 120 °C for 30 min, dried at 80 °C
until it reached a constant weight, and then weighed to determine the dry weight of the
tissue. The dried tissue was subsequently ground into a powder. Next, an appropriate
amount of 10% NaOH solution was added to the powder. The mixture was placed in a
water bath at 100 °C for 3 h, followed by further heating at 120 °C for 20 min under HT
and high-pressure conditions. The residual NaOH solution was then washed off. The
remaining material was subjected to a 60 °C water bath with distilled water for 3 h and
then dried at 37 °C. To extract rubber, the dried material was introduced into a Soxhlet
extractor and an appropriate amount of petroleum ether (with a boiling range of 60-90 °C)
was added. Extraction was performed at 120 °C for 12 h. The resulting solid, representing
E. ulmoides rubber, was obtained and weighed (referred to as dry rubber). Each group
involved three biological replicates, and within each replicate, there were six plants. The
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following formula was used to calculate the rubber content (%): Rubber content (%) = fine
rubber/tissue dry weight x 100%.

2.2.5. Total RNA Extraction, cDNA Library Construction, and Illumina Sequencing

The leaves from various plants of E. ulmoides, specifically the second true leaf from
top to bottom, which were subjected to a 40-day temperature treatment, were promptly
frozen in liquid nitrogen and stored at —80 °C for future use. To extract total RNA from
E. ulmoides, the Trizol method was employed. The purity of the RNA was assessed using the
NanoDrop method, calculating the OD260/0D280 ratio, and its quality was verified using
1% agarose gel electrophoresis. Subsequently, Oligo (dT) beads were utilized to isolate the
mRNA, followed by fragmentation of the mRNA into short fragments using an interrupting
reagent. These short fragments were employed as templates for the synthesis of the first
c¢DNA strand via first-strand synthesis. Following this, the Second Strand Synthesis Mix
was utilized to synthesize the second strand. The resulting product underwent end leveling
and had “A” added to it. RNA-Seq Adapter was connected to the product after this process.
After ligating the RNA-Seq Adapter, the ligated product was purified, followed by PCR
amplification. The target product of 300-600 bp was purified and recovered using magnetic
beads. Finally, the cDNA library was sequenced on the Illumina NovaSeq 6000 platform
once the library construction was deemed qualified.

2.2.6. Transcriptome Data Analysis

A similarity comparison was performed for the clean data and reference genome
(https://ngdc.cncb.ac.cn/gwh/Assembly /25206 /show, accessed on 4 September 2023).
A reference rate of >80-85% was required to proceed to the next step of bioinformatics
analysis. The screening criteria for differentially expressed genes involved expression folds
meeting |log2(fold change)| > 1 and p < 0.5. For differentially expressed genes, GO and
KEGG enrichment analyses were performed using the R package cluster profiler based on
these databases.

2.2.7. RT-gPCR Validation

To validate the accuracy of the transcriptome sequencing results, samples stored at
—80 °C were used. Total RNA was extracted using the RC411 kit (Vazyme Biotech Co., Ltd.,
Nanjing, China). Subsequently, the total RNA was reverse transcribed with the First Strand
c¢DNA Synthesis Kit (Vazyme Biotech Co., Ltd., Nanjing, China). EuActin was employed as
an internal reference gene. For RT-qPCR, primers were designed for seven genes related
to E. ulmoides rubber synthesis (Table 1) and these primers were synthesized by Sangong
Bioengineering Corporation (Shanghai, China). The relative expression of each gene was
calculated using the 2~2A¢T method. This analysis was performed with three biological
replicates and three technical replicates for each sample group. The RT-qPCR analysis
employed the SYBR Green Dye Kit (Vazyme Biotech Co., Ltd., Nanjing, China).

Table 1. RT-qPCR primer sequence.

Gene Name Primer Sequence (5’ —3) Sequence Length
F:GGAGAGCAGTTCGTGGGATGG
HMGS2 RGCAGCAGCTCCACCAGTCG %
IPPI F:ACTCGGTCCAGCTTTCGTCTTC 81

R:AGAATCAGCGACGGCGGTATC
F:AGCAGGGCATAGTTCCACAAGC

DXs3 R:CATGGCTCCATCTCCGATCACC 109
- F:CGTCCGCTATGTCCGATCCATG o,
R-GCGAACAGAGTCCAGGCAAGAG
ACATS F-TCCAGCAGCAGCAACAGAGTG %
R-CCATTGGTGTTCGTGCAACTCC
. F:ACGACGACCTCCCCTGTATGG "
R:CCGTGGTGGAAGTGGCGATG
Fpst F:GGTTGGTGCATTGAGTGGCTTC o1
RTTGACCTCGGCGTGTGTGTG
et FTTGTTAGCAACTGGGATGATATGG

R:CAGGGTGTTCTTCAGGAGCAA
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2.2.8. Statistical Analysis of Data

Data were organized using Excel 2022. Statistical analysis was performed using SPSS 22.
Significance was analyzed using one-way ANOVA. Data were graphed using the GraphPad
Prism 8.0 software.

3. Results
3.1. Effect of Temperature on Phenotype

Treatment of E. ulmoides seedlings with varying temperatures led to a significant
increase in leaf length and leaf width as the treatment duration increased. The plant height
did not show significant changes in HT and LT treatments but significantly increased in
the control (Figure 1A-E). On day 40, the plant height of LT and HT groups significantly
decreased by 41.7% and 45.5%, respectively, compared with that of the control group. The
leaf length of LT and HT groups significantly decreased by 38% and 32.3%, respectively,
compared with that of the control group. The leaf width of LT and HT groups significantly
decreased by 44.7% and 40.3%, respectively, compared with that of the control group.
(Figure 1A-E). Additionally, the specific leaf weight of LT on day 40 was 4.0 mg/cm?,
which was 1.8 times higher than that of the control (Figure 1F). These results suggest that
25 °C was the optimal ambient temperature for the growth of E. ulmoides seedlings, whereas
35 °C and 15 °C adversely affected their growth and development. Moreover, the specific
leaf weight under LT was significantly higher than that of the control and HT treatment,
indicating thicker leaf growth under LT conditions.

3.2. Effect of Temperature on Chlorophyll and Carotenoid Contents

Chlorophyll content serves as a crucial indicator for assessing plant photosynthetic
capacity. In this study, chlorophyll and carotenoid contents after various temperature
treatments were assessed. The results indicated that after 40 days of temperature treatment,
leaves in the control group appeared green, LT leaves had a purple color, and HT leaves
showed a yellowish color (Figure 2A). The contents of chlorophyll a, chlorophyll b, and total
chlorophyll followed the pattern control > LT > HT (Figure 2B-F). On day 40, chlorophyll a
content in the control was 1.372 mg.g~!, which was 1.8 times higher than that in HT, and
chlorophyll b content was 0.594 mg.g !, which was 1.9 times higher than that in HT. These
findings suggested that excessively high temperatures (35 °C) were harmful to chlorophyll
accumulation in the leaf blades of E. ulmoides seedlings. The carotenoid content in LT was
0.58 mg.g~!, which was twice that in HT. Furthermore, chlorophyll a/b values decreased
with prolonged temperature treatment.

3.3. Effect of Temperature on Rubber and Total Triterpene Contents

After 40 days, rubber was extracted from the true leaves of plants in each treatment
group, and the total triterpene content was analyzed. The results revealed that the rubber
contents in leaves were 1.22%, 1.44%, and 0.90% after 40 days of LT, control, and HT
treatments, respectively. The rubber content of LT and HT groups significantly decreased
by 16.5% and 38%, respectively, compared with that of the control group. The differences
among the three treatments were significant (p < 0.05). Total triterpene contents were 1.33%,
1.02%, and 1.23% for LT, control, and HT, respectively. Notably, total triterpene contents in
LT and HT were 30% and 20% higher than those in the control, respectively (Figure 3B).
This suggests that rubber accumulation is less favorable at extreme temperatures (either too
low or too high), causing a redirection of precursors synthesized by the isoprene metabolic
pathway toward terpene synthesis.
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Figure 1. Effect of temperature on seedling growth: (A) plants before treatment; (B) treated plants;
(C) plant height; (D) leaf length; (E) leaf width; (F) specific leaf weight. Note: “NS” and different
letters above the bar represent insignificant and significant differences, respectively, between the
control and treatment (p < 0.05).
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Figure 2. Effect of temperature on appearance as well as the chlorophyll and carotenoid contents of
E. ulmoides. (A) leaf phenotype after 40 days of treatment; (B) chlorophyll a content; (C) chlorophyll
b content; (D) chlorophyll content; (E) chlorophyll a/b values; (F) carotenoid content. Note: “NS”
and different letters above the bar represent insignificant and significant differences, respectively,
between the control and treatment (p < 0.05).
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Figure 3. Impact of temperature on rubber and total triterpene contents in E. ulmoides seedling leaves:
(A) change in rubber content; (B) change in total triterpene content. Note: “NS” and different letters
above the bar represent insignificant and significant differences, respectively, between the control
and treatment (p < 0.05).

3.4. Transcriptome Data Analyses
3.4.1. Transcriptome Data Quality

Leaves of the plants treated at 25 °C (control) and 35 °C (HT) for 40 days were collected.
A total of six samples were subjected to RNA-Seq, yielding raw reads of 40, 885, 94043, 679,
536 (Table 2). Clean reads were in the range of 40, 082, 72443, 233, 386 after the removal of
low-quality bases (accession number: PRINA1030736). The Q20 probability of the samples,
indicating a base quality of >20, ranged from 96.46% to 97.59%, and the Q30 probability,
indicating a base quality of >30, ranged from 90.87% to 93.19%. The comparison reference
rate to the reference genome exceeded 95.28%, indicating the high sequencing quality of
the E. ulmoides leaf samples and their suitability for further bioinformatics analysis.

Table 2. Data quality assessment statistics sheet.

Sample Name Raw Reads Clean Reads Q20 (%) Q30 (%) Mapped Read (%) GC Content (%)
control-1 40,885,940 40,082,724 96.46 90.87 95.28 47.16
control-2 41,794,830 41,135,962 96.80 91.52 95.55 46.97
control-3 41,940,464 41,265,186 97.34 92.71 95.93 47.23

HT-1 43,679,536 43,233,386 97.38 92.70 95.65 47.12
HT-2 42,241,678 43,233,386 97.46 92.89 95.75 47.05
HT-3 43,511,804 43,079,342 97.59 93.19 95.81 47.10

The analysis revealed 2309 DEGs after HT treatment compared with the control. Of
these, 1608 genes were upregulated and 701 genes were downregulated (Figure 4). This
suggests that DEGs were primarily enriched in the upregulated expression pathway after
HT treatment.



Horticulturae 2023, 9, 1298

9of 15

2000 =
o Up
1608 m  Down
1500 -
8
&
G
S 1000
2
£ 701
=
z
500-
0

HT-vs-control

Figure 4. The number of differentially expressed genes in HT-vs-control groups.

3.4.2. GO and KEGG Enrichment Analysis of DEGs

The annotation of DEGs in E. ulmoides using the GO database revealed enrichment in
three functional categories: molecular function, cellular components, and biological pro-
cesses. In the biological process category, there was a notable focus on nitrogen compound
metabolism (325), macromolecule metabolism (303), regulation of primary metabolism
(165), and protein ubiquitination (23). In the molecular function category, emphasis was on
catalytic activity (112), binding function (356), kinase activity (61), and protein ubiquitina-
tion transfer (23). In terms of cellular components, the major concentrations were in the

cytoplasm (531) and plastids (142) (Figure 5A).
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Figure 5. GO and KEGG classification of differentially expressed genes between the control and HT
groups: (A) GO enrichment analysis; (B) KEGG enrichment analysis.

The annotation of DEGs into metabolic pathways and KEGG enrichment analysis
revealed significant results. The DEGs were mainly enriched in five major categories of
processes when comparing HT treatment with the control. These categories included
cellular processes, environmental information processing, genetic information processing,
metabolism, and organic systems. In terms of metabolic processes, the main enrichments
were observed in carbohydrate metabolism (104), biosynthesis of secondary metabolites
(87), and metabolism of terpenoids and ketones (31). Environmental information processing
was enriched in signal transduction (127), and membrane transport (3). These findings
suggest that HT treatment might have accelerated carbohydrate metabolism as well as
terpene production and efflux (Figure 5B).

3.5. Effect of Temperature on Chlorophyll Metobolic Pathway

Given the close relationship between chlorophyll content and photosynthesis, the
differential gene expression profiles of chlorophyll degradation metabolic pathways were
analyzed. Two genes encoding chlorophyllases were identified, both of which were sig-
nificantly upregulated after HT treatment. This suggests that the chlorophyllase gene is
induced to express itself after HT treatment, promoting the degradation of chlorophyll into
chlorophyllide a and chlorophyllide b. Consequently, this leads to a decrease in the total
chlorophyll content (Figure 6).

3.6. Effect of Temperature on Isoprene Metabolic Pathway

To investigate the impact of temperature on the isoprene metabolic pathways, we exam-
ined the expression of relevant genes within the IPP biosynthetic pathway using transcriptome
sequencing. In comparison with the control group, we observed alterations in gene expression.
The 3-hydroxy3-methyl-coenzyme A reductase (HMGR) genes showed consistent upregula-
tion. The 1-deoxyxylulose-5-phosphate synthetase (DXS) genes exhibited upregulation. Of
the acetyl coenzyme A acetyltransferase (ACAT) genes, ACAT2 showed increased expression.
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The 3-hydroxy-3-methylglutarate monoacyl coenzyme A synthase (HMGS) genes, particularly
HMGS?2, displayed upregulated expression. In contrast, geranyl diphosphate synthase (GPS)
genes, GPS2 and GPS3, demonstrated downregulated expression (Figure 7).
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3.7. Validation of the Differential Gene Expression Level Using qRT-PCR

To further comprehend the effect of gene expression levels on the synthesis of sec-
ondary metabolites, seven genes with either upregulated or downregulated expression
were selected under HT treatment. EuActin was used as an internal reference gene. The se-
lected genes included ACAT3 and HMGS2 in the MVA pathway, DXS3 in the MEP pathway,
and genes associated with rubber synthesis (IPPI, GGPS2, FPS1, and SRPP6). We utilized
RT-qPCR to validate the accuracy of the transcriptome data analysis. The results of the
qPCR amplification analyses were consistent with the expression trend of the differentiated
genes observed in the transcriptome (Figure 8).
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Figure 8. The differentially expressed genes between HT and control verified using RT-qPCR:
(A) EuFPS1; (B) EulPPI; (C) EuDXS3; (D) EuACAT3; (E) EuHMGS2; (F) EuGGPS2; (G) EuSRPP6.

4. Discussion

Prolonged cold and heat stress during early growth can significantly hinder plant
growth, leading to reduced plant heights and growth rates. Moreover, decreased photosyn-
thesis and chlorophyll content have been documented in response to extreme temperatures.
Factors such as leaf and stem scorching, as well as leaf abscission, further exacerbate the
decline in yield [31-33]. Notably, chlorophyllase plays a pivotal role in catalyzing the hy-
drolysis of chlorophyll, forming chlorophyll lactones. A negative correlation exists between
chlorophyll content and chlorophyllase activity [34]. Moreover, chlorophyllase is respon-
sive to environmental stress, and environmental factors, such as strong light, pathogen
infection, and leaf cell destruction, can accelerate chlorophyll degradation [35,36]. Our
study revealed that growth parameters (e.g., plant height, leaf length, leaf width, specific
leaf weight, and chlorophyll content) of E. ulmoides seedlings were affected by LT and HT
treatments. Additionally, the expression of the CLH, responsible for chlorophyll degrada-
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tion, was upregulated, suggesting that HT treatment accelerates chlorophyll decomposition
and leads to reduced chlorophyll content. This is consistent with previous research.

Earlier studies have confirmed that HMGR is involved in rubber biosynthesis and
associated with the biosynthesis of other terpenes [23,37]. A modest increase in geranylger-
anyl pyrophosphate synthase (GPPS) activity boosts monoterpene production in transgenic
tobacco [38]. Additionally, high temperature has been found to favor the expression of the
Ginkgo GGPP gene [39]. Farnesyl pyrophosphate synthase (FPS) synthesizes FPP, which is
conducive to the biosynthesis of rubber [40]. A study has demonstrated that TPS affects the
concentration of IPP and DMAPDP, as well as the flow direction, consequently impacting the
rubber content [41], and its expression was mostly increased under osmotic stress and heat
stress conditions [42].

Studies have indicated that cold and heat stress can affect the content of rubber and
other terpenes [43-45], with rubber content decreasing and terpene content increasing
under adversity. Chow noticed that IPP is used for the synthesis of carotenoids and rubber
in Hevea brasiliensis [46]. In this study, the rubber content of LT and HT groups was signif-
icantly lower than that in the control group. However, the total triterpene content of LT
and HT groups was significantly higher than that of control group. Analysis of the gene
expression profiles related to the isoprene pathway revealed increased expression levels of
HMGS2, HMGR, DXS, and IPPI under HT treatments. This enhanced expression facilitated
the synthesis of IPP, a crucial precursor for the production of isoprene-like metabolites,
ultimately laying the foundation for isoprene-like substance synthesis. However, while
IPP precursor synthesis increased, GPS2 and GPS3 genes were downregulated at high tem-
peratures, resulting in the reduced synthesis of GPP, the precursor for FPP synthesis. The
majority of the synthesized GPP was directed toward monoterpene production. Further-
more, the expression of the FPS1 gene, responsible for FPP synthesis, was downregulated
at high temperatures, leading to a decrease in FPP synthesis. Conversely, the expression
of the GGPS gene, catalyzing GGPP synthesis using FPP, increased at high temperatures.
Additionally, the expressions of most TPS genes were found to be upregulated. As a result,
the synthesized FPP was primarily utilized for GGPP synthesis as well as the production
of sesquiterpenes and triterpenes. It was speculated that in the control group, IPP was
mainly used to synthesize rubber, whereas under HT conditions, despite an increase in
IPP synthesis, IPP is predominantly diverted toward the synthesis of other terpenes and
rubber; this may have contributed to the lower rubber content in the HT group than in the
control group.

5. Conclusions

In this study, we confirmed that temperature conditions significantly influence rubber
synthesis in E. ulmoides. Specifically, treatment at 25 °C was found to be conducive to the
growth of E. ulmoides seedlings and rubber synthesis. Based on transcriptome and RT-
gPCR results, our findings have led to the hypothesis that treatment at 35 °C upregulated
the expression of CLH in the chlorophyll degradation pathway, leading to a reduction in
the chlorophyll content and weakening of photosynthesis. Additionally, in the isoprene
pathway, upregulation of GGPS and TPS genes, coupled with the downregulation of
FPS1 and GPS, contributed to the diversion of IPP precursors toward the synthesis of
terpenes, such as monoterpenes, diterpenes, and sesquiterpenes. This also led to the
increased synthesis of GGPP while reducing the amount of FPP, the initiator of rubber
synthesis in E. ulmoides, resulting in a decline in rubber content at high temperatures.
Therefore, to achieve a high yield of E. ulmoides rubber, it is advisable to avoid HT conditions
during cultivation. These results provide essential foundational data for understanding the
regulatory mechanism of environmental factors in the biosynthesis of E. ulmoides rubber.
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