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Abstract

Taraxacum kok-saghyz (TKS) is a potential source of natural rubber (NR) that can be grown
in temperate regions with limited water availability. However, the effect of drought stress on
NR production and properties in TKS isn’t well studied. This study examined how different
levels of drought stress (30, 60 and 90%) influenced the NR content, molecular weight
(Mw), glass transition temperature (Tg), gene expression, and biochemical parameters in
TKS roots. The results showed that drought stress didn’t significantly change the NR con-
tent, but increased the Mw and the expression of CPT and SRPP genes, which are involved
in NR biosynthesis. The NR from TKS roots (TNR) had a high Mw of 994,000 g/mol and a
low Tg of below -60°C under normal irrigation, indicating its suitability for industrial applica-
tions. Drought stress also triggered the accumulation of proline, H,O,, MDA, and antioxidant
enzymes (CAT, APX, GPX) in TKS roots significantly, indicating a drought tolerance mecha-
nism. These findings suggest that TKS can produce high-quality NR under drought stress
conditions and provide a sustainable alternative to conventional NR sources.

1. Introduction

Natural polyisoprenes are divided into two major groups namely, cis and trans- polyisoprene.
Natural rubber (NR) is cis-1,4-polyisoprene, and is one of the most valuable biopolymers in
the world and is used as a critical raw material in numerous products [1]. It is energetically
expensive to biosynthesize, a terminal carbon sink, and is a secondary metabolite in plant cells.
Although it is made in at least 2500 plant species its function in plants is poorly understood
and disparate among species [1, 2]. The tropical para rubber tree (Hevea brasiliensis) cultivated
predominately in southeast Asia is the only significant commercial source of NR production

in the world [3]. The NR supply chain is insecure due to growing demand, price volatility,
increasing worker costs, commerce policy, rain forest destruction moratoria, and susceptibility
to many diseases [4]. Biological and geographical diversity is needed. Among rubber-
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producing species known to synthesize high molecular weight rubber, Parthenium argentatum
(also called guayule), and Taraxacum kok-saghyz (also known as rubber dandelion, TK, TKS)
have received growing attention in the past few years, as potential commercial sources of NR
[5-7]. These species provide a sustainable and renewable source of NR that offers an alterna-
tive to Hevea rubber in semi-arid temperate regions, respectively, hence reducing dependency
tropical rubber [8]. Guayule rubber is especially attractive as it is hypoallergenic, unlike normal
Hevea rubber which can trigger allergic reactions in some individuals [9]. TKS is an annual
herbaceous plant, originating in Kazakhstan and neighboring countries, widely adapted to
temperate regions, that makes rubber in its root laticifers similar in quality to NR from Hevea
[6, 10, 11].

Drought stress is a major global challenge that affects the productivity and quality of crops.
Drought triggers physiological alterations and metabolic impairment such as lipid membrane
peroxidation, protein folding issues, metabolite degradation [12] accumulation of reactive oxy-
gen species (ROS) and respiratory metabolism inhibition, which may result from a reduction
in antioxidants. To scavenge reactive oxygen, antioxidant enzymes are vital. Some of the
enzymes that protect plants from oxidative stress are CAT, which breaks down hydrogen per-
oxide, APX, which reduces ascorbic acid, and GPX, which uses guaiacol as a substrate [13].
Environmental factors such as low temperature and water scarcity may trigger the production
of rubber in some plants [14]. A key ingredient for making rubber is isopentenyl pyrophos-
phate (IPP), which can be produced through two distinct routes: the pathway of mevalonic
acid (MVA) and the pathway of methylerythritol phosphate (MEP) [15-17]. The membrane-
bound enzyme complex responsible for the synthesis of the NR polymer (rubber transferase,
RT-ase) is not yet fully understood [1].

This study examined the expression levels of four key genes likely related to rubber biosyn-
thesis in response to drought. These genes are SRPP (which binds to small rubber particles),
CPT1 (which catalyzes the formation of cis-prenyl chains) HMGR (hydroxy methylglutaryl
coenzyme A reductase) and HMGS (hydroxy methylglutaryl coenzyme A synthase). The SRPP
gene was first recognized as encoding a protein associated with rubber particles in Hevea brasi-
liensis. Over-expression of SRPP3 increased polyisoprene content in TKS roots [18] (Schmidt
et al.,, 2010), whilst SRPP3 RNA interference (RNAi) caused a significant decrease in rubber
content and rubber molecular weight [19]. SRPP is also thought to play a role in rubber particle
stability. CPT (cis-prenyltransferase) associated with rubber particles is a key catalytic enzyme
involved in the polymerization reaction [20]. Several studies have reported on the genes and
pathways involved in TKS drought stress response and tolerance. For example, Cheng et al.
[18] identified 72 WRKY transcription factors (TFs) in TKS and analyzed their expression pat-
terns under various abiotic stresses and hormonal treatments. They found that some TkWRKY
genes were significantly upregulated or downregulated by drought stress, suggesting their
roles in regulating TKS drought response. WRKY TFs are known to play crucial roles in plant
physiological processes and stress responses by modulating the expression of downstream
genes [21]. Another study compared the transcriptome profiles of drought-inducible genes in
Arabidopsis and rice using microarrays. They identified 79 common drought-inducible genes
in both species, which were mainly involved in signal transduction, transcription, protein
modification, and metabolism. They also found that some drought-inducible genes were spe-
cific to each species, reflecting their different adaptation strategies to drought stress. They sug-
gested that the common drought-inducible genes could be used as candidate genes for
improving drought tolerance in various crops, including TKS [22]. A study reported on the
genome of a drought-tolerant plant, Resurrection plant (Selaginella lepidophylla). They showed
that many genes are involved in keeping plants from withering, remaining healthy and resis-
tant to a lack of oxygen. They also compared the genome of this plant with other plant
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genomes and found some unique features that could help to understand the evolution of plant
drought tolerance [23]. The objective of this study was to investigate the effects of drought
stress on the expression of genes involved in NR biosynthesis and the NR content in the roots
of TKS plants. This is the first and novel study to explore the impact and mechanisms of
drought stress on NR biosynthesis and quality in TKS, an alternative source of NR with poten-
tial for cultivation and utilization. Previous studies on TKS have mainly focused on its agro-
nomic traits, genetic diversity, and rubber biosynthesis genes [24]. However, there is a lack of
information on how TKS responds to drought stress and how it affects its rubber production
and quality. Therefore, this study fills a gap in the literature by investigating the effects of
drought stress on the NR biosynthesis and quality in TKS.

2. Materials and methods
2.1. Experimental design and drought stress treatments

TKS seeds of accession number W6 35164 were acquired from the USDA-ARS (Regional
Plant Introduction Station, Washington State, U.S.A.). Germination rates were improved to
above 80%, by first soaking the seeds in water for 20 h, followed by 2% KNO; for 4 h. Each
seed was rinsed twice with distilled water and sown in a growth tray that had drain holes and a
mixture of perlite, cocopeat and peat moss in equal parts. Thereafter, when plants reached the
six-leaf stage, they were transferred to pots containing clay loam mixed with gravel (2 mm to 5
mm) at a ratio of 3:1, about 24% sand and the soil content include sand (0.05 mm to 2 mm),
45% silt (0.002 mm to 0.05 mm) and clay 31% clay (< 0.002mm). Potted plants were grown in
the research greenhouse of the College of Agricultural and Natural Resources, University of
Tehran, Karaj, at 35° N and 50° E, with 25°C Day and 16°C night temperatures and a 16 h day
and 8 h dark photoperiod. The plants were watered and fertilized (N,,P,oK5o) about four
months until 50% of plants reached sexual reproduction. Additional seedlings were planted in
the field with clay loam soil.

2.1.1. Drought stress treatment in the greenhouse. The experiment followed a Random-
ized Complete Block Design (RCBD) with three blocks. Each block had six plants in it. When
50% of the plants began flowering, plants were exposed to the following treatments at three lev-
els of water availability: 30% of field capacity (FC) (severe stress), 60% of FC (mild stress) and
90% of FC (sufficient-irrigation treatment) (Fig 1A). After 21 days, plants were taken out of
the pots and the samples were collected simultaneously from both tissue of root tips (two cm
in length) and leaves of TKS, with a total of 15 leaves and the samples were rapidly frozen in
liquid nitrogen and then kept at -80°C for analysis.

2.1.2. Drought stress treatment in the field. Soil moisture measurements were used to
guide irrigation treatments according to the percentage of maximum allowable depletion
(MAD) of the total available water of the soil [25]. Drought stress treatments were based on 10,
40 and 70% MAD of total available soil water, representing the control, mild and severe
drought stress, respectively. The amount of soil water content was estimated using a TDR
probe (TDR Model 100) system.

2.2. Physiological measurements

2.2.1. Leaf extract preparation. Leaf samples (0.2 g) were chopped and powdered in liq-
uid nitrogen using a mortar and pestle then moved to tubes with a capacity of 2 mL. Thereaf-
ter, 1 mL of extraction buffer consisting of (Tris-HCI(C4H;;NO;HCl) (Merck, Germany), 1
M, pH 6.8 and 2% polyvinyl pyrrolidone (PVP) (Merck, Germany) was added and mixed well.
The extract underwent centrifugation at 4°C with a force of 22,500 g for half an hour. The lig-
uid fractions were separated and kept at -20°C for later enzyme activity assays [26-28].
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Fig 1. (a); T. kok-saghyz plants and (b); Natural rubber (TNR) strands stretched between broken root sections.
https://doi.org/10.1371/journal.pone.0295694.9001

2.2.2. Evaluation of malondialdehyde (MDA) content. The Peever and Higgins method
based on the thiobarbituric acid (TBA) reaction was used to measure the level of malondialde-
hyde (MDA), a marker of lipid peroxidation. First, 0.1 g of fresh TKS leaves were homogenized
in 5 mL of 0.1% (w/v) trichloroacetic acid (TCA) and the homogenate was centrifuged at
10,000 g for 5 min. Then, 1 mL of the supernatant was mixed with 4 mL of 20% TCA contain-
ing 0.5% (w/v) TBA and the mixture was heated at 95°C for 30 min. After being cooled on ice,
the mixture was centrifuged again at 10,000 g for 15 min and the absorbance of the superna-
tant was measured at 532 and 600 nm [29].

2.2.3. Measurement of proline level. To measure the free proline in the fresh leaves of
TKS under different treatments, the acid ninhydrin method was applied. A 0.5 g sample of
fresh leaves was homogenized with 10 mL of 3% sulfosalicylic acid on ice. The homogenates
were centrifuged at 22,500 g for 15 min at 4°C and filtered through filter paper. The filtrates
were collected in 15 mL Falcon tubes and mixed with 2 mL of acid ninhydrin and 2 mL of gla-
cial acetic acid. The mixture was incubated in a water bath at 65°C for 1 h and then cooled on
ice. After adding 4 mL of toluene to each tube and vortexing for 20 sec, the absorbance of the
toluene layer was measured at 520 nm using a plate reader device (EON Biotek, Highland
Park, Winooski, Vermont, USA). The proline concentration of the samples was calculated
from the absorbance values at 520 nm using a standard curve of known proline concentra-
tions. The proline content was then expressed as micrograms of proline per gram of dry weight
(ug/g DW) using the following formula:
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M = <Y, where M is the proline content in ug/g DW, C is the proline concentration of the
standard solution in pug/mL, V is the volume of the supernatant in mL, and W is the weight of
the fresh leaves in g [30, 31].

2.2.4.Evaluation of H,0, content. To measure the H,O, content in fresh leaves, the
method of [32] was followed. A 0.5 g sample of leaf tissue was ground in 2.5 mL of 1% TCA
solution and spun at 15,000 g for 15 min. Then, 0.25 mL of the clear liquid was combined with
0.25 mL of 10 mM potassium phosphate buffer (pH 7) and 0.5 mL of 1M potassium iodide
solution. The mixture’s absorbance at 390 nm was read by a plate reader and matched to a
standard curve of H,O, solutions ranging from 2 to 10 mM.

2.2.5. Determination of catalase (CAT) content. Catalase activity was measured by add-
ing 10 pl of leaf extract (prepared as described in section 2.2.1) to 1,990 pl of reaction buffer
containing 50 mM potassium phosphate buffer and 50 mM H,O,. The decrease in absorbance
at 240 nm due to the decomposition of H,O, by catalase was monitored using a spectropho-
tometer [33, 34].

2.2.6. Determination of ascorbate peroxidase (APX). Ascorbate peroxidase (APX) activ-
ity was measured following the method of Nakano and Asada, [35]. The assay mixture con-
tained 50 mM potassium phosphate buffer, 0.5 mM ascorbic acid and 1 mM H,0,. A 10 pl
aliquot of leaf extract was added to 1990 ul of the assay mixture and the decrease in absorbance
at 290 nm due to the oxidation of ascorbic acid by APX was recorded spectrophotometrically.
The activity was expressed as AA290 min™'mg ™" protein.

2.2.7. Determination of guaiacol peroxidase (GPX) content. The method of Chance
and Maehly, [36] was followed to assay guaiacol peroxidase (GPX) activity. The reaction buffer
was composed of 25 mL potassium phosphate (10 mM), 25 mL H,O, and 25 mL guaiacol. Leaf
extract (10 pL) was added to 1,990 puL of this reaction buffer, mixed well and the GPX activity
was spectrophotometrically determined at 470 nm.

2.2.8 Cluster analysis. To examine the patterns of similarity among the physiological
parameters and the drought stress treatments, cluster analysis was performed using the R pack-
age. A heatmap was generated to visualize the clustering results based on the Euclidean dis-
tance method. The hierarchical clustering of the physiological parameters and the drought
stress treatments are shown by the dendrograms on the top and left sides of the heatmap,
respectively. The heatmap indicates the degree of association between the physiological param-
eters and the drought stress treatments by using a color scale [37, 38].

2.3. RNA isolation and reverse transcription

Following the MIQE guidelines [39], real-time PCR was conducted. Root tip tissue (100 mg)
from TKS was collected and the sample was pulverized into a fine powder using liquid nitro-
gen and a cold mortar and pestle. The improved CTAB method [40] was used to isolate and
purify total RNA. A 1% agarose gel and Nanodrop ND-1000 were used to check the quality
and quantity of total RNA, respectively. To remove any possible genomic DNA contamination
(confirmed by PCR), the total RNA was digested with DNase I, RNase-Free DNase Set (Fer-
mentas, Waltham, MA). Then, using a cDNA synthesis kit (RP1300 Reverse Transcription Kit
made by SMOBIO Taiwan), the first strand cDNA was generated from the total RNA follow-
ing the protocol provided by the manufacturer.

2.4. Primer design and quantitative real-time PCR (qQRT-PCR)

The corresponding primers of the selected genes (Fig 2), CPT1 (KM401657.1), HMGR3
(KT899404.1), HMGS1 (KT899404.1) and SRPP2 (KT899433.1), were designed using Oligo7
primer analysis software. Primers were checked with the Oligo-analyzer and NCBI/Primer-
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Fig 2. Natural rubber biosynthesis pathway in plants. The monomer isopentenyl pyrophosphate (IPP) is derived from two
sources: the mevalonic acid (MVA) pathway and the methylerythritol (MEP) pathway. IPP is converted to dimethylallyl
pyrophosphate (DMAPP) by IPP-isomerase. DMAPP and IPP are then polymerized by cis-prenyltransferase (CPT) to form cis-
1,4-polyisoprene, the main component of NR. The polymerization occurs on the surface of small rubber particles, which are
coated with small rubber particle protein (SRPP). Some key enzymes of the MVA pathway are hydroxy methylglutaryl
coenzyme A synthase (HMGS) and hydroxy methylglutaryl coenzyme A reductase (HMGR).

https://doi.org/10.1371/journal.pone.0295694.9002

BLAST web tools software. Table 1 shows the forward and reverse primer sequences used for
gqRT-PCR. Real time PCR was performed for 40 cycles with SYBR green Master Mix 2X in a
Rotor-gene 6000 series software (QIAGEN’s real-time PCR system) following the manufactur-
er’s instructions. Each cycle consisted of three steps: 95°C for 15 sec, 59-65°C (based on the
annealing temperature from PCR gradient results) for 20 sec, and 72°C for 20 sec. The relative
expression of the different genes was then calculated. All the reactions were repeated with
three technical replicates for statistical analysis and relative gene expression was calculated
using REST software (REST 2009 V2.0.13).

Table 1. Specific primers used in qRT-PCR.

Target Genes Gene bank accession number Primer sequences (Sequence in 5'-3' direction)
CPT1 KM401657.1 F: GTGTCATAGCTTCTCGCCCAA

R: ATGGTGACGTACTTAACTCCGAT
HMGS!I KT899404.1 F: CCATAGGACTCGCACAAGATTGC

R: CGATTACCGTTTCACTCCCGACTTC
SRPP2 KT899433.1 F: TTTGCTGATAATAAGGTTGCCCA

R: CTTTTACGGTTTCCACTACACCA
HMGR3 KT899404.1 F: CCGTTTTCAACAAATCAAGCCGAT
Actin KT965025.1 R: ACCATGTTCATCCCCATTGCATC

F: GTATCCATGAGACCACCTACAAC

R: GTCAGCAATACCAGGGAACATA

https://doi.org/10.1371/journal.pone.0295694.t001
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2.5. TKS root tissue preparation for rubber extraction

TKS roots from three different irrigation regimes were harvested from greenhouse-grown
TKS plants. The plants were removed from their pots, thoroughly washed with clean water,
dried at room temperature for about 1 h and finally aerial organs of plant was separated from
the crown of plant by a cutter. The roots were sliced and oven-dried at 50°C for 4-7 days (Fig
1B). Dried roots were cut into 2 mm pieces. Finally, the chopped dried roots were kept in a
zipped bag at 4°C in the dark until TNR extraction [41].

2.6. Extraction and characterization of TNR

TNR was extracted using sequential solvent extraction with acetone and hexane [42] Roots
harvested from both the greenhouse and the field with a weight of approximately 0.1 g per
sample were stirred for 24 h in acetone (20 mL acetone/g ground root), then centrifuged at
2,800 g for 10 min. After decanting the supernatant, the pellet was washed with acetone two
times. Each pellet was then mixed in hexane for 6 h (20 mL hexane/g ground root). The slurry
was centrifuged at 2,800 g for 10 min. Each supernatant was transferred to a pre-weighed glass
petri dish and dried in a 50°C oven for 2 h (Fig 3) until the solvent had completely evaporated.
The extracted TNR was weighed. TNR samples were left in the petri dishes, covered and sealed
in plastic, and the samples were kept in a light-free environment at 4°C until further analysis.

2.6.1. FTIR analysis of NR. 15 to 20 mg of extracted of rubber were stretched on KBr
cells [43, 44] and analyzed by Fourier transform infrared (FTIR) spectroscopy using an
ALPHA II, Brucker device.

Fig 3. Plant (left) and dried TNR in a petri dish (right).
https://doi.org/10.1371/journal.pone.0295694.g003
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2.6.2. GPC analysis of NR. The molecular weight and polydispersity of extracted TNR
was assessed through gel permeation chromatography (GPC). TNR (3 mg) was dissolved over-
night in tetrahydrofuran (THF) at 25°C with moderate shaking. The solutions were filtered
through a PTEF filter (0.45 uM) and injected (100 pl) into a GPC (Agilent 1100 series, Agilent
Technologies, Palo Alto, CA, USA) with a RI detector and two PLgel mixed-C columns
(10 uM, 300 mm x 7.5 mm) in series. The flow rate and the temperature were 1 mL/min and
35°C, respectively. Polystyrene standards (ranging from 580 to 19,560,0000 molar mass) were
used to estimate molecular weights [41, 45, 46].

2.6.3. DSC analysis of NR. The thermal responses of TNR samples (10 mg) to heat were
analyzed by differential scanning calorimetry (DSC) (Perkin-Elmer DCS model 8000) under a
nitrogen atmosphere. To erase their thermal memory, the rubber samples were kept at 30°C
for 10 min. Then they were warmed up from -80°C to 180°C at a speed of 10°C/min [47].

2.7. Statistical analysis

The results of physiological parameter measurements and total rubber content were analyzed
using SAS (9.4) software. The least significant difference (LSD) test was used to compare the
means of data at (p < 0.05 and p < 0.01) significance levels. The 2788€T method [48] was
applied to statistically analyses the relative expression levels of each selected gene with three
technical replicates.

3. Results
3.1. Physiological measurements

Drought stress affected various physiological parameters of TKS leaves in both greenhouse
and field conditions (Fig 4). The levels of malondialdehyde (MDA), hydrogen peroxide
(H,0,), and free proline, which are indicators of oxidative stress and osmotic adjustment,
increased significantly under water deficit. MDA, a product of lipid peroxidation caused by
reactive oxygen species (ROS) such as hydroxyl radical (OH), superoxide ion (O2«-) and H,0,
[49], showed the highest accumulation under severe water deficit (30%) in both locations, with
an increase of 64% in the greenhouse and 85% in the field compared to the control (p < 0.01).
H,O, concentration also increased under drought stress, but the highest level was found under
mild water stress (50%) rather than severe stress, with an increase of 26% in the greenhouse and
39% in the field compared to the control (p < 0.01). Free proline, a compatible osmolyte that
protects plants from dehydration and osmotic stress, accumulated under even mild water stress
in both locations, with an increase of 37% in the greenhouse (p < 0.01) and 14% in the field

(p < 0.05) compared to the control. The antioxidant enzyme activities of guaiacol peroxidase
(GPX), catalase (CAT) and ascorbate peroxidase (APX) also increased significantly under
drought stress in both locations (Fig 4). GPX activity reached the highest level under severe
stress in the field and under mild stress in the greenhouse, with an increase of 69 and 93%,
respectively, compared to the control (p < 0.01). CAT and APX activities reached the highest
levels under severe stress in the field, with an increase of 42% and 57%, respectively, compared
to the control (p < 0.01 and < 0.05, respectively). The effects of drought stress on physiological
traits were analyzed by correlation and cluster analysis, as shown in Fig 5. The results indicated
that drought stress increased the accumulation of physiological traits, and these traits had posi-
tive correlations with each other. Cluster analysis revealed that GPX and proline were highly
correlated and belonged to the same cluster, followed by H,O, in the next level of classification.
In addition, CAT was correlated with APX, and then with MDA in the subsequent level. More-
over, the drought stress treatments for both locations were grouped in the same cluster.
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Fig 4. Catalase (CAT) activity, hydrogen peroxide (H,0,), guaiacol peroxidase (GPX), ascorbate peroxidase (APX),
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Each value is the mean of 3 replicates + SE.

https://doi.org/10.1371/journal.pone.0295694.9004

3.2. Gene expression analysis

The expression levels of the selected genes under different drought treatments are shown in
Fig 6. Drought stress had a significant effect on the expression of HMGS1, which was downre-
gulated by fold change of 0.51 and with fold-change of 0.34 under moderate and severe
drought, respectively, compared to the control. SRPP4 was the only gene that was upregulated
by drought stress, showing a 1.84-fold increase under severe drought. CPTI and HMGR
showed minor changes in expression under drought stress, with CPT1 increasing by 1.23-fold
and HMGR decreasing by 0.84-fold under severe drought. The expression of the other genes
wasn’t significantly affected by drought stress.
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Fig 5. Shows the heatmap and cluster analysis of physiological parameters for both field and greenhouse conditions
under different levels of drought stress. The levels of drought stress were 100 (well-watered), 60 (mild stress), and 30
(severe stress). The heatmap indicates the relative values of the physiological parameters, with darker colors representing
higher values and lighter colors representing lower values. The cluster analysis shows the similarity of the physiological
parameters and the drought stress treatments based on the Euclidean distance method. The dendrograms on the top and left
sides of the heatmap represent the hierarchical clustering of the physiological parameters and the drought stress treatments,
respectively.

https://doi.org/10.1371/journal.pone.0295694.9005

3.3. Rubber concentration

The rubber concentration in the TKS roots was measured under different levels of drought
stress in both field and greenhouse conditions. The results indicated that there was no signifi-
cant difference (p > 0.05) in the rubber content of roots among the treatments, although the
roots under mild and severe drought stress had slightly higher rubber content (8 and 19%,
respectively) than the control group (Fig 7). This indicated that drought stress didn’t have a

PLOS ONE | https://doi.org/10.1371/journal.pone.0295694  January 22, 2024 10/19


https://doi.org/10.1371/journal.pone.0295694.g005
https://doi.org/10.1371/journal.pone.0295694

PLOS ONE

Effect of drought stress on natural rubber biosynthesis and quality in Taraxacum kok-saghyz roots

2.5+
mm NORMAL
2.0 mm 60%
mm 30%
1.5+

Fold change
{

HMGR HMGS SRPP CPT
Genes

Fig 6. Relative expression of selected genes putatively involved in natural rubber biosynthesis in TKS root tips
under different drought stress treatments. Each value is the mean of 3 replicates + SE.

https://doi.org/10.1371/journal.pone.0295694.g006

significant effect on the rubber biosynthesis in the TKS roots. The expression of HMGS, a key
enzyme for the production of the rubber monomer IPP, was also analyzed in the root tips
under stress. The results showed that the HMGS expression was downregulated by 034-fold
and 0.51-fold in the 30 and 60% drought stress groups, respectively, compared to the control
(Fig 6). This suggests that the rubber biosynthesis pathway was inhibited by drought stress at
the transcriptional level. The rubber content in TKS dry roots from the wild collection was
consistent with our results, ranging from 4 to 4.5% (Fig 7).

3.4. Molecular weight distribution of TNR

The molecular weight (Mw) and polydispersity index (PDI) of the extracted TNR samples
under different irrigation treatments are shown in Table 2. The Mw of TNR significantly
increased under drought stress, while the PDI decreased. The molecular weight of TNR under
normal irrigation was almost the same as the natural rubber from H. brasiliensis [50]. The PDI
of TNR under normal irrigation was obtained 2.41, which indicated a broad molecular weight
distribution. The Mw of TNR increased under drought stress, while the PDI decreased to 1.45.
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Fig 7. Rubber concentration in TKS roots. Each value is the mean of three replicates + SE.

https://doi.org/10.1371/journal.pone.0295694.g007
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Table 2. Molecular characteristics of TNR extracted from single samples from each greenhouse treatment.

Sample
Control (90%)
Mild stress (60%)

Severe stress (30%)

https://doi.org/10.1371/journal.pone.0295694.t1002

Mw (g/mol) Mn (g/mol) Mp (g/mol) PDI
0.99*10° 4.12*10° 1.04*10° 2.41
1.31%10° 9.08*10° 1.17*10° 1.45
1.12%10° 6.30%10° 1.04*10° 1.77

This suggested that drought stress may have induced the formation of longer polymer chains
and reduced the chain branching of TNR.

3.5. Differential scanning calorimetry (DSC)

TNR’s glass transition temperature (Tg) was measured by DSC and shown in Fig 8. The Tg
value was -63.02°C and the heat capacity at the Tg was 0.402 J/g*"C.

3.6. Fourier Transform Infrared Spectroscopy (FTIR)

FTIR confirmed that the TNR sample was cis-1,4, polyisoprene (Fig 9). The main peaks
observed below 1,000 are the unique peaks for cis-1,4 bonds [44, 51] wave number 835 cm™.

4. Discussion

The results indicated that drought stress triggered oxidative stress and osmotic adjustment in
TKS leaves, as manifested by the elevated levels of MDA, H,O,, and free proline. These
responses are consistent with those observed in other rubber-producing plants such as H. bra-
siliensis under water deficit conditions [52]. MDA is a product of lipid peroxidation and mem-
brane damage caused by ROS, which are produced by various metabolic pathways under stress
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Fig 8. Differential scanning calorimetry (DSC) analysis of NR.
https://doi.org/10.1371/journal.pone.0295694.9008
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conditions [49]. The higher accumulation of MDA under severe water deficit implies that the
antioxidant defense system was insufficient to cope with the excessive ROS generation. H,0,
is one of the main ROS that can act as a signaling molecule or a toxic agent depending on its
concentration and location [53]. The highest level of H,O, under mild water stress may sug-
gest a higher activation of the respiratory burst oxidase system in the plasma membrane,
which generates superoxide ions that are converted to H,O, by SOD [54]. Alternatively, it may
indicate a lower removal capacity of H,0, by antioxidant enzymes such as GPX, CAT and
APX under mild stress compared to severe stress. Free proline is a well-known compatible sol-
ute that accumulates in plants under various abiotic stresses such as drought, salinity, and low
temperature [55, 56]. Proline accumulation can result from several factors, such as reduced
protein synthesis, enhanced proline biosynthesis from glutamate or ornithine, decreased pro-
line degradation or catabolism, and increased protein hydrolysis [55-57]. Proline can play
multiple roles in plant stress tolerance, such as stabilizing membranes and proteins, scavenging
ROS, maintaining cellular redox balance, regulating osmotic potential, and acting as a signal-
ing molecule [58, 59]. Drought stress induced an increase in the antioxidant enzyme activities
of GPX, CAT and APX in TKS leaves, suggesting a strengthened defense mechanism against
ROS-induced oxidative damage. GPX reduces H,O, to water using guaiacol as an electron
donor, while CAT decomposes H,O, to water and oxygen without requiring any cofactor.
APX uses ascorbate as an electron donor to reduce H,O, to water and regenerates ascorbate
from monodehydroascorbate by MDHAR or DHAR [60]. These enzymes may have different
roles and regulation in the antioxidant system under varying levels of drought stress [61, 62].
GPX may be more important for scavenging low levels of H,O, under mild stress, whereas
CAT and APX may be more effective for removing high levels of H,O, under severe stress.
The higher activity of GPX in the field than in the greenhouse under severe stress may also
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indicate a higher adaptation of TKS to natural conditions than to artificial conditions. A recent
study by [63] showed that different drought-tolerant alfalfa varieties had different root mor-
phological and physiological characteristics under PEG-induced drought stress. They found
that the root diameter, root surface area, root length, and root-shoot ratio were significantly
affected by drought stress, and that these traits were correlated with the levels of osmolytes,
reactive oxygen species, and antioxidant enzymes and antioxidants in the root. In another
study [64] reported that soybean plants subjected to the different levels of drought stress had
reduced root surface area, root length, and root diameter, and increased xylem diameter in the
root. They suggested that these anatomical changes were related to the physiological responses
of the plant, such as CO2 assimilation, stomatal conductance, transpiration, and carboxylation
efficiency. These studies show that drought stress affects the physiology and biochemistry of
plant roots in significant ways, and that these effects may differ from those seen in the shoot or
leaves. Another study found that drought stress increased the activity of antioxidant enzymes
in both shoot and root tissues, implying that the antioxidant defense system plays a role in
removing reactive oxygen species. The author also reported that watering the plants after
drought stress partially restored their morphological and biochemical characteristics, indicat-
ing some degree of recovery from drought damage [65]. SRPP4, which belongs to a stress-
related protein category [66], was overexpressed under severe drought. SRPP has been shown
to stabilize rubber particles and increase rubber production in guayule under drought stress
[67]. The co-localization of CPT with SRPP implies that they may also be upregulated by
drought stress, as reported in T. brevicorniculatum [1, 18, 68, 69]. CPTs are involved in sterol
and dolichol synthesis (a 15 to 23-mer of cis-polyisoprene) and cell membrane formation.
Dolichol plays a role in drought stress tolerance in Arabidopsis [70] and in the antioxidant
mechanisms of cell membranes, so drought stress may increase CPT gene expression through
the enhancement of antioxidant enzyme activities [71]. This work revealed new aspects of the
molecular mechanisms underlying rubber biosynthesis and drought stress response in TKS.
The expression levels of key genes involved in rubber biosynthesis, such as HMGS1, SRPP4
and CPT1, were altered by drought stress, indicating that TKS may have a sophisticated regula-
tion of rubber production under unfavorable environmental conditions. However, the increase
in rubber concentration under drought stress could not be explained by enhanced rubber bio-
synthesis or reduced root biomass under stress, as the whole root weight data was inconclusive
[72]. Moreover, the downregulation of HMGS suggests that the rubber biosynthesis pathway
may be inhibited by drought stress in TKS. The rubber content in TKS dry roots from the wild
collection may reflect the natural variation of rubber production among different genotypes or
environmental conditions. The DSC results are in agreement with previous reports that
showed similar Mw values for TNR, e.g., 1.4*106 g/mol [73, 74], suggesting that drought stress
does not affect the polymerization of rubber monomers in TKS. The main finding of this
paper is that drought stress does not decrease the total rubber content in TKS roots, but rather
improves the quality of the extracted rubber for industrial applications. This may be attributed
to the increased stability of rubber particles under stress, as evidenced by the higher expression
of SRPP4 (Fig 5). The Tg of TNR was comparable to that of Hevea NR, which was reported to
be -62.8°C by Jitsangiam et al. (2021) [75]. This indicates that the molecular mobility and
chain flexibility of TNR were similar to those of Hevea NR, despite the different sources and
extraction methods of the natural rubber [76]. The FTIR peak at 835 cm™ corresponds to the
cis-1,4 bond stretching vibration of polyisoprene [44, 51], confirming that the TNR sample
was mainly composed of cis-1,4 polyisoprene, which is the characteristic structure of natural
rubber. The other peaks at 1377, 1449, 1668 and 3070 cm ™" are related to the CH2 and CH3
groups of the isoprene units [51].
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5. Conclusions

TKS was able to survive mild and severe stress in both greenhouse and field conditions without
a significant loss in rubber properties. This suggests that TKS might be a suitable crop for
semi-arid temperate regions or those regions that experience transient drought periods. Key
metabolic indicators responded as expected as stress-related enzymes and genes changed in
activity and expression, respectively. Further research is needed to determine the best agricul-
tural practices, such as planting date, planting density and harvest date, and the commercial
viability of TKS farming in different parts of Iran.

Acknowledgments

The authors would like to acknowledge the University of Tehran and the Barez Company for
the support of this work. Moreover, this study was supported by the RUDN University Strate-
gic Academic Leadership Program.

Author Contributions

Formal analysis: Seyed Shahab Hedayat Mofidi.

Funding acquisition: Mohammad Reza Naghavi, Meisam Zargar.
Investigation: Seyed Shahab Hedayat Mofidi.

Methodology: Seyed Shahab Hedayat Mofidi, Mohammad Reza Naghavi.
Resources: Mohammad Reza Naghavi.

Supervision: Mohammad Reza Naghavi.

Validation: Mohammad Reza Naghavi, Manijeh Sabokdast, Meisam Zargar.
Writing - original draft: Parisa Jariani.

Writing - review & editing: Mohammad Reza Naghavi, Meisam Zargar, Katrina Cornish.

References

1. Cherian S, Ryu SB, Cornish K. Natural rubber biosynthesis in plants, the rubber transferase complex,
and metabolic engineering progress and prospects. Plant Biotechnol J. 2019; 17: 2041-2061. https://
doi.org/10.1111/pbi. 13181 PMID: 31150158

2. KimJS, Kim YO, Ryu HJ, Kwak YS, Lee JY, Kang H. Isolation of Stress-Related Genes of Rubber Parti-
cles and Latex in Fig Tree (Ficus carica) and their Expressions by Abiotic Stress or Plant Hormone
Treatments. Plant Cell Physiol. 2003; 44: 412—414. https://doi.org/10.1093/pcp/pcg058 PMID:
12721382

3. Ahrends A, Hollingsworth PM, Ziegler AD, Fox JM, Chen H, Su Y, et al. Current trends of rubber planta-
tion expansion may threaten biodiversity and livelihoods. Global Environmental Change. 2015; 34: 48—
58. https://doi.org/10.1016/J.GLOENVCHA.2015.06.002

4. Salehi M, Bahmankar M, Naghavi MR, Cornish K. Rubber and latex extraction processes for Taraxa-
cum kok-saghyz. Ind Crops Prod. 2022; 178: 114562. https://doi.org/10.1016/J.INDCROP.2022.
114562

5. Salehi M, Cornish K, Bahmankar M, Naghavi MR. Natural rubber-producing sources, systems, and per-
spectives for breeding and biotechnology studies of Taraxacum kok-saghyz. Ind Crops Prod. 2021;
170: 113667. https://doi.org/10.1016/J.INDCROP.2021.113667

6. Ramirez-Cadavid DA, Cornish K, Hathwaik U, Kozak R, McMahan C, Michel FC. Development of novel
processes for the aqueous extraction of natural rubber from Taraxacum kok-saghyz (TK). Journal of
Chemical Technology & Biotechnology. 2019; 94: 2452-2464. https://doi.org/10.1002/JCTB.6027

7. Salehi M, Bahmankar M, Naghavi MR, Salehi M, Bahmankar M, Naghavi MR. Taraxacum Kok-Saghys
as a Strong Candidate Alternative Natural Rubber Crop in Temperate Regions in the Case of Emer-
gency. 2023 [cited 9 Apr 2023]. https://doi.org/10.5772/INTECHOPEN.109985

PLOS ONE | https://doi.org/10.1371/journal.pone.0295694  January 22, 2024 15/19


https://doi.org/10.1111/pbi.13181
https://doi.org/10.1111/pbi.13181
http://www.ncbi.nlm.nih.gov/pubmed/31150158
https://doi.org/10.1093/pcp/pcg058
http://www.ncbi.nlm.nih.gov/pubmed/12721382
https://doi.org/10.1016/J.GLOENVCHA.2015.06.002
https://doi.org/10.1016/J.INDCROP.2022.114562
https://doi.org/10.1016/J.INDCROP.2022.114562
https://doi.org/10.1016/J.INDCROP.2021.113667
https://doi.org/10.1002/JCTB.6027
https://doi.org/10.5772/INTECHOPEN.109985
https://doi.org/10.1371/journal.pone.0295694

PLOS ONE

Effect of drought stress on natural rubber biosynthesis and quality in Taraxacum kok-saghyz roots

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

Karimi AA, Naghavi MR, Peyghambari SA, Sobhani A, Rasoulnia A. Identification of miRNAs and Their
Target Genes in Taraxacum spp. Journal of Agricultural Science and Technology. 2022; 24: 1457—
1471. https://doi.org/10.52547/JAST.24.6.1457

Rousset A, Amor A, Punvichai T, Perino S, Palu S, Dorget M, et al. Guayule (Parthenium argentatum A.
Gray), a Renewable Resource for Natural Polyisoprene and Resin: Composition, Processes and Appli-
cations. Molecules 2021, Vol 26, Page 664. 2021; 26: 664. https://doi.org/10.3390/
MOLECULES26030664 PMID: 33513965

Cornish K, Kopicky SL, McNulty SK, Amstutz N, Chanon AM, Walker S, et al. Temporal diversity of Tar-
axacum kok-saghyz plants reveals high rubber yield phenotypes. Biodiversitas. 2016; 17: 847-856.
https://doi.org/10.13057/BIODIV/D170262

Karimi AA, Naghavi MR, Peyghambari SA, Rasoulnia A. Inulin content and expression of related genes
in different tissues and cell suspension culture of Taraxacum kok-saghyz. In Vitro Cellular and Develop-
mental Biology—Plant. 2021; 57: 1009-1017. https://doi.org/10.1007/S11627-021-10180-6

llyas M, Nisar M, Khan N, Hazrat A, Khan AH, Hayat K, et al. Drought Tolerance Strategies in Plants: A
Mechanistic Approach. Journal of Plant Growth Regulation 2020 40:3. 2020; 40: 926—944. https://doi.
org/10.1007/S00344-020-10174-5

Hasanuzzaman M, Bhuyan MHMB, Zulfigar F, Raza A, Mohsin SM, al Mahmud J, et al. Reactive Oxy-
gen Species and Antioxidant Defense in Plants under Abiotic Stress: Revisiting the Crucial Role of a
Universal Defense Regulator. Antioxidants 2020, Vol 9, Page 681. 2020;9: 681. https://doi.org/10.
3390/antiox9080681 PMID: 32751256

Cornish K, Backhaus RA. Induction of rubber transferase activity in guayule (Parthenium argentatum
Gray) by low temperatures. Ind Crops Prod. 2003; 17: 83-92. https://doi.org/10.1016/S0926-6690(02)
00079-1

Cornish K. Biochemistry of natural rubber, a vital raw material, emphasizing biosynthetic rate, molecular
weight and compartmentalization, in evolutionarily divergent plant species. Nat Prod Rep. 2001; 18:
182-189. https://doi.org/10.1039/a902191d PMID: 11336288

Chow KS, Mat-Isa MN, Bahari A, Ghazali AK, Alias H, Mohd.-Zainuddin Z, et al. Metabolic routes affect-
ing rubber biosynthesis in Hevea brasiliensis latex. J Exp Bot. 2012; 63: 1863—1871. https://doi.org/10.
1093/JXB/ERR363 PMID: 22162870

Tang C, Yang M, Fang Y, Luo Y, Gao S, Xiao X, et al. The rubber tree genome reveals new insights into
rubber production and species adaptation. Nature Plants 2016 2:6. 2016; 2: 1-10. https://doi.org/10.
1038/nplants.2016.73 PMID: 27255837

Schmidt T, Hillebrand A, Wurbs D, Wahler D, Lenders M, Gronover CS, et al. Molecular cloning and
characterization of rubber biosynthetic genes from Taraxacum kok-saghyz. Plant Mol Biol Report.
2010; 28: 277-284. https://doi.org/10.1007/S11105-009-0145-9/FIGURES/4

Collins-Silva J, Nural AT, Skaggs A, Scott D, Hathwaik U, Woolsey R, et al. Altered levels of the Taraxa-
cum kok-saghyz (Russian dandelion) small rubber particle protein, TkKSRPP3, result in qualitative and
quantitative changes in rubber metabolism. Phytochemistry. 2012; 79: 46-56. https://doi.org/10.1016/j.
phytochem.2012.04.015 PMID: 22609069

Oh SK, Kang H, Shin DH, Yang J, Chow KS, Yeang HY, et al. Isolation, characterization, and functional
analysis of a novel cDNA clone encoding a small rubber particle protein from Hevea brasiliensis. Journal
of Biological Chemistry. 1999; 274: 17132—-17138. https://doi.org/10.1074/jbc.274.24.17132 PMID:
10358068

ChengY, Luo J, LiH, Wei F, Zhang Y, Jiang H, et al. Identification of the WRKY Gene Family and Char-
acterization of Stress-Responsive Genes in Taraxacum kok-saghyz Rodin. Int J Mol Sci. 2022; 23:
10270. https://doi.org/10.3390/IJMS231810270/S1

Shinozaki K, Yamaguchi-Shinozaki K. Gene networks involved in drought stress response and toler-
ance. J Exp Bot. 2007; 58: 221-227. https://doi.org/10.1093/jxb/erl164 PMID: 17075077

Genome of a drought-tolerant plant: Many genes are involved in “resurrection” | ScienceDaily. [cited 10
Nov 2023]. Available: https://www.sciencedaily.com/releases/2023/03/230323103328.htm

Kuluev B, Uteulin K, Bari G, Baimukhametova E, Musin K, Chemeris A. Molecular Genetic Research
and Genetic Engineering of Taraxacum kok-saghyz L.E. Rodin. Plants 2023, Vol 12, Page 1621. 2023;
12: 1621. https://doi.org/10.3390/plants12081621 PMID: 37111845

Merriam JL. A Management Control Concept for Determining the Economical Depth and Frequency of
Irrigation. Transactions of the ASAE. 1966; 9: 492—0498. https://doi.org/10.13031/2013.40014

Lankatillake C, Luo S, Flavel M, Lenon GB, Gill H, Huynh T, et al. Screening natural product extracts for
potential enzyme inhibitors: protocols, and the standardisation of the usage of blanks in a-amylase, a-
glucosidase and lipase assays. Plant Methods. 2021; 17: 1-19. https://doi.org/10.1186/S13007-020-
00702-5/FIGURES/10

PLOS ONE | https://doi.org/10.1371/journal.pone.0295694  January 22, 2024 16/19


https://doi.org/10.52547/JAST.24.6.1457
https://doi.org/10.3390/MOLECULES26030664
https://doi.org/10.3390/MOLECULES26030664
http://www.ncbi.nlm.nih.gov/pubmed/33513965
https://doi.org/10.13057/BIODIV/D170262
https://doi.org/10.1007/S11627-021-10180-6
https://doi.org/10.1007/S00344-020-10174-5
https://doi.org/10.1007/S00344-020-10174-5
https://doi.org/10.3390/antiox9080681
https://doi.org/10.3390/antiox9080681
http://www.ncbi.nlm.nih.gov/pubmed/32751256
https://doi.org/10.1016/S0926-6690%2802%2900079-1
https://doi.org/10.1016/S0926-6690%2802%2900079-1
https://doi.org/10.1039/a902191d
http://www.ncbi.nlm.nih.gov/pubmed/11336288
https://doi.org/10.1093/JXB/ERR363
https://doi.org/10.1093/JXB/ERR363
http://www.ncbi.nlm.nih.gov/pubmed/22162870
https://doi.org/10.1038/nplants.2016.73
https://doi.org/10.1038/nplants.2016.73
http://www.ncbi.nlm.nih.gov/pubmed/27255837
https://doi.org/10.1007/S11105-009-0145-9/FIGURES/4
https://doi.org/10.1016/j.phytochem.2012.04.015
https://doi.org/10.1016/j.phytochem.2012.04.015
http://www.ncbi.nlm.nih.gov/pubmed/22609069
https://doi.org/10.1074/jbc.274.24.17132
http://www.ncbi.nlm.nih.gov/pubmed/10358068
https://doi.org/10.3390/IJMS231810270/S1
https://doi.org/10.1093/jxb/erl164
http://www.ncbi.nlm.nih.gov/pubmed/17075077
https://www.sciencedaily.com/releases/2023/03/230323103328.htm
https://doi.org/10.3390/plants12081621
http://www.ncbi.nlm.nih.gov/pubmed/37111845
https://doi.org/10.13031/2013.40014
https://doi.org/10.1186/S13007-020-00702-5/FIGURES/10
https://doi.org/10.1186/S13007-020-00702-5/FIGURES/10
https://doi.org/10.1371/journal.pone.0295694

PLOS ONE

Effect of drought stress on natural rubber biosynthesis and quality in Taraxacum kok-saghyz roots

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.
46.

47.

Oluwagunwa OA, Alashi AM, Aluko RE. Inhibition of the in vitro Activities of a-Amylase and Pancreatic
Lipase by Aqueous Extracts of Amaranthus viridis, Solanum macrocarpon and Telfairia occidentalis
Leaves. Front Nutr. 2021; 8: 772903. https://doi.org/10.3389/FNUT.2021.772903/BIBTEX

Elavarthi S, Martin B. Spectrophotometric assays for antioxidant enzymes in plants. Methods Mol Biol.
2010; 639: 273-281. https://doi.org/10.1007/978-1-60761-702-0_16 PMID: 20387052

Peever TL, Higgins VJ. Electrolyte Leakage, Lipoxygenase, and Lipid Peroxidation Induced in Tomato
Leaf Tissue by Specific and Nonspecific Elicitors from Cladosporium fulvum. Plant Physiol. 1989; 90:
867-875. https://doi.org/10.1104/PP.90.3.867 PMID: 16666890

Bates LS, Waldren RP, Teare ID. Rapid determination of free proline for water-stress studies. Plant and
Soil 1973 39:1. 1973; 39: 205-207. https://doi.org/10.1007/BF00018060

Kramer PJ. Plant and soil water relationships: a modern synthesis. Plant and soil water relationships: a
modern synthesis. 1969.

Velikova V, Yordanov |, Edreva A. Oxidative stress and some antioxidant systems in acid rain-treated
bean plants: Protective role of exogenous polyamines. Plant Science. 2000; 151: 59—66. https://doi.org/
10.1016/S0168-9452(99)00197-1

Hadwan MH. Simple spectrophotometric assay for measuring catalase activity in biological tissues.
BMC Biochem. 2018; 19: 1-8. https://doi.org/10.1186/S12858-018-0097-5/TABLES/5

Kadhum MA, Hadwan MH. A precise and simple method for measuring catalase activity in biological
samples. Chemical Papers. 2021; 75: 1669-1678. https://doi.org/10.1007/S11696-020-01401-0/
METRICS

Nakano Y, Asada K. Purification of Ascorbate Peroxidase in Spinach Chloroplasts; Its Inactivation in
Ascorbate-Depleted Medium and Reactivation by Monodehydroascorbate Radical. Plant Cell Physiol.
1987; 28: 131-140. https://doi.org/10.1093/OXFORDJOURNALS.PCP.A077268

Chance B, Maehly AC. [136] Assay of catalases and peroxidases. {black small square}. Methods Enzy-
mol. 1955; 2: 764—775. https://doi.org/10.1016/S0076-6879(55)02300-8

Heatmap in R: Static and Interactive Visualization—Datanovia. [cited 15 Nov 2023]. Available: https:/
www.datanovia.com/en/lessons/heatmap-in-r-static-and-interactive-visualization/

Rabieyan E, Bihamta MR, Moghaddam ME, Alipour H, Mohammadi V, Azizyan K, et al. Analysis of
genetic diversity and genome-wide association study for drought tolerance related traits in Iranian
bread wheat. BMC Plant Biol. 2023; 23: 1-27. https://doi.org/10.1186/S12870-023-04416-3/TABLES/1

Bustin SA, Benes V, Garson JA, Hellemans J, Huggett J, Kubista M, et al. The MIQE guidelines: mini-
mum information for publication of quantitative real-time PCR experiments. Clin Chem. 2009; 55: 611—
622. https://doi.org/10.1373/clinchem.2008.112797 PMID: 19246619

Zarei A, Zamani Z, Mousavi A,Fatahi R, Karimi Alavijeh M, Dehsara B, et al. The Asian and Australasian
Journal of Plant Science and Biotechnology An Effective Protocol for Isolation of High-Quality RNA
from Pomegranate Seeds.

Saeedi F, Naghavi MR, Sabokdast M, Jariani P. Taraxacum kok-saghyz L.E. Rodin, as a novel potential
source of natural rubber in Iran: a good candidate for commercial use. Iranian Polymer Journal (English
Edition). 2023; 32: 1257-1269. https://doi.org/10.1007/S13726-023-01204-6/METRICS

Zhang N, Guo T, Ma X; Liu J, Dong Y, Zhang J. Rational Rubber Extraction and Simultaneous Determi-
nation of Rubber Content and Molecular Weight Distribution in Taraxacum kok-saghyz Rodin by Size-
Exclusion Chromatography. Chromatographia. 2019; 82: 1459-1466. https://doi.org/10.1007/S10337-
019-03773-2

Guo T, LiuY, WeiY, Ma X, Fan Q, Ni J, et al. Simultaneous qualitation and quantitation of natural trans-
1,4-polyisoprene from Eucommia ulmoides Oliver by gel permeation chromatography (GPC). Journal of
Chromatography B. 2015; 1004: 17-22. hitps://doi.org/10.1016/J.JCHROMB.2015.09.007 PMID:
26435186

Nandiyanto ABD, Oktiani R, Ragadhita R. How to Read and Interpret FTIR Spectroscope of Organic
Material. Indonesian Journal of Science and Technology. 2019; 4: 97—118. https://doi.org/10.17509/
IJOST.V411.15806

Overview Author T. Step-by-Step Method Development for GPC/SEC.

Measurement of Molecular Weight by using GPC method: SHIMADZU (Shimadzu Corporation). [cited
12 Nov 2023]. Available: https://www.shimadzu.com/an/service-support/technical-support/analysis-
basics/basic/55/55intro.html

Junkong P, Cornish K, lkeda Y. Characteristics of mechanical properties of sulphur cross-linked gua-
yule and dandelion natural rubbers. RSC Adv. 2017; 7: 50739-50752. https://doi.org/10.1039/
C7RA08554K

PLOS ONE | https://doi.org/10.1371/journal.pone.0295694  January 22, 2024 17/19


https://doi.org/10.3389/FNUT.2021.772903/BIBTEX
https://doi.org/10.1007/978-1-60761-702-0%5F16
http://www.ncbi.nlm.nih.gov/pubmed/20387052
https://doi.org/10.1104/PP.90.3.867
http://www.ncbi.nlm.nih.gov/pubmed/16666890
https://doi.org/10.1007/BF00018060
https://doi.org/10.1016/S0168-9452%2899%2900197-1
https://doi.org/10.1016/S0168-9452%2899%2900197-1
https://doi.org/10.1186/S12858-018-0097-5/TABLES/5
https://doi.org/10.1007/S11696-020-01401-0/METRICS
https://doi.org/10.1007/S11696-020-01401-0/METRICS
https://doi.org/10.1093/OXFORDJOURNALS.PCP.A077268
https://doi.org/10.1016/S0076-6879%2855%2902300-8
https://www.datanovia.com/en/lessons/heatmap-in-r-static-and-interactive-visualization/
https://www.datanovia.com/en/lessons/heatmap-in-r-static-and-interactive-visualization/
https://doi.org/10.1186/S12870-023-04416-3/TABLES/1
https://doi.org/10.1373/clinchem.2008.112797
http://www.ncbi.nlm.nih.gov/pubmed/19246619
https://doi.org/10.1007/S13726-023-01204-6/METRICS
https://doi.org/10.1007/S10337-019-03773-2
https://doi.org/10.1007/S10337-019-03773-2
https://doi.org/10.1016/J.JCHROMB.2015.09.007
http://www.ncbi.nlm.nih.gov/pubmed/26435186
https://doi.org/10.17509/IJOST.V4I1.15806
https://doi.org/10.17509/IJOST.V4I1.15806
https://www.shimadzu.com/an/service-support/technical-support/analysis-basics/basic/55/55intro.html
https://www.shimadzu.com/an/service-support/technical-support/analysis-basics/basic/55/55intro.html
https://doi.org/10.1039/C7RA08554K
https://doi.org/10.1039/C7RA08554K
https://doi.org/10.1371/journal.pone.0295694

PLOS ONE

Effect of drought stress on natural rubber biosynthesis and quality in Taraxacum kok-saghyz roots

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Livak KJ, Schmittgen TD. Analysis of Relative Gene Expression Data Using Real-Time Quantitative
PCR and the 2-AACT Method. Methods. 2001; 25: 402—-408. https://doi.org/10.1006/METH.2001.1262
PMID: 11846609

Gill SS, Tuteja N. Reactive oxygen species and antioxidant machinery in abiotic stress tolerance in crop
plants. Plant Physiology and Biochemistry. 2010; 48: 909-930. https://doi.org/10.1016/j.plaphy.2010.
08.016 PMID: 20870416

Ramirez-Cadavid DA, Cornish K, Michel FC. Taraxacum kok-saghyz (TK): compositional analysis of a
feedstock for natural rubber and other bioproducts. Ind Crops Prod. 2017; 107: 624-640. https://doi.
org/10.1016/J.INDCROP.2017.05.043

Chen X, Ru'Y, Chen F, Wang X, Zhao X, Ao Q. FTIR spectroscopic characterization of soy proteins
obtained through AOT reverse micelles. Food Hydrocoll. 2013; 31: 435—437. https://doi.org/10.1016/J.
FOODHYD.2012.11.017

feng Wang L. Physiological and molecular responses to drought stress in rubber tree (Hevea brasilien-
sis Muell. Arg.). Plant Physiology and Biochemistry. 2014; 83: 243—249. https://doi.org/10.1016/j.
plaphy.2014.08.012 PMID: 25194774

F. EE. Metabolisms of oxygen activation in different compartments of plant cells. Active Oxygen/Oxida-
tive Stress and Plant Metabolism. 1991; 13-25. Available: https://cir.nii.ac.jp/crid/
1572543023962833792

Verma G, Srivastava D, Tiwari P, Chakrabarty D. ROS Modulation in Crop Plants Under Drought
Stress. Reactive Oxygen, Nitrogen and Sulfur Species in Plants: Production, Metabolism, Signaling
and Defense Mechanisms. 2019; 311-336. https://doi.org/10.1002/9781119468677.CH13

Jiang W. Natural Rubber and Bio-based Thermoplastic Elastomer. Industrial Applications of Biopoly-
mers and their Environmental Impact. 2020; 241-254. https://doi.org/10.1201/9781315154190-10

Tarabih M, El-Eryan E. Glycine Betaine and Proline with Thinning Technique for Resistance Abiotic
Stress of Cristalina Cactus Pear. Pak J Biol Sci. 2020; 23: 68—80. https://doi.org/10.3923/pjbs.2020.68.
80 PMID: 31930885

Gétz F, Longnecker K, Kido Soule MC, Becker KW, McNichol J, Kujawinski EB, et al. Targeted metabo-
lomics reveals proline as a major osmolyte in the chemolithoautotroph Sulfurimonas denitrificans.
Microbiologyopen. 2018; 7: e00586. https://doi.org/10.1002/mbo3.586 PMID: 29423975

Ghosh UK, Islam MN, Siddiqui MN, Cao X, Khan MAR. Proline, a multifaceted signalling molecule in
plant responses to abiotic stress: understanding the physiological mechanisms. Plant Biol. 2022; 24:
227-239. https://doi.org/10.1111/plb.13363 PMID: 34796604

Shafi A, Zahoor |, Mushtaq U. Proline accumulation and oxidative stress: Diverse roles and mechanism
of tolerance and adaptation under salinity stress. Salt Stress, Microbes, and Plant Interactions: Mecha-
nisms and Molecular Approaches: Volume 2. 2019; 269-300. https://doi.org/10.1007/978-981-13-
8805-7_13/COVER

Song XS, Hu WH, Mao WH, Ogweno JO, Zhou YH, Yu JQ. Response of ascorbate peroxidase isoen-
zymes and ascorbate regeneration system to abiotic stresses in Cucumis sativus L. Plant Physiology
and Biochemistry. 2005; 43: 1082-1088. https://doi.org/10.1016/J.PLAPHY.2005.11.003 PMID:
16386429

Laxa M, Liebthal M, Telman W, Chibani K, Dietz KJ. The Role of the Plant Antioxidant System in
Drought Tolerance. Antioxidants 2019, Vol 8, Page 94. 2019;8: 94. https://doi.org/10.3390/
antiox8040094 PMID: 30965652

Sofo A, Scopa A, Nuzzaci M, Vitti A. Ascorbate Peroxidase and Catalase Activities and Their Genetic
Regulation in Plants Subjected to Drought and Salinity Stresses. International Journal of Molecular Sci-
ences 2015, Vol 16, Pages 13561-13578. 2015; 16: 13561—13578. hitps://doi.org/10.3390/
ijms160613561 PMID: 26075872

Zhang C, Shi S, Wang B, Zhao J. Physiological and biochemical changes in different drought-tolerant
alfalfa (Medicago sativa L.) varieties under PEG-induced drought stress. Acta Physiol Plant. 2018; 40:
1-15. https://doi.org/10.1007/S11738-017-2597-0/TABLES/3

de Souza LT, de Castro SAQ, de Andrade JF, Politano AA, Meneghetti EC, Favarin JL, et al. Drought
stress induces changes in the physiology and root system of soybean plants. Revista Brasileira de
Botanica. 2021; 44: 779-789. https://doi.org/10.1007/S40415-021-00776-Y/METRICS

Beyaz R. Morphological and biochemical changes in shoot and root organs of common vetch (Vicia
sativa L.) after exposure to drought stress. [cited 10 Nov 2023]. doi:10.2306/scienceasial513-
1874.2022.010

Berthelot K, Lecomte S, Estevez Y, Peruch F. Hevea brasiliensis REF (Hev b 1) and SRPP (Hev b 3):
An overview on rubber particle proteins. Biochimie. 2014; 106: 1-9. https://doi.org/10.1016/j.biochi.
2014.07.002 PMID: 25019490

PLOS ONE | https://doi.org/10.1371/journal.pone.0295694  January 22, 2024 18/19


https://doi.org/10.1006/METH.2001.1262
http://www.ncbi.nlm.nih.gov/pubmed/11846609
https://doi.org/10.1016/j.plaphy.2010.08.016
https://doi.org/10.1016/j.plaphy.2010.08.016
http://www.ncbi.nlm.nih.gov/pubmed/20870416
https://doi.org/10.1016/J.INDCROP.2017.05.043
https://doi.org/10.1016/J.INDCROP.2017.05.043
https://doi.org/10.1016/J.FOODHYD.2012.11.017
https://doi.org/10.1016/J.FOODHYD.2012.11.017
https://doi.org/10.1016/j.plaphy.2014.08.012
https://doi.org/10.1016/j.plaphy.2014.08.012
http://www.ncbi.nlm.nih.gov/pubmed/25194774
https://cir.nii.ac.jp/crid/1572543023962833792
https://cir.nii.ac.jp/crid/1572543023962833792
https://doi.org/10.1002/9781119468677.CH13
https://doi.org/10.1201/9781315154190-10
https://doi.org/10.3923/pjbs.2020.68.80
https://doi.org/10.3923/pjbs.2020.68.80
http://www.ncbi.nlm.nih.gov/pubmed/31930885
https://doi.org/10.1002/mbo3.586
http://www.ncbi.nlm.nih.gov/pubmed/29423975
https://doi.org/10.1111/plb.13363
http://www.ncbi.nlm.nih.gov/pubmed/34796604
https://doi.org/10.1007/978-981-13-8805-7%5F13/COVER
https://doi.org/10.1007/978-981-13-8805-7%5F13/COVER
https://doi.org/10.1016/J.PLAPHY.2005.11.003
http://www.ncbi.nlm.nih.gov/pubmed/16386429
https://doi.org/10.3390/antiox8040094
https://doi.org/10.3390/antiox8040094
http://www.ncbi.nlm.nih.gov/pubmed/30965652
https://doi.org/10.3390/ijms160613561
https://doi.org/10.3390/ijms160613561
http://www.ncbi.nlm.nih.gov/pubmed/26075872
https://doi.org/10.1007/S11738-017-2597-0/TABLES/3
https://doi.org/10.1007/S40415-021-00776-Y/METRICS
https://doi.org/10.1016/j.biochi.2014.07.002
https://doi.org/10.1016/j.biochi.2014.07.002
http://www.ncbi.nlm.nih.gov/pubmed/25019490
https://doi.org/10.1371/journal.pone.0295694

PLOS ONE

Effect of drought stress on natural rubber biosynthesis and quality in Taraxacum kok-saghyz roots

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Dong C, Ponciano G, Huo N, Gu Y, llut D, McMahan C. RNASeq analysis of drought-stressed guayule
reveals the role of gene transcription for modulating rubber, resin, and carbohydrate synthesis. Scien-
tific Reports 2021 11:1. 2021; 11: 1-16. https://doi.org/10.1038/s41598-021-01026-7 PMID: 34732788

Hemmerlin A, Harwood JL, Bach TJ. A raison d’étre for two distinct pathways in the early steps of plant
isoprenoid biosynthesis? Prog Lipid Res. 2012; 51: 95-148. https://doi.org/10.1016/J.PLIPRES.2011.
12.001 PMID: 22197147

Post J, van Deenen N, Fricke J, Kowalski N, Wurbs D, Schaller H, et al. Laticifer-Specific cis-Prenyl-
transferase Silencing Affects the Rubber, Triterpene, and Inulin Content of Taraxacum brevicornicula-
tum. Plant Physiol. 2012; 158: 1406—1417. https://doi.org/10.1104/PP.111.187880 PMID: 22238421

Zhang H, Ohyama K, Boudet J, Chen Z, Yang J, Zhang M, et al. Dolichol Biosynthesis and Its Effects
on the Unfolded Protein Response and Abiotic Stress Resistance in Arabidopsis. Plant Cell. 2008; 20:
1879-1898. https://doi.org/10.1105/tpc.108.061150 PMID: 18612099

Bergamini E. Dolichol: An essential part in the antioxidant machinery of cell membranes? Biogerontol-
ogy. 20083; 4: 337-339. https://doi.org/10.1023/b:bgen.0000006637.48753.07 PMID: 14756125

Ferraris R. Effect of plant density on yield and rubber accumulation in guayule (Parthenium argentatum)
in south-eastern Queensland. Aust J Exp Agric. 1993; 33: 71-82. https://doi.org/10.1071/EA9930071

Cornish K, Bates GM, Mcnulty SK, Kopicky SE, Grewal S, Rossington J, et al. A study into rubber pro-
duction in Taraxacum kok-saghyz with an emphasis on post-harvest storage. 2013.

Musto S, Barbera V, Maggio M, Mauro M, Guerra G, Galimberti M. Crystallinity and crystalline phase
orientation of poly(1,4-cis-isoprene) from Hevea brasiliensis and Taraxacum kok-saghyz. Polym Adv
Technol. 2016; 27: 1082—1090. https://doi.org/10.1002/PAT.3774

Jitsangiam P, Nusit K, Phenrat T, Kumlai S, Pra-ai S. An examination of natural rubber modified asphalt:
Effects of rubber latex contents based on macro- and micro-observation analyses. Constr Build Mater.
2021; 289: 123158. https://doi.org/10.1016/J.CONBUILDMAT.2021.123158

Rattanapan S. Preparation and Properties of Bio-Based Polyurethane Foam Prepared from Modified
Natural Rubber and Poly(e-caprolactone). 2016 [cited 12 Jul 2023]. Available: https://theses.hal.
science/tel-01476202

PLOS ONE | https://doi.org/10.1371/journal.pone.0295694  January 22, 2024 19/19


https://doi.org/10.1038/s41598-021-01026-7
http://www.ncbi.nlm.nih.gov/pubmed/34732788
https://doi.org/10.1016/J.PLIPRES.2011.12.001
https://doi.org/10.1016/J.PLIPRES.2011.12.001
http://www.ncbi.nlm.nih.gov/pubmed/22197147
https://doi.org/10.1104/PP.111.187880
http://www.ncbi.nlm.nih.gov/pubmed/22238421
https://doi.org/10.1105/tpc.108.061150
http://www.ncbi.nlm.nih.gov/pubmed/18612099
https://doi.org/10.1023/b%3Abgen.0000006637.48753.07
http://www.ncbi.nlm.nih.gov/pubmed/14756125
https://doi.org/10.1071/EA9930071
https://doi.org/10.1002/PAT.3774
https://doi.org/10.1016/J.CONBUILDMAT.2021.123158
https://theses.hal.science/tel-01476202
https://theses.hal.science/tel-01476202
https://doi.org/10.1371/journal.pone.0295694

