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Abstract

Natural Rubber (NR)-producing guayule (Parthenium argentatum Gray) has been developed as
an alternative crop to diversify NR production. Guayule NR is mainly synthesized in its stem and
is upregulated by cold temperatures. A guayule C-repeat binding factor 4 (PaCBF4) was highly
expressed in cold-treated stem tissue, coinciding with active rubber biosynthesis and
accumulation. Sequence alignments of PaCBF4 with other CBFs indicated that PaCBF4 contains
DNA-binding domains responsible for regulating cold-regulated (COR) gene expression. Spatial
gene expression profiling of PaCBF4 revealed that stems had the highest expression level among
different organs examined. We further confirmed the function of PaCBF4 as regulator of cold-
signaling processes by expressing it in the model plant Arabidopsis under a constitutive ubiquitin
promoter from potato. The resulting transgenic Arabidopsis lines expressing PaCBF4 turned on
expression of a set of Arabidopsis COR genes under both room (24°C) and cold (4°C)
temperatures, in contrast to the wild-type Arabidopsis that expressed these COR genes solely
upon cold treatment. Furthermore, the transgenic plants displayed enhanced freezing tolerance at
-5°C, exhibiting a survival rate of 88-98% compared with 0% survival rate of wild-type plants.
Our results suggest that PaCBF4 is a functional member of the guayule CBF gene family and
plays a significant role in cold and freeze tolerance. Interestingly, overexpressing PaCBF4 in
Arabidopsis did not affect the normal phenotype of the plant during vegetative and inflorescence

growth, but the gene led to more undeveloped siliques after flowering.

Keywords: guayule, Parthenium argentatum, C-repeat binding factor, dehydration responsive

element binding factorl, Arabidopsis thaliana, gene expression, freezing tolerance.
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1. Introduction

Natural rubber (NR) production from the hevea rubber tree (Hevea brasiliensis) faces numerous
challenges, including susceptibility to diseases, limited germplasm diversity, land use
constraints, and geopolitical uncertainties in certain Southeast Asian nations (Guyot and Le
Guen, 2018; Vaysse et al., 2012). To address the challenges, the cultivation of alternative rubber-
producing crops such as guayule (Parthenium argentatum Gray), a perennial woody shrub, and
rubber dandelion (Taraxacum kok-saghyz) are being explored to diversify global rubber supply
(Cornish, 2017; Kuluev et al., 2023; Rasutis et al., 2015; Rousset et al., 2021; Salehi et al., 2021;
van Beilen and Poirier, 2007). Despite its potential, guayule NR production remains less cost-
effective compared to Hevea rubber. Efforts have been undertaken to increase NR yield in
guayule through germplasms utilization and agricultural practices (Abdel-Haleem et al., 2018;
Cruz et al., 2022; Foster and Coffelt, 2005; Ilut et al., 2017; Placido et al., 2021; Rasutis et al.,
2015; Ray et al., 1999; Sulas et al., 2020). Extensive studies explored the molecular mechanisms
underlying NR biosynthetic pathways and rubber particle accumulation to elucidate the genes
and pathways involved in NR synthesis (Amerik et al., 2021; Cherian et al., 2019; Dong et al.,
2021; Kwon et al., 2023; Men et al., 2018; Nelson et al., 2019; Stonebloom and Scheller, 2019;
Yamashita and Takahashi, 2020). Nonetheless, despite attempts to overexpress genes related to
NR biosynthesis and rubber particle accumulation, tangible enhancements in NR production in
guayule field crops have yet to be achieved (Chen et al., 2023; Dong et al., 2013; Placido et al.,
2020; Placido et al., 2019; Ponciano et al., 2018; Veatch et al., 2005). Therefore, identifying new
targets for genetic engineering of guayule with increased NR production remains a pressing

objective.
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NR biosynthesis in guayule is highly upregulated by cold temperatures (Allen et al.,
1987; Benedict et al., 2008; Bonner, 1943; Bucks et al., 1985; Cornish and Backhaus, 2003;
Dong et al., 2021; Downes and Tonnet, 1985; Hunsaker et al., 2019; Miyamoto and Bucks, 1985;
Nelson et al., 2019; Ponciano et al., 2012; Veatch-Blohm et al., 2007). To unravel the
mechanisms of cold-induced NR production in guayule, several studies have examined gene
expression and enzyme activities in rubber biosynthetic pathways (Cornish and Backhaus, 2003;
Ponciano et al., 2012). Given that NR production requires transcriptional activation of gene
expression, a transcriptome study was conducted to identify differentially expressed genes in
cold-treated guayule stems (Stonebloom and Scheller, 2019). Among these genes, the guayule C-
repeat binding factor transcriptional activator (PaCBF4), also known as dehydration responsive
element binding factor 1D (DREB1D) was found to be highly induced in cold-treated stem tissue
where active rubber synthesis and accumulation occurred (Stonebloom and Scheller, 2019). The
potential of PaCBF4 as a novel target for genetic engineering to increase NR production in
guayule has since piqued interest. The CBF/DREBL transcription factor family has been
extensively studied, especially in Arabidopsis, including members like AtCBF1/DREB1B,
AtCBF2/DREBI1C, AtCBF3/DREB1A and AtCBF4/DREB1D (Agarwal et al., 2017; Hwarari et
al., 2022; Liu et al., 2019; Mehrotra et al., 2020; Shi et al., 2018; Zhang and Xia, 2023). While
AtCBF1, AtCBF2, and AtCBF3 are well known for their major roles in cold and freezing
tolerance (Gilmour et al., 2000; Jaglo-Ottosen et al., 1998; Novillo et al., 2004), AtCBF4 was
initially associated with drought tolerance (Haake et al., 2002), but has also shown significance
for cold and freezing tolerance (Liu et al., 2021; Oh et al., 2007; Tillett et al., 2012; Wang and
Hua, 2009; Welling and Palva, 2008). The CBFs are considered the main components in early

phases of cold signaling pathways, involving Inducer of CBF Expression (ICE), CBF, and cold-
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regulated (COR) genes (Hwarari et al., 2022; Liu et al., 2019). Cold stress is perceived by
receptor proteins, triggering signal transduction, and leading to activation of ICE, which
subsequently regulates the expression of CBF genes. The CBFs then bind to the C-
repeat/dehydration responsive element (CRT/DRE) of COR gene promoters, initiating the ICE-
CBF-COR transcriptional cascade for activating cold and freezing responses (Hwarari et al.,
2022; Liu et al., 2019). The CBFs belong to the superfamily of APETALA2/Ethylene Responsive
(AP2/ERF) transcription factors containing a 60-amino acid consensus AP2/ERF domain present
in numerous plant proteins (Nakano et al., 2006; Sakuma et al., 2002; Xie et al., 2019; Xu et al.,
2011). CBF/DREB1 sub-family has unique CBF signature sequences,
PKK/KPAGRxKFXETRHP and DSAWR, located at the N-terminal or C-terminal of the
AP2/EFR domain (Figure 1B) (Canella et al., 2010; Gilmour et al., 1998; Medina et al., 2011;
Stockinger et al., 1997). In Arabidopsis, these CBF signatures have been shown to be important
for CBF to bind the DRE/CRT cis-acting element (Canella et al., 2010). In addition to
responding to the abiotic stresses, CBFs expression is also affected by hormones (Zhang and Xia,
2023) and circadian clock (Fowler et al., 2005).

Arabidopsis has over 200 COR genes that are either activated or repressed by CBFs (Li et
al., 2020). Among these genes, some encode key enzymes involved in osmolyte biosynthesis and
regulation for maintaining hydrophobic interactions, ion homeostasis, cryoprotective proteins,
and soluble sugars that stabilize cells and membranes to prevent damage caused by freezing
temperatures (Meng et al., 2021; Okawa et al., 2008; Ramachandra Reddy et al., 2004; Shi et al.,
2018; Wang et al., 2003). COR genes are directly regulated by CBF transcription factors, making
COR transcripts useful markers for assessing the function of CBFs (Jia et al., 2016; Shi et al.,

2017; Zhao et al., 2016). Arabidopsis COR15a and KIN1 (Cold-Inducible 1) are well-established
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indicators of CBF functions (Artus et al., 1996; Kurkela and Franck, 1990; Lin and Thomashow,
1992; Meng et al., 2015; Shi et al., 2017; Wang et al., 1994). The COR15a gene encodes a 15
KDa protein with high amino acid sequence similarities to Late Embryo Abundant Protein
(LEA) proteins, which accumulate in plants in response to cold stress (Lin and Thomashow,
1992). COR15a is located in the stromal compartments of chloroplasts, protecting chloroplastic
enzymes from freeze-induced inactivation and contributing to protecting membrane function
against low temperature stress (Artus et al., 1996). Arabidopsis KIN1 encodes a 6.5 KDa kinesin
protein with sequence similarity to anti-freeze proteins, playing a role in cold/freeze tolerance by
stabilizing cellular compartments in plants (Wang et al., 1994; Wang et al., 2014; Wang and
Hua, 2009). Functional evaluation of CBF/DREB1 genes has been conducted through their
overexpression in transgenic plants, often resulting in higher survival rates than controls when
exposed to cold/freezing temperatures, drought, high salinity, and other abiotic stress (Agarwal
etal., 2017; Zhang and Xia, 2023). However, in some cases the overexpression of certain
CBF/DREB1 genes resulted in retarded growth (Agarwal et al., 2017; Zhang and Xia, 2023).
There are reports where the constitutive overexpression of CBF/DREB1 genes caused few or no
negative growth changes in transgenic plants. For example, overexpressing a BB-CBF from
blueberry (Vaccinium corymbosum) enhanced freezing tolerance in Arabidopsis and native
blueberry without affecting growth (Polashock et al., 2010; Walworth et al., 2012). Similarly,
transgenic Arabidopsis lines overexpressing a NnDREB1 from lotus (Nelumbo nucifera) (Cheng
etal., 2017) or a GthCBF4 from cotton (Gossypium hirsutum) (Liu et al., 2021) grew normally
but exhibited increased drought (Cheng et al., 2017) or cold (Liu et al., 2021) tolerance

compared to wild type. Transgenic paper mulberry (Broussonetia papyrifera) lines constitutively
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expressing a FaDREB1 from tall fescue (Festuca arundinacea) exhibited no growth retardation
and had higher salt and drought tolerance than wild-type plants (Li et al., 2011).

Given the pronounced increase in guayule's NR production under cold conditions during
the winter, we hypothesize that a master transcriptional regulator could upregulate the entire NR
biosynthestic pathway via the cold signaling cascade. To better understand rubber synthesis
through cold-mediated signaling in guayule, we isolated and characterized the PaCBF4 gene.
This study considers the sequence, organ-specific expression, functionality, and influence of the
PaCBF4 gene on COR15a and KIN1 gene expression. The study of cold tolerance in transgenic

Arabidopsis aims to show the potential of using PaCBF4 for NR production enhancement.

2. Materials and Methods

2.1. Sequence and phylogenetic analysis

The PaCBF4 (Genbank ID, GFTW01034449.1) protein sequence was used as a query to search
the protein databases using the BLASTP method with an E-value threshold of <1E-20. The
protein databases were downloaded from NCBI. If a gene had multiple isoforms, the longest
protein was selected to represent the gene. Some CBFs/DREBs from crop species were included
as they are better studied for their biological function. In addition, the presence of the AP2-

domain was examined using the hmmscan function of HMMER3 v3.3.2 (http://hmmer.orq)

(Eddy, 2011) with AP2 domain profile (PF00847) used as a query. The protein sequences were
excluded from further consideration if the AP2 domain was incomplete, or the AP2 domain

match E-value was greater than 1E-5. Multiple protein sequences were aligned using Clustal
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Omega (Sievers and Higgins, 2018). with default parameters. The phylogenetic tree was
generated based on the alignment using the Neighbor-Joining method in MEGAX (Kumar et al.,
2018) with default parameters. These alignments were then used to infer phylogenetic
relationships by using the Maximum Likelihood method and JTT+G matrix-based model (Jones
et al., 1992) and 100 bootstraps (Felsenstein, 1985). Branches corresponding to partitions

reproduced in less than 50% bootstrap replicates are collapsed.

2.2. Plasmid construction, plant material, plant transformation, and growth conditions

The PaCBF4 sequence used in this study is the same gene (TR78450 c1 gl il or Genbank ID
GFTWO01034449.1) as described previously (Stonebloom and Scheller, 2019). The guayule
genotype is the industrial standard cultivar AZ2 (www.ars-grin.gov/npgs) (Dierig et al., 1989;
Ray et al., 1999). The other genes in the T-DNA cassette in plasmid pND_PaCBF4 (Suppl
Figure. S1A) were constructed as described previously (Dong et al., 2013).

Shoot tip clones derived from one seedling of AZ2 germplasms, designated as AZ2-D,
were maintained in tissue culture as described previously (Dong et al., 2013). Newly sub-
cultured shoot tips usually generated 3-5 roots within 1-2 weeks. Regenerated plantlets were
carefully removed from the tissue culture medium and transplanted into 4-inch pots for
continued growth in a chamber set at 24°C, with 12 h light (500 pmol/m2) and 12 h dark cycle.
Guayule plants reached the flowering stage after three months in the chamber. Various tissues
from 3-month-old plants were harvested for analysis. Low-temperature treatments were
conducted by placing separate sets of 3-month-old guayule plants at 4°C in a refrigerator, or at -

5°C in a freezer for 6 h in dark. Control plants were incubated in a dark chamber at 24°C for 6 h.
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Arabidopsis transformation was carried out in wild-type (Col-0) genotype using a floral
dip method as described previously (Clough and Bent, 1998). Arabidopsis were grown in a
chamber under 24°C, continuous light (24 h light, 100 pmol/m?). Leaf tissues from the Tz and T
generations of the transformed lines were used in all experiments. For Arabidopsis cold or
freezing treatment, 23-day-old plants were exposed to 4°C for 12 h or -5°C for 24 h,
respectively. The survival rate was scored 5 days after the freezing-treated plants were returned
to their normal growth conditions. Cold and freezing experiments were repeated three times. Soil
mix, growth conditions, and plant care were performed in accordance with previously described

methods (Placido et al., 2019).

2.3. Genomic DNA extraction and confirmation of PaCBF4 integration

Genomic DNA from T3 transgenic Arabidopsis lines and PCR reaction mixtures were prepared
following the instruction described (REDExtract-N-Ampa Plant PCR kit (Sigma-Aldrich,
Carlsbad, CA, United States). PCR primers spanning the 409 promoter (5°-
AACCCTATGAGGCGGTTTC-3’) and PaCBF4 (5°- CCTCTTAAGCGGAGCACCAA-3’)
region were used to amplify the genomic DNA with predicted amplicon size of 892 bp (Suppl
Figure S1). PCR primers of Arabidopsis Actin2 gene (Genbank ID, AY087751), forward (5°-
CTGCTGGAATCCACGAGACA-3’) and reverse (5’-CCTGCCTCATCATACTCGGC-3’) were
used as internal control to the genomic DNA with predicted amplicon size of 371 bp (Suppl
Figure S1B). The PCR reaction and gel electrophoresis were performed as described previously

(Chen et al., 2005).
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2.4. RNA extraction, cDNA synthesis and quantitative PCR (qPCR)

Tissues were collected from 3-month-old guayule plants. Arabidopsis leaf leaves were collected
from homozygous T4 generation plants grown in a chamber as described above. Samples were
immediately frozen in liquid nitrogen after collection and stored at -80 °C until RNA extraction
using Total RNA Isolation Kit (Ambion, Pittsburg, PA, United States). Guayule young leaves
were the first three leaves from shoot tip in size between 25-40 mm. Mature leaves were near
shoot tips and newly reached full-size of 50—70 mm. The cDNA samples and gPCR reactions
were performed as described previously (Kim and Chen, 2015). Genes and their primer
sequences are listed in Suppl Table S1. PaEF1a or AtACT2 was used as an internal control to
normalize gene expression in guayule or Arabidopsis. Relative gene expression was calculated

according to the Pfaffl model (Pfaffl, 2001).

2.5. Light Microscope

The flowers were photographed using a stereoscopic microscope (Leica MZ16F, Leica

Microsystems Inc., Buffalo Grove, IL). Digital images were collected using a MicroPublisher6

color camera (Qimaging, Surrey, BC, Canada) and Image-Pro software (Media Cybernetics,

Rockville, MD).

3. Results and Discussion

3.1 Sequence analysis of guayule CBF4 gene

10
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The full length of PaCBF4 (or PaDREB1D) encodes a small protein with 199 amino acid
residues (Genbank ID, GFTW01034449.1). Using PaCBF4 as a query, we retrieved 17
CBF/DREBL1 protein family members from 9 plant species and conducted a phylogenetic
analysis. The resulting phylogeny tree can be divided into four groups (Figure 1A). Arabidopsis
CBF1 to CBF4 and a Hevea rubber tree HoDREB1A were grouped in Group | (Figure 1A).
PaCBF4 showed the greatest identity (80.8%) with a sunflower (Helianthus annuus)
HaDREB1D, followed by rubber dandelion TKCBF6 (65.7%) and TkCBF1 (59.4%), all of which
are Asteraceae, clustered to group Il (Figure 1A, Suppl Table S2). Compared to members in
group I, PaCBF4 was more closely related to HoDREB1A (58.8%), followed by AtCBF4 (55%)
(Figure 1A, Suppl Table S2). Group Ill and Group IV contain members from dicot woody
species, such as cottonwood (Populus trichocarpa), tea (Camellia sinensis), apple (Malus
domestica), peach (Prunus persica) and Eucalyptus (Eucalyptus grandis). Alignment of CBF
sequences allowed us to compare three important domains: the AP2/ERF domain, and two CBF
signature domains (Figure 1B). The PaCBF4 protein had 100% conservation with the
Arabidopsis CBF Signature Sequence |, PKKPAGRKKFRETRHP. Regarding the CBF
Signature Sequence I, DSAWR, there was a valine in PaCBF4 resulting in DSVWR, while this
position is alanine in all AtCFBs (Figure 1B). The substitution of alanine with valine was also
found in many other species, including CaDREB, HaDREB1D, TKCBF1, and TKCBF6 (Figure
1B), as well as five bilberry species (Oakenfull et al., 2013) and two blueberry species
(Polashock et al., 2010). One of the blueberry CBF sequences, BB-CBF derived from northern
cultivar Bluecrop (Vaccinium corymbosum), was demonstrated to activate COR gene expression

in transgenic Arabidopsis (Polashock et al., 2010) and in southern blueberry cultivars Legacy (V.

11
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darrowii and V. virgatum) (Walworth et al., 2012). Therefore, it is evident that the change from
the alanine to valine does not impede the binding of CBF to the DRE/CRT cis-acting element. In
general, the CBF Signature Sequences in PaCBF4 are highly conserved compared to known CBF

sequences.

3.2 Expression of PaCBF4 in guayule

To study the potential role of PaCBF4, we first characterized its organ-specific expression in
guayule. Under normal growth condition (24°C, 12 h light, 12 h dark), the relative expression
levels of PaCBF4 were quantified in guayule samples taken from 3-month-old plants after light
was on for 6 h. We calculated the relative expression of PaCBF4 in each organ by comparing
with the level of PaCBF4 in stem (set at 100) under light and 24°C. As shown in Figure 2A, the
expression of PaCBF4 was more than 90% higher in stems than in leaves, peduncles, flowers
and roots. As most CBFs, including those from Arabidopsis, are expressed only under low-
temperature or other stress conditions, it is intriguing to investigate if the constitutive expression
of PaCBF4 in stems is associated with NR synthesis in guayule. We also examined samples from
plants placed in dark chambers (24°C) for 6 h. The spatial expression pattern of PaCBF4
remained consistent with that observed under light conditions (Figure 2A, 2B). However, the
transcript levels in all examined organs decreased to lower levels, showing 80% reduction in
stem and residual levels in the other organs (Figure 2B). These findings suggest that PaCBF4
expression may be regulated by light or circadian clock. The regulatory mechanisms PaCBF4

expression in guayule is currently under investigation.
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We conducted cold (4°C) and freezing (-5°C) treatments in parallel with the controls in
the dark, as temperature drops during nighttime in winter. Under cold temperature, PaCBF4
exhibited a slight increase in expression in stems (1.2-fold). In contrast, in peduncle and root,
PaCBF4 transcript levels increased 7.6-fold and 8.9-fold respectively (Figure 2C). The results
suggest that stem, peduncle and root are important organs in protecting and reviving guayule
from cold stress. The differentially expression of PaCBF4 between stems and leaves under cold
conditions is consistent with the previous report (Stonebloom and Scheller, 2019). We are
currently conducting experiments to measure PaCBF4 expression under longer period of cold-
treatment. Upon exposure to freezing temperatures, dramatic increases of PaCBF4 expression
occurred in all organs. Notably, the stem exhibited the highest level of induction with a 238-fold
increase compared to the control. This was followed by peduncles, roots, leaves and flowers,
which exhibited increases between 16% and 44% (Figure 2D). These data indicated that PaCBF4
was induced by freezing temperature and thus may regulate the freezing stress responses. In the
future, we will examine the expression profile of PaCBF4 under light and cold, or light and
freezing to understand whether light participates in the regulation of PaCBF4 expression under

low temperatures.

3.3. PaCBF4 induced COR gene expression in Arabidopsis

To investigate the mechanisms underlying PaCBF4-mediated responses to low temperatures, we
introduced PaCBF4 into Arabidopsis, a well-established model for studying CBF gene
regulation. Multiple transgenic Arabidopsis lines constitutively expressing PaCBF4 under the

control of the potato ubiquitin 409 promoter (Placido et al., 2019; Rockhold, 2008) were

13
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generated and 37 independent transgenic Tz lines were identified by kanamycin (Km) selection.
Among 20 lines analyzed, 11 T» lines had typical segregation for one-locus T-DNA insertion and
were selected for further analysis. PCR-based confirmation of PaCBF4 integration into the
Arabidopsis genome was achieved by amplifying a region spanning part of the potato ubiquitin
409 promoter and part of PaCBF4. This produced 892 bp amplicons in all the transgenic lines
and a positive pND_PaCBF4 plasmid control, while the wild-type plants lacked these amplicons
(Suppl Figure S1B). All samples, except for pPND_PaCBF4 plasmid, produced a predominant
PCR band for the Arabidopsis endogenous gene, Actin2, (371 bp) (Suppl Figure S1B). These
PCR results confirmed the presence of PaCBF4 in all the 11 transgenic lines. The relative
expression levels of PaCBF4 were quantified in Tz homozygous population of these 11 lines
using gPCR. As expected, PaCBF4 transcripts were not detectable in WT but were detected in
all transgenic samples (Figure 3). Line 5 had the highest PaCBF4 transcript abundance, followed
by line 8, line 4 and line 2 (Figure 3). In contrast, line 1, line 6, line 7, and lines 9 to 12 had
relatively low transcript levels, ranging from 2% to 20% of that observed in line 5 (Figure 3).

It is well known that Arabidopsis CBFs can be induced by cold and bind to the promoter
regions of downstream COR genes, including COR15a and KIN1 (Gilmour et al., 2000; Jia et al.,
2016; Seki et al., 2001; Shi et al., 2017; Thomashow, 1999, 2001; Wang and Hua, 2009; Zhao et
al., 2016). To assess the transcriptional activation function of PaCBF4 on COR genes, we
selected lines L2, L4, L5 and L8 that showed relatively high constitutive expression levels of
PaCBF4 (18- to 50-fold higher than that in the lowest L9) and measured the transcript levels of
AtCOR15a and AtKIN1 in these lines. Intriguingly, constitutive overexpression of PaCBF4
resulted in induction of COR15a and KIN1 transcripts in all of these transgenic lines, even in the

absence of exposure to cold temperature, when compared to the WT plants (Figure 4). When

14
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plants were exposed to cold temperature (4°C for 12 h), both COR15 and KIN1 transcripts were
detected in WT, and their levels were elevated in all cold-treated transgenic samples (Figure 4).
These results indicate that PaCBF4 functions as an active member of the guayule CBF gene
family and operates in a manner conserved between guayule and Arabidopsis. The enhanced
transcript levels of AtCOR15a and AtKIN1 under cold temperature were highly likely induced by

both AtCBFs and PaCBF4 in the transgenic lines (Figure 4).

3.4 PaCBF4 increased freezing tolerance in Arabidopsis.

Overexpression of functional CBFs in Arabidopsis or other species leads to the constitutive
expression of downstream COR genes, resulting in constitutive freezing tolerance (Mehrotra et
al., 2020; Shi et al., 2018; Shi et al., 2017; Zhang and Xia, 2023). We observed that PaCBF4
strongly activated the expression of COR genes in Arabidopsis (Figure 4), and drastically
increased its transcript levels in various organs of guayule under freezing temperature (-5°C)
(Figure 2D). These results prompted us to investigate the role of PaCBF4 in freezing tolerance.
We selected lines L2 and L5 to determine whether the transgenic lines were more freezing
tolerant than the WT. As shown in Figure 5, 23-day-old plants were subjected to freezing
treatment at -5°C for 24 h and then returned to normal growth conditions at 24°C. Five days
later, all of the WT plants had died, whereas most of L2 and L5 plants had recovered from the
freezing treatment, with survival rates of 87.5% and 97.9%, respectively (Figure 5C). Although
the mechanism of PaCBF4-mediated freezing tolerance requires further investigation, it is likely
that PaCBF4 induced the expression of a set of genes known as the CBF-regulon (Seki et al.,

2001; Shi et al., 2017; Thomashow, 2001) in guayule. The increase in PaCBF4 transcript levels
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in various guayule organs under freezing temperatures (-5°C) (Figure 2D) suggests that similar

mechanisms may exist in guayule.

3.5 Overexpression of PaCFB4 did not affect vegetative growth but affected silique development

During the initial 30 days of growth under controlled conditions (24°C), the transgenic plants
appeared phenotypically normal, indistinguishable from the WT, and initiated bolting, marking
the transition from vegetative to reproductive growth. (Figure 5A, 5B). However, upon
development of multiple inflorescences around day 45 of growth, it became apparent that lines
L2 and L5 had many undeveloped siliques, even though their inflorescence and branch growth
appeared normal (Figure 6A). These undeveloped siliques were devoid of seeds. Further
examination of the flowers of WT and L2 revealed that the stigmas of WT flowers were almost
completely covered with pollen, whereas many L2 stigmas had little or no pollens (Figure 6B). It
is therefore likely that the undeveloped silique phenotype was caused by insufficient pollination.
Interestingly, L2 and L5 occasionally developed normal siliques and seeds at random, suggesting
that PaCBF4 might affect pollen desiccation in these lines, leading to unopened anthers. The
precise mechanisms of pollination and silique development associated with the PaCBF4
expression in Arabidopsis are currently under investigation. It should be noted that seed

production in guayule is usually desirable, rubber yield in unaffected.

4. Conclusions
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PaCBF4 possesses an AP2 domain and CBF signature sequences, which are widely conserved
features among known CBF family members. The high expression level of PaCBF4 in guayule
stems indicate its important role in cold and freezing tolerance and association with NR synthesis
and accumulation. We demonstrated that PaCBF4 is a functional member of CBF/DREB1 family
by expressing it in Arabidopsis. The results support that PaCBF4 is a promising candidate for
overexpression in guayule, potentially boosting NR production without the need for cold stress
induction. To prevent any impact on reproductive development in guayule, as seen in
Arabidopsis, a suitable promoter could be employed to ensure robust expression exclusively in

rubber-producing tissues, such as stem.
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Figure legends

Figure 1. Comparison of 17 CBF/DREBI protein family members from 9 plant species. A, A
phylogenetic analysis constructed using the Maximum Likelihood method with bootstrap score
(100 replicates) shown next to the branches. PaCBF4 gene ID is indicated by a rectangle. B,
Alignment of AP2/EFR domains marked with a solid line and flanking CBF signature sequences
marked with dotted lines. PaCBF4 sequences are indicated by rectangles. The species are
Arabidopsis (At), Rubber Tree (Hb: Hevea brasiliensis); Eucalyptus (Eg: Eucalyptus grandis);
Apple (Md: Malus domestica); Cottonwood (Pt: Populus trichocarpa); Sunfower (Ha:
Helianthus annuus); Tea plant (Ca: Camellia sinensis); Dandelion (Tk: Taraxacum kok-saghyz);
Guayule (Pa: Parthenium argentatum). Genbank ID of each sequence was listed in square

brackets.

Figure 2. qPCR analysis of PaCBF4 transcript abundance in various organs of guayule. Bar
charts show PaCBF4 expression level from samples collected under light at 24°C (A), under

dark at 24°C (B), under dark at 4°C (C), and under dark at -5°C (D). Relative expression in each
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organ was compared with stem (set at 100) collected under light at 24°C. Numbers in
parentheses indicate relative expression levels. Data are representative of three independent

experiments. Error bars represent + SD of three technical replicates.

Figure 3. qPCR analysis of PaCBF4 transcript abundance in Arabidopsis. WT, wild type. ND,
not detected. Relative expression of each T3 line was compared to transgenic line 2 (L2) set at
100. Data are representative of three independent experiments. Error bars represent + SD of three

technical replicates.

Figure 4. qPCR analysis of COR gene expression in Arabidopsis. Bar charts show COR15a (A)
and KINI (B) expression levels from samples collected under 24°C (open bar) and 4°C (solid
bar). WT, wild type. Numbers in parentheses indicate relative expression levels. Relative
expression of each T4 line was compared to the transgenic L2 sample (set at 100). Data are
representative of three independent experiments. Error bars represent = SD of three technical

replicates.

Figure 5. Freezing tolerance of wild-type and transgenic L2 and L5 plants. (A) Photos of 23-day-
old plants growing under normal 24°C before freezing treatment. (B) Photos of plants exposed to
-5°C for 24 h and then returned to 24°C for 5 recovery days. (C) Survival rate, scored as the
percentage of plants showing healthy leaves after 5 days recovery from the freezing treatment
(solid bar). Non-freezing controls were grown under 24°C (open bar). Number in parenthesis
indicate survival rate of 0% for the WT. Data are mean + SD of three independent experiments.

Each treatment had 64 individuals.
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Figure 6. Inflorescence of wild-type and transgenic L2 plants showing reduced size of siliques
and unpollinated flowers. 45-day-old plants were grown under normal 24°C continuous light
conditions. Examples of reduced siliques are indicated by red circles (A). Unpollinated flowers

are displayed in L2 (B).

Supplementary figure legend

Figure S1. Schematic presentation of the T-DNA construct in pND_PaCBF4 plasmid (A) and
genomic DNA PCR identification of PaCBF4 (B). Black solid arrows indicate the primers
locations for amplifying a PCR product (892 bp). The Arabidopsis Actin2 gene was used as an

internal control with a PCR product (371 bp).

References

Abdel-Haleem, H., Foster, M., Ray, D., Coffelt, T., 2018. Phenotypic variations, heritability
and correlations in dry biomass, rubber and resin production among guayule improved
germplasm lines. Industrial Crops and Products 112, 691-697.
https://doi.org/10.1016/j.indcrop.2017.12.072

Agarwal, P.K., Gupta, K., Lopato, S., Agarwal, P., 2017. Dehydration responsive element
binding transcription factors and their applications for the engineering of stress tolerance.
Journal of Experimental Botany 68, 2135-2148. https://doi.org/10.1093/jxb/erx118.

Allen, S.G., Nakayama, F.S., Dierig, D.A., Rasnick, B.A., 1987. Plant water relations,

photosynthesis, and rubber content of young guayule plants during water stress.

20



458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

Agronomy Journal 79, 1030-1035.
https://doi.org/10.2134/agronj1987.00021962007900060016x.

Amerik, A.Y., Martirosyan, Y.T., Martirosyan, L.Y., Goldberg, V.M., Uteulin, K.R.,
Varfolomeev, S.D., 2021. Molecular genetic analysis of natural rubber biosynthesis.
Russian Journal of Plant Physiology 68, 31-45.
https://doi.org/10.1134/S1021443721010039.

Artus, N.N., Uemura, M., Steponkus, P.L., Gilmour, S.J., Lin, C., Thomashow, M.F., 1996.
Constitutive expression of the cold-regulated Arabidopsis thaliana COR15a gene affects
both chloroplast and protoplast freezin tolerance. Proceedings of the National Academy
of Sciences 93, 13404-13409. https://doi.org/ 10.1073/pnas.93.23.13404.

Benedict, C.R., Greer, P.J., Foster, M.A., 2008. The physiological and biochemical responses
of guayule to the low temperature of the Chihuahuan Desert in the biosynthesis of rubber.
Industrial Crops and Products 27, 225-235.
https://doi.org/10.1016/j.indcrop.2007.09.003.

Bonner, J., 1943. Effects of temperature on rubber accumulation by the guayule plant.
Botanical Gazette 105, 233-243. https://doi.org/10.1086/335212.

Bucks, D.A., Nakayama, F.S., French, O.F., Legard, W.W., Alexander, W.L., 1985. Irrigated
guayule — Production and water use relationships. Agricultural Water Management 10,
95-102. https://doi.org/10.1016/0378-3774(85)90037-X.

Canella, D., Gilmour, S.J., Kuhn, L.A., Thomashow, M.F., 2010. DNA binding by the
Arabidopsis CBF1 transcription factor requires the PKKP/RAGRXKFXETRHP signature
sequence. Biochim Biophys Acta 1799, 454-462. https://doi.org

/10.1016/j.bbagrm.2009.11.017.

21



481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

Chen, G.Q., He, X., McKeon, T.A., 2005. A simple and sensitive assay for distinguishing the
expression of ricin and Ricinus communis agglutinin genes in developing castor seed (R.
communis L.). J Agric Food Chem 53, 2358-2361. https://doi.org /10.1021/jf040405t

Chen, G.Q., Ponciano, G., Dong, C., Dong, N., Johnson, K., Bolton, T., Williams, T., Wood,
D.F., Placido, D.F., McMahan, C., Dyer, J.M., 2023. Overexpressing an Arabidopsis
SEIPIN1 reduces rubber particle size in guayule. Industrial Crops and Products 195,
116410. https://doi.org/10.1016/j.indcrop.2023.116410.

Cheng, L.B., Yang, J.J., Yin, L., Hui, L.C., Qian, H.M., Li, S.Y., Li, L.J., 2017. Transcription
factor NnDREBL1 from lotus improved drought tolerance in transgenic Arabidopsis
thaliana. Biologia Plantarum 61, 651-658. https://doi.org/10.1007/s10535-017-0718-7.

Cherian, S., Ryu, S.B., Cornish, K., 2019. Natural rubber biosynthesis in plants, the rubber
transferase complex, and metabolic engineering progress and prospects. Plant
Biotechnology Journal 17, 2041-2061. https://doi.org/10.1111/pbi.13181.

Clough, S.J., Bent, A.F., 1998. Floral dip: a simplified method for Agrobacterium-mediated
transformation of Arabidopsis thaliana. Plant J 16, 735-743.
https://doi.org/10.1046/j.1365-313x.1998.00343.x.

Cornish, K., 2017. Alternative natural rubber crops: why should we care? Technology &
Innovation 18, 244-255. https://doi.org/10.21300/18.4.2017.245.

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

Cruz, V.M.V, Dierig, D.A., Lynch, A., Hunnicutt, K., Sullivan, T.R., Wang, G., Zhu, J., 2022,

Assessment of phenotypic diversity in the USDA, National Plant Germplasm System

22



504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

(NPGS) guayule germplasm collection. Industrial Crops and Products 175, 114303.
https://doi.org/10.1016/j.indcrop.2021.114303

Dierig, D.A., Ray, D.T., Thompson, A.E., 1989. Variation of agronomic characters among and
between guayule lines. Euphytica 44, 265-271. https://doi.org/10.1007/BF00037534.

Dong, C., Ponciano, G., Huo, N., Gu, Y., llut, D., McMahan, C., 2021. RNASeq analysis of
drought-stressed guayule reveals the role of gene transcription for modulating rubber,
resin, and carbohydrate synthesis. Scientific Reports 11, 21610.
https://doi.org/10.1038/s41598-021-01026-7.

Dong, N., Ponciano, G., McMahan, C.M., Coffelt, T.A., Johnson, L., Creelman, R., Whalen,
M.C., Cornish, K., 2013. Overexpression of 3-hydroxy-3-methylglutaryl coenzyme A
reductase in Parthenium argentatum (guayule). Industrial Crops and Products 46, 15-24.
https://doi.org/10.1016/j.indcrop.2012.12.044

Downes, R., Tonnet, M.L., 1985. Effect of environmental conditions on growth and rubber
production of guayule (Parthenium argentatum). Crop & Pasture Science 36, 285-294.
https://doi.org/10.1071/AR9850285.

Eddy, S.R., 2011. Accelerated Profile HMM Searches. PLoS Comput Biol 7, €1002195.

Felsenstein, J., 1985. Confidence limits on phylogenies: an approach using the bootstrap.
Evolution 39, 783-791. https://doi.org/10.2307/2408678.

Foster, M.A., Coffelt, T.A., 2005. Guayule agronomics: establishment, irrigated production,
and weed control. Industrial Crops and Products 22, 27-40.

https://doi.org/10.1016/j.indcrop.2004.06.006.

23



525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

Fowler, S.G., Cook, D., Thomashow, M.F., 2005. Low temperature induction of Arabidopsis
CBF1, 2, and 3 is gated by the circadian clock. Plant Physiol 137, 961-968.
https://doi.org/10.1104/pp.104.058354.

Gilmour, S.J., Sebolt, A.M., Salazar, M.P., Everard, J.D., Thomashow, M.F., 2000.
Overexpression of the Arabidopsis CBF3 Transcriptional activator mimics multiple
biochemical changes associated with cold acclimation. Plant Physiology 124, 1854-1865.
https://doi.org/10.1104/pp.124.4.1854

Gilmour, S.J., Zarka, D.G., Stockinger, E.J., Salazar, M.P., Houghton, J.M., Thomashow, M.F.,
1998. Low temperature regulation of the Arabidopsis CBF family of AP2 transcriptional
activators as an early step in cold-induced COR gene expression. Plant J 16, 433-442.
https://doi.org/10.1093/oxfordjournals.aob.a087527.

Guyot, J., Le Guen, V., 2018. A review of a century of studies on south american leaf blight of
the rubber tree. plant disease 102, 1052-1065. https://doi.org/10.1094/pdis-04-17-0592-
fe.

Haake, V., Cook, D., Riechmann, J.L., Pineda, O., Thomashow, M.F., Zhang, J.Z., 2002.
Transcription factor CBF4 is a regulator of drought adaptation in Arabidopsis. Plant
Physiology 130, 639-648. https://doi.org/10.1104/pp.006478

Hunsaker, D.J., Elshikha, D.M., Bronson, K.F., 2019. High guayule rubber production with
subsurface drip irrigation in the US desert Southwest. Agricultural Water Management
220, 1-12. https://doi.org/10.1016/j.agwat.2019.04.016

Hwarari, D., Guan, Y., Ahmad, B., Movahedi, A., Min, T., Hao, Z., Lu, Y., Chen, J,, Yang, L.,

2022. ICE-CBF-COR signaling cascade and its regulation in plants responding to cold

24



547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

stress. International Journal of Molecular Sciences 23, 1549.
https://doi.org/10.3390/ijms23031549.

llut, D.C., Sanchez, P.L., Coffelt, T.A., Dyer, J.M., Jenks, M.A., Gore, M.A., 2017. A century
of guayule: comprehensive genetic characterization of the US national guayule
(Parthenium argentatum A. Gray) germplasm collection. Industrial Crops and Products
109, 300-309. https://doi.org/10.1016/j.indcrop.2017.08.029.

Jaglo-Ottosen, K.R., Gilmour, S.J., Zarka, D.G., Schabenberger, O., Thomashow, M.F., 1998.
Arabidopsis CBF1 overexpression induces COR genes and enhances freezing tolerance.
Science 280, 104-106.

Jia, Y., Ding, Y., Shi, Y., Zhang, X., Gong, Z., Yang, S., 2016. The cbfs triple mutants reveal
the essential functions of CBFs in cold acclimation and allow the definition of CBF
regulons in Arabidopsis. New Phytol 212, 345-353.
https://doi.org/10.1126/science.280.5360.104

Jones, D.T., Taylor, W.R., Thornton, J.M., 1992. The rapid generation of mutation data
matrices from protein sequences. Comput Appl Biosci 8, 275-282.
https://doi.org/10.1093/bioinformatics/8.3.275

Kim, H.U., Chen, G.Q., 2015. Identification of hydroxy fatty acid and triacylglycerol
metabolism-related genes in lesquerella through seed transcriptome analysis. BMC
Genomics 16, 230. https://doi.org/10.1186/s12864-015-1413-8.

Kuluev, B., Uteulin, K., Bari, G., Baimukhametova, E., Musin, K., Chemeris, A., 2023.
Molecular genetic research and genetic engineering of Taraxacum kok-saghyz L.E.

Rodin. Plants 12, 1621. https://doi.org/10.3390/plants12081621.

25



569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

5901

Kumar, S., Stecher, G., Li, M., Knyaz, C., Tamura, K., 2018. MEGA X: Molecular
evolutionary genetics analysis across computing platforms. Mol Biol Evol 35, 1547-
1549. doi: 10.1093/molbev/msy096

Kurkela, S., Franck, M., 1990. Cloning and characterization of a cold-and ABA-inducible
Arabidopsis gene. Plant Molecular Biology 15, 137-144.
https://doi.org/10.1007/BF00017731

Kwon, M., Hodgins, C.L., Salama, E.M., Dias, K.R., Parikh, A., Mackey, A.V., Catenza, K.F.,
Vederas, J.C., Ro, D.-K., 2023. New insights into natural rubber biosynthesis from
rubber-deficient lettuce mutants expressing goldenrod or guayule cis-prenyltransferase.
New Phytologist 239, 1098-1111. https://doi.org/10.1111/nph.18994.

Li, M., Li, Y., Li, H., Wu, G., 2011. Improvement of paper mulberry tolerance to abiotic
stresses by ectopic expression of tall fescue FaDREBL. Tree Physiology 32, 104-113.
https://doi.org/10.1093/treephys/tpr124.

Li, X., Liu, C., Zhao, Z., Ma, D., Zhang, J., Yang, Y., Liu, Y., Liu, H., 2020. COR27 and
COR28 are novel regulators of the copl-hy5 regulatory hub and photomorphogenesis in
Arabidopsis. Plant Cell 32, 3139-3154. https://doi.org/10.1105/tpc.20.00195.

Lin, C., Thomashow, M.F., 1992. DNA sequence analysis of a complementary DNA for cold-
regulated Arabidopsis gene COR15 and characterization of the COR15 polypeptide. Plant
Physiol 99, 519-525. https://doi.org/10.1104/pp.99.2.5109.

Liu, J., Magwanga, R.O., Xu, Y., Wei, T., Kirungu, J.N., Zheng, J., Hou, Y., Wang, Y., Agong,
S.G., Okuto, E., Wang, K., Zhou, Z., Cai, X., Liu, F., 2021. Functional characterization
of cotton C-repeat binding factor genes reveal their potential role in cold stress tolerance.

Frontiers in Plant Science 12. https://doi.org/10.3389/fpls.2021.766130

26



592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

Liu, Y., Dang, P., Liu, L., He, C., 2019. Cold acclimation by the CBF—COR pathway in a
changing climate: lessons from Arabidopsis thaliana. Plant Cell Reports 38, 511-519.
https://doi.org/10.1007/s00299-019-02376-3

Medina, J., Catald, R., Salinas, J., 2011. The CBFs: three Arabidopsis transcription factors to
cold acclimate. Plant Sci 180, 3-11. https://doi.org/10.1016/j.plantsci.2010.06.019.

Mehrotra, S., Verma, S., Kumar, S., Kumari, S., Mishra, B.N., 2020. Transcriptional regulation
and signalling of cold stress response in plants: An overview of current understanding.
Environmental and Experimental Botany 180, 104243.
https://doi.org/10.1016/j.envexpbot.2020.104243.

Men, X., Wang, F., Chen, G.-Q., Zhang, H.-B., Xian, M., 2018. Biosynthesis of natural rubber:
current state and perspectives. International journal of molecular sciences 20, 50.
https://doi.org/10.3390/ijms20010050

Meng, L.S., Wang, Z.B., Yao, S.Q., Liu, A., 2015. The ARF2-ANT-COR15A gene cascade
regulates ABA-signaling-mediated resistance of large seeds to drought in Arabidopsis. J
Cell Sci 128, 3922-3932. https://doi.org/10.1242/jcs.171207

Meng, X., Liang, Z., Dai, X., Zhang, Y., Mahboub, S., Ngu, D.W., Roston, R.L., Schnable,
J.C., 2021. Predicting transcriptional responses to cold stress across plant species.
Proceedings of the National Academy of Sciences 118, e2026330118.
https://doi.org/10.1073/pnas.2026330118

Miyamoto, S., Bucks, D.A., 1985. Water quantity and quality requirements of guayule: current
assessment. Agricultural Water Management 10, 205-219. https://doi.org/10.1016/0378-

3774(85)90012-5,

27



614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

Nakano, T., Suzuki, K., Fujimura, T., Shinshi, H., 2006. Genome-wide analysis of the ERF
gene family in Arabidopsis and rice. Plant Physiology 140, 411-432.
https://doi.org/10.1104/pp.105.073783.

Nelson, A.D.L., Ponciano, G., McMahan, C., llut, D.C., Pugh, N.A., Elshikha, D.E., Hunsaker,
D.J., Pauli, D., 2019. Transcriptomic and evolutionary analysis of the mechanisms by
which P. argentatum, a rubber producing perennial, responds to drought. BMC Plant
Biology 19, 494. https://doi.org/10.1186/s12870-019-2106-2.

Novillo, F., Alonso, J.M., Ecker, J.R., Salinas, J., 2004. CBF2/DREBIC is a negative regulator
of CBF1/DREB1B and CBF3/DREB1A expression and plays a central role in stress
tolerance in Arabidopsis. Proc Natl Acad Sci U S A 101, 3985-3990.
https://doi.org/10.1073/pnas.0303029101.

Oakenfull, R.J., Baxter, R., Knight, M.R., 2013. A C-repeat binding factor transcriptional
activator (CBF/DREB1) from European bilberry (Vaccinium myrtillus) induces freezing
tolerance when expressed in Arabidopsis thaliana. PLoS One 8, e54119.
https://doi.org/10.1371/journal.pone.0054119

Oh, S.J., Kwon, C.W., Choi, D.W., Song, S.1., Kim, J.K., 2007. Expression of barley HvCBF4
enhances tolerance to abiotic stress in transgenic rice. Plant Biotechnol J 5, 646-656.
https://doi.org/10.1111/j.1467-7652.2007.00272.X.

Okawa, K., Nakayama, K., Kakizaki, T., Yamashita, T., Inaba, T., 2008. Identification and
characterization of Cor413im proteins as novel components of the chloroplast inner
envelope. Plant Cell Environ 31, 1470-1483. https://doi.org/10.1111/].1365-

3040.2008.01854.x

28



636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

657

Pfaffl, M.W., 2001. A new mathematical model for relative quantification in real-time RT-
PCR. Nucleic acids research 29. https://doi.org/10.1093/nar/29.9.e45.

Placido, D.F., Dierig, D.A., Cruz, V.M.V., Ponciano, G., Dong, C., Dong, N., Huynh, T.,
Williams, T., Cahoon, R.E., Wall, G.W., Wood, D.F., McMahan, C., 2020.
Downregulation of an allene oxide synthase gene improves photosynthetic rate and alters
phytohormone homeostasis in field-grown guayule. Industrial Crops and Products 153,
112341. https://doi.org/10.1016/j.indcrop.2020.112341.

Placido, D.F., Dong, N., Dong, C., Cruz, V.M.V., Dierig, D.A., Cahoon, R.E., Kang, B.-g.,
Huynh, T., Whalen, M., Ponciano, G., McMahan, C., 2019. Downregulation of a CYP74
rubber particle protein increases natural rubber production in Parthenium argentatum.
Frontiers in Plant Science 10. https://doi.org/10.3389/fpls.2019.00760.

Placido, D.F., Heinitz, C., McMahan, C.M., Bafiuelos, G.S., 2021. Guayule is an industrial
crop that can be grown for its natural rubber production and phytoremediation capability
in the Western San Joaquin Valley, California. Current Plant Biology 28, 100223.
https://doi.org/10.1016/j.cpb.2021.100223

Polashock, J.J., Arora, R., Peng, Y., Naik, D., Rowland, L.J., 2010. Functional identification of
a C-repeat binding factor transcriptional activator from blueberry associated with cold
acclimation and freezing tolerance. Journal of the American Society for Horticultural
Science J. Amer. Soc. Hort. Sci. 135, 40-48. https://doi.org/10.21273/jashs.135.1.40.

Ponciano, G., Dong, N., Chen, G., McMahan, C., 2018. A bicistronic transgene system for
genetic modification of Parthenium argentatum. Plant Biotechnology Reports 12, 149-

155. https://doi.org/10.1007/s11816-018-0478-7.

29



658

659

660

661

662

663

664

665

666

667

668

669

670

671

672

673

674

675

676

677

678

679

Ponciano, G., McMahan, C.M., Xie, W., Lazo, G.R., Coffelt, T.A., Collins-Silva, J., Nural-
Taban, A., Gollery, M., Shintani, D.K., Whalen, M.C., 2012. Transcriptome and gene
expression analysis in cold-acclimated guayule (Parthenium argentatum) rubber-
producing tissue. Phytochemistry 79, 57-66.
https://doi.org/10.1016/j.phytochem.2012.04.007.

Ramachandra Reddy, A., Chaitanya, K.V., Vivekanandan, M., 2004. Drought-induced
responses of photosynthesis and antioxidant metabolism in higher plants. J Plant Physiol
161, 1189-1202. https://doi.org/10.1016/j.jplph.2004.01.013.

Rasutis, D., Soratana, K., McMahan, C., Landis, A.E., 2015. A sustainability review of
domestic rubber from the guayule plant. Industrial Crops and Products 70, 383-394.
https://doi.org/10.1016/j.indcrop.2015.03.042.

Ray, D.T., Dierig, D.A., Thompson, A.E., Coffelt, T.A., 1999. Registration of six guayule
germplasms with high yielding ability. Crop Science 39(1): 300.
https://doi.org/10.2135/cropsci1999.0011183X003900010073x

Rockhold, D.R., Chang, S., Taylor, N., Allen, P.V., McCue, K.F., and Belknap W. 2008.
Structure of two Solanum bulbocastanum polyubiquitin genes and expression of their
promoters in transgenic potatoes. American journal of potato research v. 85, pp. 219-226.
https://doi.org/10.1007/s12230-008-9015-5.

Rousset, A., Amor, A., Punvichai, T., Perino, S., Palu, S., Dorget, M., Pioch, D., Chemat, F.,
2021. Guayule (Parthenium argentatum A. Gray), a renewable resource for natural
polyisoprene and resin: composition, processes and applications. Molecules 26, 664.

https://doi.org/10.3390/molecules26030664.

30



680

681

682

683

684

685

686

687

688

689

690

691

692

693

694

695

696

697

698

699

700

701

702

Sakuma, Y., Liu, Q., Dubouzet, J.G., Abe, H., Shinozaki, K., Yamaguchi-Shinozaki, K., 2002.
DNA-binding specificity of the erf/ap2 domain of Arabidopsis DREBs, transcription
factors involved in dehydration- and cold-inducible gene expression. Biochemical and
Biophysical Research Communications 290, 998-1009.
https://doi.org/10.1006/bbrc.2001.6299.

Salehi, M., Cornish, K., Bahmankar, M., Naghavi, M.R., 2021. Natural rubber-producing
sources, systems, and perspectives for breeding and biotechnology studies of Taraxacum
kok-saghyz. Industrial Crops and Products 170, 113667.
https://doi.org/10.1016/j.indcrop.2021.113667.

Seki, M., Narusaka, M., Abe, H., Kasuga, M., Yamaguchi-Shinozaki, K., Carninci, P.,
Hayashizaki, Y., Shinozaki, K., 2001. Monitoring the expression pattern of 1300
Arabidopsis genes under drought and cold stresses by using a full-length cDNA
microarray. The Plant Cell 13, 61-72. https://doi.org/10.1105/tpc.13.1.61.

Shi, Y., Ding, Y., Yang, S., 2018. Molecular regulation of CBF signaling in cold acclimation.
Trends Plant Sci 23, 623-637. https://doi.org/10.1105/tpc.13.1.61

Shi, Y., Huang, J., Sun, T., Wang, X., Zhu, C., Ai, Y., Gu, H., 2017. The precise regulation of
different COR genes by individual CBF transcription factors in Arabidopsis thaliana.
Journal of Integrative Plant Biology 59, 118-133. https://doi.org/10.1111/jipb.12515.

Sievers, F., Higgins, D.G., 2018. Clustal Omega for making accurate alignments of many
protein sequences. Protein Sci 27, 135-145. https://doi.org/10.1002/pro.3290.

Stockinger, E.J., Gilmour, S.J., Thomashow, M.F., 1997. Arabidopsis thaliana CBF1 encodes
an AP2 domain-containing transcriptional activator that binds to the C-repeat/DRE, a cis-

acting DNA regulatory element that stimulates transcription in response to low

31



703

704

705

706

707

708

709

710

711

712

713

714

715

716

717

718

719

720

721

722

723

724

725

temperature and water deficit. Proc Natl Acad Sci U S A 94, 1035-1040.
https://doi.org/10.1073/pnas.94.3.1035.

Stonebloom, S.H., Scheller, H.V., 2019. Transcriptome analysis of rubber biosynthesis in
guayule (Parthenium argentatum gray). BMC Plant Biology 19, 71.
https://doi.org/10.1186/s12870-019-1669-2

Sulas, L., Campesi, G., Canu, S., Carroni, A.M., Dore, A., Piluzza, G., Sassu, M.M., Re, G.A.,
2020. Adaptation, biometric traits and performances of guayule lines grown in two
mediterranean environments. Agriculture 10, 651.
https://doi.org/10.3390/agriculture10120651.

Thomashow, M.F., 1999. Plant cold acclimation: Freezing tolerance genes and regulatory
mechanisms. Annu Rev Plant Physiol Plant Mol Biol 50, 571-599.
https://doi.org/10.1146/annurev.arplant.50.1.571.

Thomashow, M.F., 2001. So what's new in the field of plant cold acclimation? Lots! Plant
Physiol 125, 89-93. https://doi.org/10.1104/pp.125.1.89.

Tillett, R.L., Wheatley, M.D., Tattersall, E.A., Schlauch, K.A., Cramer, G.R., Cushman, J.C.,
2012. The Vitis vinifera C-repeat binding protein 4 (VvCBF4) transcriptional factor
enhances freezing tolerance in wine grape. Plant Biotechnol J 10, 105-124.
https://doi.org/10.1111/j.1467-7652.2011.00648.x

van Beilen, J.B., Poirier, Y., 2007. Guayule and Russian dandelion as alternative sources of
natural rubber. Critical Reviews in Biotechnology 27, 217-231.
https://doi.org/10.1080/07388550701775927.

Vaysse, L., Bonfils, F., Sainte-Beuve, J., Cartault, M., 2012. 10.17 - Natural rubber, in:

Matyjaszewski, K., Mdller, M. (Eds.), Polymer Science: A Comprehensive reference.

32



726

727

728

729

730

731

732

733

734

735

736

737

738

739

740

741

742

743

744

745

746

Elsevier, Amsterdam, pp. 281-293. https://doi.org/10.1016/B978-0-444-53349-4.00267-
3.

Veatch-Blohm, M.E., Ray, D.T., Gehrels, A., 2007. Night temperature, rubber production, and
carbon exchange in guayule. Industrial Crops and Products 25, 34-43.
https://doi.org/10.1016/j.indcrop.2006.06.019.

Veatch, M.E., Ray, D.T., Mau, C.J.D., Cornish, K., 2005. Growth, rubber, and resin evaluation
of two-year-old transgenic guayule. Industrial Crops and Products 22, 65-74.
https://doi.org/10.1016/j.indcrop.2004.06.007.

Walworth, A.E., Rowland, L.J., Polashock, J.J., Hancock, J.F., Song, G.-q., 2012,
Overexpression of a blueberry-derived CBF gene enhances cold tolerance in a southern
highbush blueberry cultivar. Molecular Breeding 30, 1313-1323.
https://doi.org/10.1007/s11032-012-9718-7.

Wang, H., Georges, F., Pelcher, L.E., Saleem, M., Cutler, A.J., 1994. A 5.3-kilobase genomic
fragment from Arabidopsis thaliana containing kinl and cor6.6. Plant Physiol 104, 291-
292. doi: https://doi.org/10.1104/pp.104.1.291.

Wang, H., Liu, R., Wang, J., Wang, P., Shen, Y., Liu, G., 2014. The Arabidopsis kinesin gene
AtKin-1 plays a role in the nuclear division process during megagametogenesis. Plant
Cell Rep 33, 819-828. https://doi.org/10.1007/s00299-014-1594-7.

Wang, W., Vinocur, B., Altman, A., 2003. Plant responses to drought, salinity and extreme
temperatures: towards genetic engineering for stress tolerance. Planta 218, 1-14.

https://doi.org/10.1007/s00425-003-1105-5.

33



747

748

749

750

751

752

753

754

755

756

757

758

759

760

761

762

763

764

765

766

767

768

Wang, Y., Hua, J., 2009. A moderate decrease in temperature induces COR15a expression
through the CBF signaling cascade and enhances freezing tolerance. Plant J 60, 340-349.
https://doi.org/10.1111/j.1365-313X.2009.03959.x

Welling, A., Palva, E.T., 2008. Involvement of CBF transcription factors in winter hardiness in
birch. Plant Physiol 147, 1199-1211. https://doi.org/10.1104/pp.108.117812

Xie, Z., Nolan, T.M., Jiang, H., Yin, Y., 2019. AP2/ERF Transcription factor regulatory
networks in hormone and abiotic stress responses in Arabidopsis. Frontiers in Plant
Science 10, 1-17. https://doi.org/10.3389/fpls.2019.00228.

Xu, Z.-S., Chen, M., Li, L.-C., Ma, Y.-Z., 2011. Functions and application of the AP2/ERF
transcription factor family in crop improvement. Journal of Integrative Plant Biology 53,
570-585. https://doi.org/10.1111/j.1744-7909.2011.01062.x.

Yamashita, S., Takahashi, S., 2020. Molecular mechanisms of natural rubber biosynthesis.
annual review of biochemistry 89, 821-851. https://doi.org/10.1146/annurev-biochem-
013118-111107.

Zhang, Y., Xia, P., 2023. The DREB transcription factor, a biomacromolecule, responds to
abiotic stress by regulating the expression of stress-related genes. International Journal of
Biological Macromolecules 243, 125231.
https://doi.org/10.1016/j.ijbiomac.2023.125231.

Zhao, C., Zhang, Z., Xie, S., Si, T., Li, Y., Zhu, J.-K., 2016. Mutational evidence for the
critical role of CBF transcription factors in cold acclimation in Arabidopsis. Plant

Physiology 171, 2744-2759. doi: 10.1104/pp.16.00533

34



Figure 1

Click here to access/download;Figure;Figures 1.pptx %

38 — AtCBF2 NP_567719.1

98 |l AtCBF3 NP 567720 1
AtCBF1 NP_567721.1
AtCBF4 NP_200012.1

HbDREB1A XP_021691379.1

TkCBF1 GWHTAAAAD22478

TKCBF6 GWHTAAAAD34733
—|PaCBF4 GFTW010344491 |

99 — HaDREB1D XP_021984743 1
MdCBF/DREB4 AGLO7696.1

PtCBF4 ABPG64695.1

CaDREB AHLE9786.1
HbDREB1F-like XP_021658826.1

HaDREB1F XP_022008098.1

100
95
62
92|
63
55
64
100
65
79

0.50

HbDREB1F-like [XP_021658826.1]
HbDREB1A [XP_21691379.1]
AtCBF3 [NP_567720.1]

AtCBF4 [NP_200012.1]

PtCBF4 [ABP64695.1]
MdCBF/DREB4 [AGL07696.1]
CaDREB [AHL69786.1]

HaDREB1D [XP_021984743.1]

CBF signature
sequence |

| PaCBF4 [GFTW01034449.1]

TKCBF1 [GWHTAAAA022478]
AtCBF1 [NP_567721.1]
AtCBF2 [NP_567719.1]
EgDREB1F [XP_010038979.1]
HaDREB1F [XP_022008098.1]

HbDREB1B-like [XP_021655860.1]
TkCBF6 [GWHTAAAA034733]
HbDREB1F-like [XP_021655864.1]

EgDREB1F XP_010038979 1

HbDREB1B-like XP_021655860.1
100 — HbDREB1F-like XP_021655864.1

AP2/ERF domain

A X

<< r=E=E<< <<

OO0 O0OO0OO0O0O0O0
omOo MmO mmMmMmMmimimmmMmMImMmIMmMmMmMmmm:

<< — << << <<

DAPLPXIANVDAXIXIZTRZAODAOD
<< <<<< <<
VOMWLWOO WO
rrr<—r<gc<

CBF signature
sequence Il
HbDREB1F-like [XP_021658826.1] SR H V PDSASIL
HbDREB1A [XP_21691379.1] SRI HDV ADSSWRL
AtCBF3 [NP_567720.1] TRI HDV ADS AWRL
AtCBF4 [NP_200012.1] SRI HDV ADS AWRL
PtCBF4 [ABP64695.1] SR HDV ADS AWRL
MdCBF/DREB4 [AGL07696.1] SRI HDV ADS AWRL
CaDREB [AHL69786.1] SR HDV ADS VWKL
HaDREB1D [XP_021984743.1] SR HDV ADSVWRL
| PaCBF4 [GFTW01034449.1] SR H ADSVWRL
TKCBF1 [GWHTAAAA022478] TR HDV ADSVWRL
AtCBF1 [NP_567721.1] TRI HDV ADS AWRL
AtCBF2 [NP_567719.1] TRI HDV ADS AWRL
EgDREB1F [XP_010038979.1] TRL YDV PE-----
HaDREB1F [XP_022008098.1] HRI YBA SDSARFI
HbDREB1B-like [XP_021655860.1] SR YBV PESAHLL
TKCBF6 [GWHTAAAA034733] LRV HDV ADSVWRL
HbDREB1F-like [XP_021655864.1] SR YBV PESAHLL



https://www2.cloud.editorialmanager.com/indcro/download.aspx?id=1970053&guid=96c02fea-34d0-4034-8b55-546f04fce055&scheme=1
https://www2.cloud.editorialmanager.com/indcro/download.aspx?id=1970053&guid=96c02fea-34d0-4034-8b55-546f04fce055&scheme=1

Figure 1. Comparison of 17 CBF/DREB1 protein family members from 9 plant species. A, A phylogenetic analysis
constructed using the Maximum Likelihood method with bootstrap score (100 replicates) shown next to the
branches. PaCBF4 gene ID is indicated by a rectangle. B, Alignment of AP2/EFR domains marked with a solid line
and flanking CBF signature sequences marked with dotted lines. PaCBF4 sequences are indicated by rectangles.
The species are Arabidopsis (At), Rubber Tree (Hb: Hevea brasiliensis); Eucalyptus (Eg: Eucalyptus grandis); Apple
(Md: Malus domestica); Cottonwood (Pt: Populus trichocarpa); Sunfower (Ha: Helianthus annuus); Tea plant (Ca:
Camellia sinensis); Dandelion (Tk: Taraxacum kok-saghyz); Guayule (Pa: Parthenium argentatum). Genbank ID of
each sequence was listed in square brackets.
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Figure 2. qPCR analysis of PaCBF4 transcript abundance in various organs of guayule. Bar
charts show PaCBF4 expression level from samples collected under light at 24°C (A), under
dark at 24°C (B), under dark at 4°C (C), and under dark at -5°C (D). Relative expression in
each organ was compared with stem (set at 100) collected under light at 24°C. Numbers in
parentheses indicate relative expression levels. Data are representative of three
independent experiments. Error bars represent + SD of three technical replicates.
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Figure 3. qPCR analysis of PaCBF4 transcript abundance in Arabidopsis. WT, wild-type. ND, not
detected. Relative expression of each T; line was compared to transgenic line 2 (L2) set at
100. Data are representative of three independent experiments. Error bars represent = SD of
three technical replicates.
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compared to transgenic L2 sample (set at 100). Data are representative of three independent
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Figure 5. Freezing tolerance of wild-type and transgenic L2 and L5 plants. (A) Photos of 23-day-old plants
growing under normal 24°C before freezing treatment. (B) Photos of plants exposed to -5°C for 24 h and
then returned to 24°C for 5 recovery days. (C) Survival rate, scored as the percentage of plants showing
healthy leaves after 5 days recovery from the freezing treatment (solid bar). Non-freezing controls were
grown under 24°C (open bar). Number in parenthesis indicate survival rate of 0% for the WT. Data are
mean + SD of three independent experiments. Each treatment had 64 individuals.
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Figure 6. Inflorescence of wild-type and transgenic L2 plants showing reduced size of
siliques and unpollinated flowers. 45-day-old plants were grown under normal 24°C
continuous light conditions. Examples of reduced siliques are indicated by red circles
(A). Unpollinated flowers are displayed in L2 (B).
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Figure S1. Schematic presentation of the T-DNA construct in pND_PaCBF4 plasmid (A)
and genomic DNA PCR identification of PaCBF4 (B). Black solid arrows indicate the
primers’ locations for amplifying a PCR product (892 bp). Arabidopsis actin2 gene was
used as an internal control with a PCR product (371 bp).
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Table S1. Primer information for gPCR

Gene and primer name Genbank ID
PaEFla-F KU176069.1
PaEFla-R

PaCBF4-F GFTW01034449.1
PaCBF4-R

AtACT2-F NM_112764.4
AtACT2-R

AtCOR15-F AY057640.1
AtCOR15-R

AtKIN1-F NM_121601.3
AtKIN1-R

Click here to access/download;Table (Editable version);Table
S1.xIsx

primer pairs (5' to 3')
CACAGCAAACCGACCAAGTG
CGACAGACGATCCGGTAAGG
TGCAGCACCGGGAAACTAAT
CCCAGCCACACTCTCGATTT
GGTAACATTGTGCTCAGTGGTGG
AACGACCTTAATCTTCATGCTGC
GTCGTCGTTTCTCAACGCAAGA
GCTTTCTCAGCTTCTTTACCCA
ATGCCTTCCAAGCCGGTCAGAC
CCGGTCTTGTCCTTCACGAAGT
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amplican length (bp)
142
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170

Eff%
91.06
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AtCBF2 [N AtCBF3 [N AtCBF1 [N AtCBF4 [N PaCBF4 [C TKCBF1 [C

AtCBF2 [NP_567719.1] 87.16 87.10 65.78 52.75 52.75
AtCBF3 [NP_567720.1] 12.89 86.24 65.33 55.30 55.76
AtCBF1 [NP_567721.1] 13.02 12.55 65.78 54.63 54.84
AtCBF4 [NP_200012.1] 36.88 37.55 36.62 55.00 54.22
PaCBF4 [GFTW01034449.1] 57.87 54.84 53.83 52.96 65.70
TKCBF1 [GWHTAAAA022478] 61.62 56.71 56.98 59.87 41.79

TKCBF6 [GWHTAAAA034733] 65.43 66.88 63.93 62.68 49.61 54.10
PtCBF4 [ABP64695.1] 58.45 58.02 55.55 55.55 51.27 50.71
MdJCBF/DREB4 [AGL07696.1] 59.91 58.22 57.75 62.29 57.81 54.78
CaDREB [AHL69786.1] 70.24 67.48 66.99 69.31 60.94 59.91
EgDREBI1F [XP_10038979.1] 90.85 92.15 89.26 95.04 86.22 76.85
HbDREB1A [XP_21691379.1] 50.62 46.81 47.38 48.03 49.61 49.03
HbDREB1B-like [XP_21655860.1] 86.75 84.40 80.59 83.24 80.44 73.09
HbDREB1F-like [XP_21655864.1] 92.89 90.39 86.44 89.16 86.50 78.74
HbDREB1F-like [XP_21658826.1] 86.75 80.97 81.73 84.73 75.91 69.31
HaDREBI1F [XP_22008098.1] 96.14 92.37 86.07 91.87 82.00 78.34
HaDREBI1D [XP_21984743.1] 44.75 39.61 39.92 38.34 9.10 27.74

Upper: Percent Identity
Lower: Evolutionary Divergence


https://www2.cloud.editorialmanager.com/indcro/download.aspx?id=1970061&guid=c5bc5d68-d6cc-45cf-b626-eaceb768a2a5&scheme=1
https://www2.cloud.editorialmanager.com/indcro/download.aspx?id=1970061&guid=c5bc5d68-d6cc-45cf-b626-eaceb768a2a5&scheme=1
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48.86
47.49
47.91
46.46
59.42
56.76

62.38
62.92
78.85
96.44
64.28
82.15
87.02
82.97
94.95
35.40

53.23
54.23
54.23
54.37
57.81
59.69
51.83

43.48
45.95
81.39
47.22
73.35
79.41
64.30
74.47
47.76

48.96
49.79
51.05
48.98
48.74
51.41
47.20
58.11

62.42
95.75
54.03
81.22
86.87
71.78
87.08
39.93

48.72
50.00
49.13
50.00
51.29
51.82
44.00
54.84
51.37

101.94
60.84
89.44
93.12
83.44
89.28
44.67

39.07
38.60
41.04
42.15
39.51
42.08
37.31
40.84
36.60
37.12

89.03
51.79
56.36
64.66
73.05
67.24

57.80
58.99
60.93
59.91
58.80
59.23
48.50
61.81
54.76
54.76
41.59

80.47
86.25
77.15
81.34
33.90

43.06
44.23
44.50
43.72
43.48
44.93
41.06
46.77
44.16
42.67
51.87
45.89

4.47
57.21
62.19
59.84

41.51
41.83
41.63
41.86
41.63
42.51
38.65
44.28
41.56
40.44
49.53
43.00
95.63

60.78
65.92
64.78

39.22
40.95
41.08
39.22
40.43
41.18
37.77
42.54
45.38
42.45
45.45
44.02
50.21
48.09

67.37
56.80

38.07
40.55
42.33
42.15
44.44
46.08
37.27
44.00
40.59
39.06
45.54
44.44
52.15
50.24
48.51

64.84



HaDREB1D [XP_21984743.1]
54.50
57.14
56.08
55.21
80.77
70.79
63.84
56.59
50.70
50.49
44.32
62.23
44.74
43.16
40.09
43.16



Table. Estimates of Evolutionary Qn_/e_r_gence between Sequences

e — et = —a— s e rr i e i

using the Poisson correction model [1]. This analysis involved 18 amino acid sequences All ambiguous positions
were removed for each sequence pair (pairwise deletion option). There were a total of 305 positions in the final
dataset. Evolutionary analyses were conducted in MEGA X [2]
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immediately (www.megasoftware.net). In no event shall the authors and their employers be liable for any damages, including but not limited to
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determination of suitability of this caption text for a specific purpose, use, or application.
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