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Abstract 12 

Key Message  PbMYB1L enhances the cold tolerance and anthocyanin accumulation 13 

of transgenic Arabidopsis by regulating the expression of genes related to the 14 

cold-responsive genes pathway and anthocyanin synthesis pathway. 15 

Abstract MYB transcription factors (TFs) have been demonstrated to play diverse 16 

roles in plant growth and development. In the present study, we identified a novel 17 

R2R3-MYB transcription factor, PbMYB1L, from the peel of 'Red Zaosu' pear (Pyrus 18 

bretschneideri), which was induced by cold stress and acted as a positive regulator in 19 

anthocyanin biosynthesis. Notably, the transgenic Arabidopsis lines exhibited 20 

enhanced tolerance to cold stress. Compared to the Arabidopsis wild-type plants, the 21 

transgenic lines displayed increased chlorophyll levels, longer primary roots, and 22 

reduced reactive oxygen species (ROS) levels including O2-, hydrogen peroxide 23 

(H2O2), and malondialdehyde (MDA). Furthermore, significant upregulation of key 24 

cold-responsive genes AtCBF1, AtCBF2, AtCBF3, AtCBF4, and AtKIN1 was observed 25 

in the transgenic plants under cold stress conditions compared to wild type. 26 

Arabidopsis plants overexpressing PbMYB1L had significant anthocyanin 27 

accumulation in leaves after cold treatment with quantitative results indicating higher 28 

expression of anthocyanin structural genes compared to wild type. These finding 29 

suggests that PbMYB1L not only plays a vital role in conferring cold tolerance but 30 

also acts as a crucial regulator of anthocyanin biosynthesis. 31 

Keywords: Pear; PbMYB1L; Cold tolerance; Anthocyanin accumulation 32 
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Introduction 34 

As the most extensive family of transcription factors (TFs), MYB TFs play a 35 

crucial role in regulating plant growth and development processes as well as 36 

mediating plant responses to biotic and abiotic stresses (Zhang et al. 2014). MYB TFs 37 

are composed of 1-4 MYB repeats, which play crucial roles in transcriptional 38 

regulation and interacting with other proteins. Based on the number of conserved 39 

MYB domains present in the N-terminus, the MYB TFs can be divided into 1R-MYB, 40 

R2R3-MYB, R1R2R3-MYB, and 4R-MYB (Dubos et al. 2010). The R2R3-MYB TFs 41 

is the most predominant among them, and certain members participate in regulating 42 

secondary metabolism, plant development, and abiotic stress (Stracke et al. 2001). 43 

Numerous studies have shown that R2R3-MYB is involved in environmental stress 44 

response of higher plants. MYB transcription factors are important regulators of plant 45 

tolerance to cold stress in many species. MYB15 in Arabidopsis can reduce its plant 46 

freezing tolerance (Agarwal et al. 2006). In Apple, MdMYB23, MdMYB73, MdMYB88 47 

and MdMYB124 improves calli resistance to cold (An et al. 2018; Zhang et al. 2016; 48 

Xie et al. 2018). Moreover, recent studies have revealed that R2R3-MYB TFs can 49 

regulate the expression of downstream COR (cold-responsive) genes by regulating the 50 

expression of CBFs (C-repeat binding factors), a key transcription factor in cold 51 

reactions, forming a complex regulatory network to further enhance its regulatory 52 

capabilities (Wang et al. 2021). Together, these findings highlight the critical 53 

importance of R2R3-MYB TFs in regulating stress tolerance in plants and underscore 54 

their potential for use in biotechnological applications aimed at improving crop yield 55 

and quality. 56 

Cold stress, a devastating abiotic factor, can induce the generation of reactive 57 

oxygen species (ROS), resulting in oxidative damage (Suzuki and Mittler, 2006; Gill 58 

and Tuteja, 2010) and inhibiting plant growth and crop production (Shi et al. 2018). 59 

To cope with cold stress, plants have developed efficient mechanisms to sense and 60 

respond to low temperatures. In response to cold stress, over 1000 genes are induced, 61 

among which at least 170 encode TFs, including MYB, bZIP, and AP2/ERF families 62 

(Chinnusamy et al. 2007; Jakoby et al. 2002; Jaglo-Ottosen et al. 1998). The CBF TFs 63 

belonging to the AP2/ERF family have been reported to play important roles in 64 

response to cold stress (Stockinger et al. 1997). The modulation of CBF genes in 65 

response to cold stress has been extensively investigated, and MYB TFs have been 66 

demonstrated to promote the transcription of CBF genes and enhance cold tolerance. 67 

In Arabidopsis, AtMYB15 suppresses the expression of CBF genes and thus reduces 68 
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freezing tolerance (Agarwal et al. 2006). In Apple, MdMYB23 improves calli 69 

resistance to cold by directly binding to the promoters of MdCBF1 and MdCBF2, 70 

activating their expression. In apple calli, overexpressed by MdMYB73, the expression 71 

of MdCBF3, MdCBF4 and MdCBF5 increased significantly, indicating that 72 

MdMYB73 improved cold tolerance through the CBF cold reaction pathway, while 73 

MdMYB88 and MdMYB124 targeted MdCSP3 and MdCCA1 genes, respectively, 74 

positively regulating the expression of cold tolerance and cold response genes of 75 

apples (An et al. 2018; Zhang et al. 2016; Xie et al. 2018). 76 

Anthocyanins, in their glycosylated form, are abundant natural water-soluble 77 

plant pigments that are synthesized as part of the phenylpropanoid pathway in plants. 78 

The content and composition of anthocyanins vary among different plant organs, 79 

resulting in a diverse array of colors exhibited by flowers, leaves, and fruits. 80 

Anthocyanins are synthesized through the phenylpropanoid metabolic pathways and 81 

primarily regulated by structural and regulatory genes. The anthocyanin biosynthesis 82 

structural genes, encoding enzymes involved in the anthocyanin biosynthesis pathway, 83 

include chalcone synthase (CHS), chalcone isomerase (CHI), flavonone 84 

3-hydroxylase (F3H), dihydroflavonol 4-reductase (DFR), anthocyanidin synthase 85 

(ANS), and UDP-glycose: flavonoid 3-O-glycosyltransferase (UFGT). The regulatory 86 

genes can control the expression of structural genes (Xu et al. 2014). The regulatory 87 

network of anthocyanin biosynthesis is predominantly governed by R2R3-MYB 88 

transcription factors, whose conserved binding motif can interact with other 89 

transcription factors to modulate the accumulation and deposition of anthocyanins. 90 

MYB TFs have been shown to play important roles in the anthocyanin synthesis 91 

pathway. Several studies have successfully identified and characterized numerous 92 

MYB TFs in fruit plants. In grapes, the first MYB transcription factor, VvMYBA1, 93 

promotes anthocyanin synthesis in various grape tissues (Jeong et al. 2006). Similarly, 94 

MdMYB1 in apples, MrMYB1 in bayberry and VaMYB1 in blueberries have been 95 

found to positively regulate anthocyanin synthesis (Takos et al. 2006; Niu et al. 2010; 96 

Die et al. 2020). In a recent study, it was discovered that the MdMYB1 transcription 97 

factor, a key regulator of anthocyanin biosynthesis in apples, directly activates the 98 

expression of the MdDHAR gene. This activation, in turn, promotes the activity of the 99 

DHAR enzyme and leads to increased accumulation of Ascorbic acid (AsA) (An et al. 100 

2021). Similarly, the PpMYB1 transcription factor isolated from peaches has been 101 

shown to regulate fruit resistance against Rhizopus stolonifer infection (Li et al. 102 

2023b). In conclusion, MYB transcription factors play pivotal roles not only in the 103 



 4 

anthocyanin synthesis pathway but also in the synthesis of various other substances 104 

and in enhancing stress resistance. 105 

Most MYB TFs play important roles in anthocyanin biosynthetic pathways, but it 106 

is unclear whether or how they are involved in plant resistance to abiotic stress. In 107 

apple, overexpression of MdMYB308L and MdMYB2 led to improved cold tolerance 108 

and increased anthocyanin accumulation (An et al. 2020; Jiang et al. 2022). In this 109 

study, a low temperature-responsive R2R3-MYB TF PbMYB1L was characterized in 110 

pear. Further studies showed that PbMYB1L positively regulates the cold tolerance 111 

and cold response gene expression of Arabidopsis. The enhanced cold tolerance of 112 

PbMYB1L may be attributed to its positive regulation on the expression of the CBF 113 

gene family. Overexpression of PbMYB1L led to increased anthocyanin accumulation 114 

in transgenic Arabidopsis after low temperature treatment, indicating that PbMYB1L 115 

also plays an important role in anthocyanin accumulation. Taken together, we have 116 

identified and characterized a novel MYB TF that regulates the cold tolerance and 117 

anthocyanin accumulation.  118 

 119 

Materials and methods 120 

Plant materials and treatments 121 

The fruits of ‘Red Zaosu’ pear (Pyrus bretschneideri Rehd.) were selected as 122 

materials from Ya’an, Sichuan, China, in 2022. Arabidopsis seeds were germinated on 123 

1/2MS medium at a temperature of 23°C with a photoperiod of 16 hours of light and 8 124 

hours of darkness. For the cold treatment, seedlings were placed in a growth incubator 125 

set at 4°C for 0, 1, 3, 6, 12, 24 h. Each treatment involved a minimum of 30 seedlings, 126 

and leaves were sampled from five randomly selected seedlings at specific time points 127 

and pooled as a material sample. Three technical replicates were used for each sample, 128 

and the data are shown as means ± standard errors (SE; n = 3). Three biological 129 

replicates were used for each of the wild type (WT) and over expressed lines (OE). 130 

Tissues from all of the treatments were harvested and immediately frozen in liquid 131 

nitrogen, and stored at −80°C until further use. 132 

 133 

Bioinformatics analysis 134 

The amino acid sequences of R2R3-MYB transcription factors were obtained 135 

from the NCBI database (https://www.ncbi.nlm.nih.gov). A phylogenetic tree was 136 
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generated with the maximum likelihood method (1000 bootstrap replicates) of the 137 

MEGA 6.0 program. Alignment of PbMYB1L and other R2R3-MYB transcription 138 

factor sequences was performed using DNAMAN software. Promoter cis-acting 139 

elements are analyzed using an online website (PlantCARE, a database of plant 140 

promoters and their cis-acting regulatory elements). 141 

 142 

Subcellular localization 143 

A vector containing pCAMBIA1300-PbMYB1L plasmid, along with an empty 144 

vector as control, was constructed and then transformed into Agrobacterium 145 

tumefaciens strain GV3101. The A. tumefaciens cells carrying the 146 

pCAMBIA1300-PbMYB1L plasmid and empty vector were separately injected into N. 147 

benthamiana leaves. Fluorescence signals were detected by an A1 confocal laser 148 

scanning microscope (Nikon, Tokyo, Japan) at 36-72 h after the injection. The primers 149 

used are listed in Supplementary Table S1. 150 

 151 

GUS staining assays 152 

The promoter of PbMYB1L (-2000 bp) was cloned from genomic DNA of ‘Red 153 

Zaosu’ pear into the pCAMBIA1301 vector upstream of the GUS gene, creating the 154 

reporter vector Agrobacterium (A. tumefaciens GV3101) were transiently expressed in 155 

N. benthamiana using 4-week-old tobacco plants as described previously (Alabd et al. 156 

2022). The primers used are listed in Supplementary Table S1. After injection, 157 

tobacco is left under dark conditions for 12 h, then treated with low temperature, after 158 

which samples are taken for GUS staining and determination of GUS activity. The 159 

GUS staining and GUS activity using staining and assay kits (Beijing Coolaber 160 

Biotechnology). 161 

 162 

RNA extraction and quantitative real-time PCR 163 

Total RNA was extracted according to a previously described cetyltri 164 

methylammonium bromide method (Zhang et al. 2011). The quantitative real-time 165 

(qRT)-PCR assays were completed with the CFX Connect™ Real-time PCR system 166 

(Bio-Rad, Hercules, CA, USA) as previously described (Ni et al. 2019). Details 167 

https://bioinformatics.psb.ugent.be/webtools/plantcare/html/
https://bioinformatics.psb.ugent.be/webtools/plantcare/html/
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regarding the qRT-PCR primers are listed in Supplementary Table S2. 168 

 169 

Transformation of Arabidopsis 170 

The coding sequence (CDS) of PbMYB1L was inserted into A. tumefaciens 171 

GV1301 cells, under the control of the cauliflower mosaic virus 35S promoter 172 

(PbMYB1L-OE). The primers used are listed in Supplementary Table S1. The 173 

transformation of Arabidopsis plants according to the foral dip method (Clough and 174 

Bent, 1998). The transformation process was repeated after one week. The transgenic 175 

plant seeds were collected and screened on 1/2 MS medium supplemented with 50 176 

mg/L hygromycin. The PbMYB1L-overexpressing lines were selected based on PCR. 177 

The next experiments were conducted using the third generation of transgenic 178 

Arabidopsis lines. Additionally, 7-day-old screened seedlings were transferred to the 179 

growth medium and incubated under controlled environmental conditions (23℃ and 180 

16 h light: 8 h dark). 181 

 182 

Measurement of MDA content, O2- and H2O2 183 

The MDA content in Arabidopsis leaves was assayed following the method of 184 

Zhang et al (Zhang et al. 2009). To preliminarily detect O2− and H2O2 accumulation, 185 

histochemical staining assays were performed using nitro blue tetrazolium (NBT) and 186 

3,3-diaminobenzidine (DAB). Place the three-week-old plants in a 4℃ incubator for 1 187 

h after processing for staining. The process and operating steps were described in a 188 

previous publication (Wang et al. 2017; Shi et al. 2010). The content of O2- and H2O2 189 

content were measured using analytical kits (JiangSu Grace Biotechnology). 190 

 191 

Anthocyanin measurement 192 

Total anthocyanin content was determined using a previously reported method 193 

(Shin et al. 2007; Lim et al. 2017). Briefly, 0.1 g of liquid nitrogen-ground samples 194 

was accurately weighed and added to 600 µL of buffer containing 1% methanol 195 

hydrochloride. The samples were then extracted overnight in a gentle, dark, and cold 196 

(4℃) shaker. After extraction, 200 µL double-distilled water and 200 µL chloroform 197 

was added to each sample, and the mixture centrifuged at 12,000 g for 10 min, and 198 
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200 µL supernatant was aspirated to detect absorbance values at 530 nm and 657 nm 199 

on a multifunctional full-wavelength microplate reader (Varioskan, LUX, Singapore).  200 

 201 

Results 202 

Identification and characterization of PbMYB1L 203 

MYB transcription factors has important function in the modulation of plant 204 

growth and development processes, including participation stress response and 205 

anthocyanin biosynthesis. We identified an R2R3-MYB transcription factor from the 206 

peel of the ‘Red Zaosu’ pear, which encoded a 361-amino acids protein. Phylogenetic 207 

analysis revealed its close relationship to PbMYB1, and upon aligning its amino acid 208 

sequence with PbMYB1, a similarity of 70.84% was observed, leading to its 209 

designation as PbMYB1L (Figure 1a, b). The subcellular localization of PbMYB1L 210 

was determined by fusing it with the green fluorescent protein (GFP) reporter gene, 211 

and introducing 35S::PbMYB1L-GFP into tobacco leaves. The results revealed that 212 

PbMYB1L exhibited nuclear localization (Figure 1c). 213 

 214 

Fig. 1 Bioinformatics analysis and identification analysis of PbMYB1L.  215 

(a) Phylogenetic analysis of the R2R3 domain proteins from pear and other plant species. 216 

Pear (Pyrus bretschneideri): PbMYB1L(>XP_009344337.2); Apple (Malus sieversii): 217 

MsMYB25-like (>XP_050157282.1); Apple (Malus domestica): MdMYB1 (>ABK20308.1); 218 
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MdMYB86-like (>NP_001288045.1); Cherry (Prunus avium): PaMYB25-like 219 

(>XP_021821784.1), Peach (Prunus persica): PpMYB25 (>XP_007218805.2); Almond 220 

(Prunus dulcis): PdMYB25-like (>XP_034204384.1). (b) Subcellular localization of 221 

PbMYB1L expressed in tobacco leaf cells. (c) Sequence alignment of PbMYB1L, PbMYB1, 222 

MsMYB25-like, MdMYB1, MdMYB86-like, PaMYB25-like, PpMYB25 and PdMYB25-like 223 

proteins. The R2 and R3 domains are indicated by the red lines around the sequences. 224 

 225 

PbMYB1L is responsive to low-temperature 226 

To further elucidate the functionality of PbMYB1L, we successfully cloned and 227 

meticulously examined its promoters. Our comprehensive promoter analysis of 228 

PbMYB1L unveiled the presence of three low-temperature response elements (LTR) 229 

within its promoter region (Figure 2a), which potentially play a pivotal role in 230 

mediating the cold response of PbMYB1L. We conducted reverse transcription 231 

quantitative PCR (RT-qPCR) analysis to investigate the expression pattern of 232 

PbMYB1L in ‘Red Zaosu’ calli subjected to low-temperature stress treatment (4°C). 233 

The result revealed a rapid and transient upregulation of PbMYB1L expression, with 234 

peak levels observed at 3 h following exposure to low temperature stress (Figure 2b). 235 

These findings provided preliminary evidence suggesting that low temperature can 236 

induce the expression of PbMYB1L. To further validate the prediction, we generated a 237 

fusion construct by integrating the PbMYB1L promoter (2000 bp) with a β238 

-glucuronidase (GUS) reporter gene. This construct was then introduced into tobacco 239 

leaves and subjected to low temperature treatment. Subsequent GUS staining analysis 240 

demonstrated that ProPbMYB1L:GUS injected tobacco leaves exhibited significantly 241 

higher GUS activity following cold treatment (Figure 2c, d), providing evidence for 242 

the activation of PbMYB1L transcription upon exposure to cold stress. 243 
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 244 

Fig. 2 PbMYB1L responds to low temperatures. 245 

(a)The position of LTR in the PbMYB1L promoter. (b) RT-qPCR analysis of PbMYB1L 246 

exposed to 4°C treatment. (c) GUS staining analysis of the PbMYB1L promoter using 247 

ProPbMYB1L:GUS injectable tobacco leaves exposed to 4°C. Tobacco leaves are left dark for 248 

24 h after injection and then processed. Control: GUS staining for 3 h at 24°C; 4°C: cold 249 

treatment for 3 h at 4°C. (d) GUS activities of the injectable tobacco leaves are shown. 250 

Asterisks indicate the meaning determined by the t-test: *P < 0.05 and **P < 0.01. There is no 251 

special explanation later, and the meaning of the asterisk is the same as above. 252 

 253 

PbMYB1L improves the root growth phenotype of the plant at low temperatures 254 

To investigate the role of PbMYB1L in cold tolerance, we generated a vector 255 

harboring the full coding sequence (CDS) of PbMYB1L driven by the cauliflower 256 

mosaic virus 35S promoter (PbMYB1L-OE), which was subsequently introduced into 257 

wild-type Arabidopsis (WT). Six transgenic Arabidopsis lines were individually 258 

obtained (Fig. 3a). Following a 7-day growth on 1/2 MS medium, Arabidopsis 259 

seedlings (OE and WT) were transferred to vertical positions and subjected to 260 

incubation at both 4℃ and 23℃. After a duration of 14 days, root lengths were 261 

measured. The primary root length of OE seedlings was significantly longer than that 262 

of WT at 4℃, whereas no significant difference was observed in the control group 263 

(Fig. 3b, c). Furthermore, we also assessed the chlorophyll content in plant leaves and 264 

found a moderate increase in transgenic plants following low temperature treatment 265 
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(Fig. 3d). Therefore, we propose that over expression of PbMYB1L enhances the cold 266 

tolerance of transgenic Arabidopsis, leading to a modest increase in primary root 267 

length under low temperature conditions. 268 

 269 

Fig. 3 Primary root growth phenotype of Arabidopsis under cold stress.  270 

(a) PCR identification of transgenic Arabidopsis. (b) Root growth patterns of WT and OE 271 

plants. (c) Primary root length analysis. (d) Chlorophyll content analysis. Primary root length 272 

and Chlorophyll content was measured after 14 days of growth. 273 

 274 

Involvement of PbMYB1L in the regulation of the cold tolerance of plants 275 

To further investigate the cold stress resistance of transgenic Arabidopsis, we 276 

subjected 14-day-old PbMYB1L transgenic and control plants (OE and WT) to a 4℃ 277 

incubator for 1 h. Subsequently, we performed DAB and NBT on Arabidopsis after 278 

low temperature treatment, followed by quantification of O2-, H2O2 and MDA levels 279 

in leaves. The histochemical staining results revealed a significant increase in reactive 280 

oxygen species (ROS) levels under cold stress, both in the transgenic and control 281 

plants. Importantly, the wild-type (WT) plants exhibited significantly higher levels 282 

accumulation of H2O2 and O2- compared to the transgenic lines. After exposure to 283 

cold stress, the transgenic plants exhibited lower accumulation of blue sediment (NBT 284 

staining) compared to the WT plants, while there was no significant difference in the 285 

brown sediment (DAB staining) (Figure 4a). To further validate these findings, we 286 

treated 14-day-old seedlings overexpressing PbMYB1L and control plants at 4℃. We 287 

measured the content of H2O2 and O2- in the leaves at different time points within a 288 
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24-hour period. The results demonstrated that after 24 hours of treatment, the 289 

accumulation of H2O2 and O2- in the leaves of WT plants was significantly higher 290 

than that in the transgenic plants (Figure 4b, c). Furthermore, the MDA content of the 291 

plants was also quantified. As the duration of treatment increased, a gradual rise in 292 

MDA content was observed, with WT plants exhibiting significantly higher levels 293 

compared to transgenic plants after three hours of treatment (Figure 4d). 294 

These results demonstrate that the over expression of PbMYB1L in Arabidopsis 295 

leads to a reduction in ROS accumulation under cold stress conditions, as evidenced 296 

by decreased levels of H2O2, O2-, and blue sediment in the transgenic plants compared 297 

to the WT plants. Moreover, analysis of MDA content indicated that the membrane 298 

damage caused by cold stress was more pronounced in the WT plants than in the 299 

transgenic lines. PbMYB1L overexpression enhanced root growth and antioxidant 300 

capacity in response to cold stress. Collectively, these findings underscore the pivotal 301 

role of PbMYB1L in conferring tolerance to cold stress. 302 

 303 

Fig. 4 Phenotype and related physiological indexes of Arabidopsis under cold stress. 304 

(a) Histochemical staining with DAB and NBT of WT and OE plants. Two-week old plants 305 

from WT and OE were treated with cold for 1 h and then subjected to histochemical DAB and 306 

NBT solution for assessing the accumulation of H2O2 and O2− in leaves, respectively. (b) 307 

Quantitative measurement of O2− activity in WT and OE plants. (c) Quantitative measurement 308 

of H2O2 in WT and OE plants. (d). Quantitative measurement of MDA in WT and OE plants. 309 

 310 
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PbMYB1L promotes Arabidopsis cold tolerance by regulating cold responsive 311 

gene expression 312 

To elucidate the molecular mechanisms underlying PbMYB1L-mediated cold 313 

tolerance, we assessed the expression of cold-responsive genes in 314 

PbMYB1L-overexpressing (OE) and wild-type (WT) Arabidopsis plants subjected to 315 

cold stress. Furthermore, we investigated the potential involvement of the CBF 316 

pathway in PbMYB1L-mediated cold tolerance by examining the expression of CBF 317 

genes in WT and PbMYB1L-OE Arabidopsis. Our results revealed that, at 1 hour after 318 

cold stress, the expression levels of AtCBF1, AtCBF2, AtCBF3, AtCBF4, AtICE1, 319 

AtKIN1, AtKIN2 and AtRD29A were significantly higher in PbMYB1L-OE 320 

Arabidopsis compared to WT plants. Furthermore, in the transgenic lines, the 321 

expression of these cold-responsive genes peaked after 6 hours of cold treatment and 322 

remained significantly elevated compared to WT plants. Importantly, both WT and 323 

PbMYB1L-OE Arabidopsis exhibited an upward trend in the expression of these genes 324 

indicating that PbMYB1L positively regulates their expression thereby influencing 325 

Arabidopsis’s cold tolerance. These findings are consistent with the observed 326 

enhancement in freezing tolerance of PbMYB1L-OE plants suggesting that PbMYB1L 327 

promotes the expression of these cold-responsive genes under conditions of cold 328 

stress in Arabidopsis. 329 

 330 
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Fig. 5 Transcript levels of cold-responsive genes in WT and OE Arabidopsis plants 331 

under cold stress. Transcript levels of endogenous cold-responsive genes of C-REPEAT 332 

BINDING FACTOR 1 (AtCBF1), C-REPEAT BINDING FACTOR 2 (AtCBF2), C-REPEAT 333 

BINDING FACTOR 3 (AtCBF3), C-REPEAT BINDING FACTOR 4 (AtCBF4), C-REPEAT 334 

BINDING FACTOR 5 (AtCBF5), INDUCER OF CBF EXPRESSION 1 (ICE1), COLD 335 

INDUCED1(KIN1), COLD INDUCED2(KIN2), RD29A in transgenic plants under control or 336 

cold conditions. 337 

 338 

Cold stress induce an increase in the expression of anthocyanin biosynthesis in 339 

transgenic Arabidopsis 340 

After subjecting Arabidopsis to low-temperature treatment, a distinct 341 

purplish-red coloration was observed on the leaves of PbMYB1L-overexpressing 342 

plants, which starkly contrasted with the wild-type Arabidopsis leaves. Consequently, 343 

we postulate that cold treatment potentially triggers anthocyanin accumulation in 344 

transgenic plants. Following a 14-days growth period, Arabidopsis plants were 345 

subjected to an additional 14 days of cold stress at 4℃. As illustrated in Figure 6a, a 346 

significant increase in anthocyanin content was evident on the leaves of 347 

PbMYB1L-OE Arabidopsis plants, while no substantial accumulation was detected in 348 

the WT counterparts. To further verify validate the promotion of anthocyanin 349 

accumulation in OE Arabidopsis under cold stress, we quantified expression levels of 350 

six structural genes (AtCHS, AtCHI, AtDFR, AtF3H, AtANS and AtUFGT) involved in 351 

anthocyanin biosynthesis as well as three transcription factors (AtMYB10, AtbHLH3, 352 

AtWD40). Our results demonstrated a significant upregulation of these genes in OE 353 

Arabidopsis compared to WT at six time points within 24 hours. These findings 354 

provide evidence that cold stress induces the expression of key genes associated with 355 

transgenic Arabidopsis anthocyanins biosynthesis and thereby facilitates anthocyanin 356 

production. 357 
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 358 

Fig. 6 Quantitative analysis of phenotype, anthocyanin content and genes related to 359 

anthocyanin synthesis in Arabidopsis at low temperatures. (a) WT and OE of plant 360 

phenotypes at cold conditions. (b) Anthocyanin content of Arabidopsis leaves after cold 361 

treatment. (c) Expression patterns of anthocyanin biosynthetic genes and transcription factors 362 

in Arabidopsis at different time points under 4℃ treatment. Two-week old plants from WT 363 

and OE were growth in 4℃ for 14 days and then observed the plant phenotype and 364 

determined leaf anthocyanin content. 365 

 366 

Discussion 367 

Numerous studies have demonstrated that MYB proteins play pivotal roles in 368 

regulatory networks governing diverse biological processes, encompassing secondary 369 
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metabolite biosynthesis and stress response. For instance, the overexpression of 370 

AcMYB10 in kiwifruit leads to an augmentation in anthocyanin synthesis (Peng et al. 371 

2019). Conversely, CmMYB012 is induced under prolonged exposure to high 372 

temperatures and acts as a suppressor of flavonoid and anthocyanin biosynthesis 373 

(Zhou et al. 2021). Similarly, within the Rosacea family, the overexpression of 374 

FvMYB24 in Arabidopsis upregulates the expression of stress-related genes, thereby 375 

enhancing salt tolerance in transgenic Arabidopsis (Wang et al. 2021). Recent 376 

investigations have revealed that McMYB4 participates in apple response to 377 

temperature fluctuations by modulating phenylpropion metabolism and hormone 378 

signaling (Hao et al. 2021). MdMYB23 and MdMYB73 improve cold tolerance of 379 

transgenic calli through the CBF pathway in apples, while VvMYBA6 enhances ROS 380 

scavenging system capability and improves cold tolerance of transgenic Arabidopsis 381 

by promoting anthocyanin synthesis (An et al. 2018; Zhang et al. 2016; Sun et al. 382 

2017). Moreover, the upregulation of MdMYB308L and MdMYB2 has been 383 

demonstrated to enhance both cold tolerance and anthocyanin accumulation (An et al. 384 

2020; Jiang et al. 2022). These findings imply that MYB transcription factors exhibit 385 

distinct regulatory roles in secondary metabolite synthesis and abiotic stresses 386 

responses, indicating their diverse functions in governing various biological processes. 387 

Therefore, it is crucial to identify MYB genes capable of regulating both cold stress 388 

responses and anthocyanins synthesis for a comprehensive understanding of the cold 389 

signaling pathways associated with cold tolerance and anthocyanin production, as 390 

well as for providing potential candidate genes for genetic manipulation. 391 

In this study, we identified a MYB gene, PbMYB1L, in Pyrus bretschneideri. 392 

Despite the extensive characterization of MYBs in field and cash crops, their 393 

functions in pears remain largely unexplored. To gain insights into the evolutionary 394 

relationship of PbMYB1L, we constructed a phylogenetic tree using sequences from 395 

pear, apple, peach, cherry, and almond. The analysis revealed that PbMYB1L is 396 

closely related to PbMYB1. Furthermore, motif scanning analysis indicated a high 397 

degree of homology in the R2R3 domain of PbMYB1L. Cold treatment induced the 398 

expression of PbMYB1L. Interestingly, the expression patterns of PbMYB1L resemble 399 

those observed for MdMYB23 and MdMYB73 which are known to positively regulate 400 

cold-tolerance and cold-response genes through CBF-dependent pathways (An et al. 401 

2018; Zhang et al. 2016). These findings underscore the potential role of PbMYB1L in 402 

cold stress responses and provide valuable insights into the regulatory mechanisms 403 

associated with cold tolerance in pears. 404 



 16 

We conducted an analysis of the PbMYB1L promoter and identified cis-acting 405 

elements associated with the response to cold stress. In order to investigate the role of 406 

PbMYB1L in enhancing cold hardiness, transgenic Arabidopsis strains were subjected 407 

to cold stress conditions. The stress tolerance assay demonstrated that the selected 408 

transgenic lines exhibited improved tolerance towards cold stress, as evidenced by 409 

measurements of MDA levels, chlorophyll content, primary root length, and 410 

phenotypic observations. These findings provide evidence that overexpression of 411 

PbMYB1L confers enhanced tolerance to cold stress. Our results are consistent with 412 

previous studies in apples which have shown that MYB88 and MYB124 positively 413 

regulate the expression of genes related to both cold resistance and response in apples 414 

and Arabidopsis (Xie et al. 2018). Overexpression of MYB genes has been 415 

demonstrated to enhance abiotic stress tolerance in transgenic plants, highlighting 416 

their potential for genetic engineering approaches aimed at improving stress tolerance 417 

(Peng et al. 2019). 418 

To further investigate the cold tolerance of Arabidopsis transgenics, we 419 

conducted a comprehensive set of physiological, molecular, and biochemical analyses 420 

to elucidate the underlying mechanisms. One aspect that received particular attention 421 

was the examination of physiological differences between overexpressing (OE) and 422 

wild type (WT) plants under cold stress conditions. In plants, metabolic imbalances 423 

can trigger intracellular oxidative stress by promoting the production and 424 

accumulation of reactive oxygen species (ROS). The level of ROS reflect the extent 425 

of damage to cellular components (Suzuki et al. 2012). Membrane lipid peroxidation, 426 

as indicated by malondialdehyde (MDA) levels, is associated with membrane systems' 427 

integrity (Christine et al. 1994). Our results demonstrated lower MDA levels in WT 428 

plants compared to transgenic strains, suggesting that they may experience more 429 

severe oxidative stress. To further explore this phenomenon, histochemical staining 430 

was performed to determine O2- and H2O2 accumulation in plants after exposure to 431 

cold stress. The staining intensity observed through DAB and NBT stainingwas 432 

significantly weaker in transgenic lines than in WT plants (Fig 4b). These findings 433 

indicate that the transgenic strains possess an enhanced ROS clearance system which 434 

plays a crucial role in protecting them from various forms of damage. This improved 435 

ROS metabolism may be a key component contributing to the conferred cold 436 

tolerance resulting from PbMYB1L overexpression in transgenic plants. 437 

Furthermore, we observed that cold stress induced a significant accumulation of 438 

anthocyanins in transgenic Arabidopsis plants. Through quantitative analysis of key 439 
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structural genes and transcription factors involved in anthocyanin synthesis pathway, 440 

we found a significantly higher expression level of these genes in the transgenic 441 

strains compared to WT plants following cold treatment. This suggests that the 442 

upregulation of these genes in the transgenic plants contributes to an enhanced 443 

accumulation of anthocyanins in response to cold stress. These results provide 444 

valuable insights into the mechanisms underlying the improved cold tolerance 445 

observed in PbMYB1L-overexpressing transgenic Arabidopsis plants, highlighting the 446 

significance of an enhanced ROS clearance system and an upregulated anthocyanin 447 

synthesis pathway for conferring cold tolerance. 448 

Previous study have demonstrated the crucial role of CBFs in regulating cold 449 

stress responses (Liu, et al. 2018). In apple, MdMYB23, MdMYB108L have been 450 

reported to enhance cold tolerance by positively modulating the transcription of CBF 451 

genes (An, et al. 2018; Wang, et al. 2019). In this study, we investigated the impact of 452 

overexpressing PbMYB1L on the response to cold stress in Arabidopsis. We observed 453 

that the expression levels of AtCBF1, AtCBF2, AtCBF3, AtCBF4, AtICE1 AtKIN1, 454 

AtKIN2 and AtRD29A were significantly higher in PbMYB1L transgenic Arabidopsis 455 

compared to wild type plants at 1 h after exposure to cold stress. Furthermore, all 456 

these aforementioned cold-responsive genes reached their peak expression levels in 457 

transgenic strains after six hours of cold treatment and remained significantly higher 458 

than those in wild type plants. It is worth noting that MYB transcription factors are 459 

predominantly associated with anthocyanin synthesis in many fruit trees. In grapes, 460 

the first MYB transcription factor, VvMYBA1, promotes anthocyanin synthesis in 461 

various grape tissues (Jeong et al. 2006). Similarly, MdMYB1 in apples and MrMYB1 462 

in bayberry have been found to positively regulate anthocyanin synthesis (Takos et al. 463 

2006; Niu et al. 2010). In blueberries, the VaMYB1 transcription factor plays a pivotal 464 

role in enhancing anthocyanin synthesis within the fruit (Die et al. 2020). Additionally, 465 

LcMYB1 in litchi contributes to anthocyanin accumulation in hairy roots (Li et al. 466 

2023a). To further validate the ability of PbMYB1L to promote anthocyanin 467 

accumulation, we quantified both structural genes and transcription factors involved 468 

in anthocyanin biosynthesis in OE and WT Arabidopsis after cold treatment. The 469 

results demonstrated significantly higher expression levels of these structural genes 470 

and transcription factors at six time points within a 24-hour period compared to those 471 

observed in WT plants. These findings indicate that cold stress induces upregulation 472 

of transgenic Arabidopsis genes associated with anthocyanin biosynthesis, thereby 473 

facilitating enhanced production of anthocyanins. Overall, our results suggest that 474 
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PbMYB1L may function as a transcriptional regulator by promoting the upregulation 475 

of endogenous regulatory genes such as CBF genes which subsequently activate 476 

downstream target genes involved not only in cold stress response but also in 477 

anthocyanin biosynthesis. Further investigations are warranted to identify interacting 478 

downstream genes regulated byPbMYB1L and elucidate their roles underlying 479 

PbMYB1L-mediated cold tolerance mechanisms. Moreover, future studies should 480 

explore the precise involvement of PbMYB1L within the pathway regulating 481 

anthocyanin synthesis. This study provides valuable insights into the potential 482 

contribution of PbMYB1L towards improving plant tolerance against cold stress while 483 

emphasizing on comprehending molecular interactions crucial for this process. 484 

In conclusion, PbMYB1L emerges as a pivotal regulator governing anthocyanin 485 

biosynthesis and cold stress response in pear cultivars, thereby offering promising 486 

prospects for the advancement of biotechnological strategies aimed at enhancing cold 487 

stress tolerance. 488 
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