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Abstract 30 

Basic/helix-loop-helix (bHLH) gene family plays pivotal roles in plant development and response 31 

to various stress in plants. Emerging evidences indicate that some members of the bHLH family are 32 

responsible for Cd stress, however little is known about the bHLH genes in the Cd-tolerant poplar 33 

species Populus × canescens. In our study, 170 bHLH genes were identified from the P. canescens 34 

genome, which were named based on their chromosomal location and classified into 22 subfamilies. 35 

The gene structure and motif compositions were considerably conserved among the subfamilies. 36 

Cis-acting element analysis of the PcbHLH promoters showed that a lot of essential cis elements 37 

are present in the promoter regions associated with plant hormones, development, and stress. qPCR 38 

results indicated that high concentrations of Cd differentially regulated the expression of PcbHLHs 39 

in various tissues. It is expected to study the mechanism of Cd tolerance of P. canescens, aiming to 40 

cultivate new P. canescens materials with high concentration and high tolerance to repair soil 41 

cadmium pollution. 42 

 43 
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 46 

INTRODUCTION 47 

The eukaryotic domain contains a broad distribution of bHLH (basic/helix-loop-helix) proteins. It 48 

is one of the largest transcription factor family after MYB in plants (Ledent and Vervoort, 2001, 49 

Riechmann and Ratcliffe, 2000). The bHLH proteins consists of conserved 60 amino acids which 50 

can be divided into two distinct functional regions (Jones, 2004). The basic region is distributed at 51 

the N-terminus of the domain and is composed of 17 residues which are related to DNA binding 52 

(Atchley et al., 1999). The helix-loop-helix region is located at the C-terminus of the domain and 53 

consists mainly of two hydrophilic α-helices separated by a loop of variable length and sequence 54 

(Nair and Burley, 2000). The HLH domain allows for the formation of homodimeric or 55 

heterodimeric complex and promotes protein-protein interactions (Ferre-D'Amare et al., 1994, 56 

Murre et al., 1989). The bHLH proteins regulate the expression of downstream genes by binding to 57 

specific motifs in target genes. The putative core recognition motif of bHLH proteins is a 58 

hexanucleotide E-box (5'-CANNTG-3'). There are different types of E-boxes depending on the two 59 
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central bases in the sequence, the most common type of which is a G-box composed of a palindromic 63 

structure (5'-CACGTG-3'). Some conserved amino acids situated within the basic region of the 64 

domain are responsible for recognizing the core consensus sequence, whereas other residues 65 

determine the specificity for a particular E-box type (Robinson et al., 2000). The bHLH transcription 66 

factor family in eukaryotes has been categorized into six primary groups, distinguished by 67 

phylogenetic relationships, DNA-binding motifs, and functional characteristics (Atchley and Fitch, 68 

1997, Ledent and Vervoort, 2001, Simionato et al., 2007). bHLHs are involved in a wide and diverse 69 

array of biological processes. Within yeast, bHLH proteins participate in chromosome segregation, 70 

enhancement of general transcription, and regulation of metabolic processes(Robinson and Lopes, 71 

2000). In the realm of animals, bHLHs actively participate in sensing environmental signals, 72 

governing the cell cycle and circadian rhythms, and orchestrating a diverse array of essential 73 

developmental processes(Amoutzias et al., 2004, Atchley and Fitch, 1997, Ledent and Vervoort, 74 

2001, Stevens et al., 2008). In plants, functional studies have shown the involvement of bHLHs in 75 

the regulation of growth, development, and stress responses(Ito et al., 2012, Kanaoka et al., 2008). 76 

Notably, bHLHs are known to perform key functions in mediating cadmium (Cd) tolerance of plants. 77 

For instance, AtbHLH38 and AtbHLH39 interact with AtbHLH29 to increase the tolerance of A. 78 

thaliana seedlings to Cd via decreased Cd transfer from roots to shoots and to improve the iron 79 

homeostasis and concentration of shoots(Wu et al., 2012). bHLH104 positively regulates four heavy 80 

metal detoxification-associated genes, IREG2, MTP3, HMA3 and nicotianamine synthase 4 (NAS4), 81 

which play roles in Cd sequestration and tolerance(Yao et al., 2018). 82 

  Cd is one of the most toxic heavy metals for animals and plants. It occurs in naturally high 83 

abundance in zinc and lead ores and phosphate fertilizers(Garrett and Robert, 2000, Mclaughlin and 84 

Singh, 1999). Cd can persist for years to decades in soils, which not only causes the irreversible 85 

influence in root and leaf development of crops, but also can be accumulated in the human body 86 

through the food chain to cause risks to human health(Sarwar et al., 2017). In 2010, according to 87 

the data of national soil surveys, more than 1/5 of farmland area in China was mainly polluted by 88 

Cd, which contributes to a reduction of 1010 kg in grain production and pollution of 1.2 × 1010kg in 89 

grain(Rafiq et al., 2014, Tang et al., 2016). Therefore, Cd contamination in soil has drawn broad 90 

public attention and the remediation of soil contamination with Cd is urgent and imperative. Plants 91 

have evolved diverse defense mechanisms to cope with heavy metals, such as extrusion, chelation, 92 
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vacuolar sequestration and regulation of distribution(Clemens, 2006, Clemens et al., 2002, Lux et 97 

al., 2011, Verbruggen et al., 2009) and phytoremediation is an emerging technology for remediation 98 

of heavy metal-contaminated soil, which has a lot of advantages: efficient, eco-friendly and 99 

economic. This technology uses hyperaccumulators to remove heavy metals from soil(Kumar, 100 

1995). Most hyperaccumulator species, however, have a small aboveground biomass, which limited 101 

their potential for large-scale remediation of contaminated soils.  102 

  Poplar are seen as candidates for removing heavy metal contamination from polluted soil because 103 

of their high growth rates, large aboveground biomass, deep and highly branched root systems, and 104 

efficient Cd uptake and translocation to the aerial parts(De Oliveira, 2018, Song et al., 2019). While 105 

most Populus species are not considered hyperaccumulators of Cd, specific poplar genotypes have 106 

demonstrated a remarkable ability to accumulate substantial amounts of Cd in their aboveground 107 

tissues. One such example is Populus × canescens (P. canescens), which accumulates Cd levels 108 

exceeding 100 μg g−1 dry mass in both leaf and bark tissues, surpassing the threshold for Cd 109 

hyperaccumulation in plants(He et al., 2011, Sun et al., 2009). Hence, P. canescens stands out as a 110 

prospective candidate for remediating Cd-polluted soil. The physiological and molecular 111 

mechanisms associated with Cd accumulation in P. canescens have been partially unveiled(He et 112 

al., 2011, Schützendübel et al., 2002). However, it remains uncertain how TFs, especially bHLH TF 113 

family members, influence the physiological functions of P. canescens in response to Cd stress.   114 

  In this study, 170 bHLH family genes were identified and characterized in the P. canescens 115 

genome, which were further classified in 22 subgroups and could be distributed over 19 116 

chromosomes. The analysis has encompassed their gene structures, conserved motifs, DNA-binding 117 

capability, cis-acting elements in promoters, multiple sequence alignment, gene duplications, 118 

synteny examination, and phylogenetic relationships. 119 

  In addition, the tissue-specific and Cd induced expression profiles analysis of some PcbHLH 120 

genes were conducted. This study lays a solid foundation for subsequent research on the functions 121 

and regulatory mechanisms of PcbHLH genes in response to Cd stress. It also identifies potential 122 

candidate genes associated with Cd stress resistance in P. canescens. 123 

 124 

MATERIALS AND METHODS 125 

Identification of the basic/helix-loop-helix family genes in P. canescens 126 
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P. canescens genomic sequence data was downloaded from https://www.aspendb.org/. Arabidopsis 130 

thaliana bHLHs (AtbHLHs) were obtained from Lorenzo Carretero-Paulet(Carretero-Paulet et al., 131 

2010). The information and sequence of Populus trichocarpa (P. trichocarpa) bHLHs (PtbHLHs) 132 

were retrieved from https://www.ncbi.nlm.nih.gov/. The Hidden Markov Model (HMM) files of 133 

bHLH domain (PF0010) were downloaded from https://www.ebi.ac.uk/interpro/, which were used 134 

as queries to hmmsearch the bHLH proteins of P. canescens (PcbHLHs) with SPDE software. 135 

AtbHLHs were also utilized for BLASTp searches against the P. canescens genomic sequence data. 136 

To further confirm the presence of the bHLH domain (E-value < 1e-5), CD-search 137 

(https://www.ncbi.nlm.nih.gov/) and SMART (http://smart.embl-heidelberg.de/) were used to 138 

analyze the obtained PcbHLH sequences. The molecular weights (kDa) and isoelectric points (pI) 139 

of the PcbHLHs were calculated by SPDE. 140 

Chromosomal locations of PcbHLHs 141 

To determine the physical locations of PcbHLH genes, the starting and ending positions of all bHLH 142 

genes on each chromosome were obtained from the P. canescens database. The diagram was drawn 143 

using TBtools. 144 

Multiple sequence alignments of PcbHLHs 145 

Multiple sequence alignments were performed using ClustalX in MEGA7 and then visualized using 146 

Jalview (version 1.8.3). Variable sequences at the N- and C-terminal regions were removed, while 147 

the conserved domains located in the central part were preserved. The sequence logos for bHLHs 148 

were generated through the submission of multiple alignment sequences to a dedicated online 149 

platform (https://weblogo.berkeley.edu/logo.cgi). Using the criteria described by Massari and Murre 150 

(Massari and Murre, 2000), the PcbHLH proteins were classified into two main categories, relying 151 

on sequence information within the N-terminal region of the bHLH domains: DNA binding and 152 

Non-DNA binding (less than four basic amino acids). The DNA binding bHLHs were further 153 

divided into two groups: E-box binding and Non-E-box binding (only Glu12 or Arg15). E-box 154 

binding can therefore be subdivided further into two subgroups: G-box binding (contains His/Lys8, 155 

Glu12 and Arg16) and Non-G-box binding (only Glu12 and Arg16). 156 

Phylogenetic analysis of PcbHLHs 157 

To investigate the evolutionary relationships among P. canescens and Arabidopsis bHLHs, multiple 158 

sequences alignment of 170 complete PcbHLH sequences and 167 complete AtbHLH sequences 159 
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was generated using MEGA7. A Maximum Likelihood phylogenetic tree was constructed using 163 

MEGA7 with a bootstrap value set to 1,000 replicates. Itol (https://itol.embl.de/) was employed for 164 

visualization of the phylogenetic tree. 165 

Gene structure and protein motifs analysis 166 

The exon/intron organization and splicing phase of the predicted PcbHLHs were investigated based 167 

on the Gff3 annotation files of P. canescens genome and then graphically displayed by TBtools. 168 

Conserved motifs within PcbHLH proteins were determined using MEME (https://meme-169 

suite.org/meme/tools/meme, Version 5.5.4) under default parameters, with the following 170 

adjustments: (1) the optimal motif width ranged from ≥10 to ≤100, and (2) a maximum of ten 171 

motifs were identified. The resulting phylogenetic trees, gene structures, and conserved motifs were 172 

visualized using TBtools. 173 

Cis-Acting element analysis in PcbHLH promoters 174 

TBtools was utilized to retrieve the 2000bp upstream sequences of PcbHLH genes. These sequences 175 

were regarded as promoter regions. PlantCARE 176 

(https://bioinformatics.psb.ugent.be/webtools/plantcare/html/) was employed to analyze the cis-177 

acting elements of the promoters. A heat map representing the number of cis-acting elements was 178 

created using Rstudio (Version 4.2.2). TBtools was used for visualizing the cis-acting elements of 179 

the promoters. 180 

Gene duplication and synteny analysis of PcbHLH genes 181 

The duplication events and collinearity of the bHLH genes of poplar and other plants were analyzed 182 

by Multiple Collinearity Scan toolkit (MCScanX) software, and the diagram was drawn using 183 

TBtools. The estimation of the nonsynonymous (ka) and synonymous (ks) substitution rates of 184 

bHLH gene pairs were analyzed with TBtools software. 185 

Plant growth conditions and Cd treatment 186 

P. canescens seedlings were obtained through micropropagation and those well-rooted poplar 187 

plantlets showing uniform growth status were cultured in the following hydroponically 188 

cultivation at 25 ◦C under long days (16 h light/ 8 h dark each day) in an artificial climate 189 

chamber grew in the half-strength Hoagland nutrient medium for a month. CdCl2 solution was 190 

prepared for Cd stress treatment. P. canescens seedlings were then placed in half- strength 191 

Hoagland nutrient medium with 10 μM of Cd and cultured for 168h. Roots, stems and leaves of 192 
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individual P. canescens were sampled at 0, 6, 12, 24, 48, 96, and 168 h. All samples were collected 196 

at the same time on each sampling day to eliminate the influences of plant rhythm.  197 

RNA extraction and qRT-PCR analysis 198 

Total RNA of P. canescens seedlings was extracted from root, stem, and leaf samples using the 199 

RNAprep Pure Plant Plus Kit (TIANGEN, Beijing, China). First-strand cDNA was synthesized 200 

using PrimeScript™ RT Master Mix (TaKaRa, Dalian, China). The quantitative primers were 201 

designed using TBtools. The qPCR was performed with 2 × Q3 SYBR qPCR Master Mix 202 

(TOLOBIO, Shanghai, China) on a 7300 Real-Time PCR System (Applied Biosystems, CA, United 203 

States). The relative expression levels were calculated using the 2−ΔΔCT method using EF1B gene as 204 

reference (Wildhagen et al., 2010).  205 

 206 

RESULTS 207 

Identification and classification of basic/helix-loop-helix protein in P. canescens 208 

A total of 179 predicted bHLH proteins were initially obtained in P. canescens using HMMER with 209 

Hidden Markov Models and BLASTp. After filter of uncertain proteins with incomplete domains 210 

through CD-Search and SMART, 170 putative bHLH proteins were finally identified (Table S1), 211 

which were designated as PcbHLH1 to PcbHLH170 based on their position in the genome. Analysis 212 

of the biochemical properties of these proteins (Table S2) revealed that their amino acid lengths 213 

ranged from 90 (PcbHLH43 and PcbHLH154) to 740 (PcbHLH46). The molecular weights varied 214 

from 10.29 kDa to 71.95 kDa, and the predicted isoelectric points ranged from 4.63 to 10.18. All 215 

the proteins had grand average of hydropathy values below zero, suggesting that they are all 216 

hydrophilic proteins. 217 

Chromosomal localization of PcbHLH genes  218 

Distribution mapping results showed 169 out of 170 PcbHLH genes are distributed unevenly in 219 

different chromosomes of P. canescens genome, while PcbHLH170 was not mapped to the 220 

chromosomes. Chromosome 2 contained the largest number (17) of PcbHLH genes, whereas only 221 

four PcbHLH genes were present on chromosome 3 and 7.  222 

Multiple sequence alignments of PcbHLHs 223 

A multiple sequence alignment was conducted for the 170 PcbHLH protein sequences. The results 224 

revealed that the bHLH domain comprises four conserved regions: a basic region, two helical 225 
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regions, and a loop region. The basic region is composed of His-5, Glu-9, Arg-10, Arg-12, and Arg-226 

13 residues, while the first helix region consists of Ile-16, Leu-23, Leu-27, Val-28, and Pro-29 227 

residues. The loop region primarily consists of Lys-35 and Asp-41 residues, and the second helix 228 

region is composed of Ala-43, Leu-46, Glu-48, Ala-49, Ile-50, Tyr-52, and Leu-56. As shown in 229 

Figure 2, we could clearly observe a high conservation of Leu-23 in the 170 PcbHLH amino acid 230 

sequences, suggesting its crucial role in promoting dimerization among PcbHLH proteins. 231 

  The basic region of the PcbHLH proteins play essential roles as DNA-binding region. According 232 

to Massari's classification, these proteins are categorized into two main groups based on sequence 233 

information of the basic region within bHLH domains. A large groups consist of proteins with DNA-234 

binding domains expected to bind DNA, and a smaller group is composed of proteins with non-235 

DNA-binding domains (Massari and Murre, 2000). In total, 165 PcbHLH proteins were identified 236 

as DNA-binding proteins, while the remaining 5 were classified as non-DNA-binding proteins 237 

(Table 1). The DNA-binding proteins can be categorized into two classes: E-box bind proteins 238 

(including G-box binder) and non-E-box proteins. According to the conservation of the residues, 239 

144 PcbHLHs were predicted to bind E-box, which contain Glu-9 and Arg-13 at the basic region 240 

Additionally, among the 144 E-box- binding proteins, 109 belonged to G-box-binding proteins 241 

depending on whether His/Lys-5, Glu-9, and Arg-13 are present in the basic region.  242 

Phylogenetic analysis of PcbHLH genes 243 

To investigate the evolutionary relationships between the PcbHLHs and the AtbHLHs, a maximum-244 

likelihood phylogenetic tree was constructed. Analysis of the clade support values and the topology 245 

of the tree resulted in the division of the tree into 22 subfamilies. Figure 3 illustrates that each 246 

subfamily includes representatives from both A. thaliana and P. canescens, suggesting extreme 247 

conservation in the bHLH domains of AtbHLHs and PcbHLHs during evolution. The largest 248 

subfamily, Clade Ⅲ, comprises 37 members, while the smallest subfamily, Clade XIV, consists of 249 

only 5 members.  250 

Analysis of gene structure and conserved motif of bHLH family 251 

To further understand the conservation and diversity of the PcbHLH proteins, motif analysis was 252 

conducted using MEME, 10 types of putative conserved protein motifs were identified. As depicted 253 

in Figure 4, members within the same subfamily exhibit a similar motif structure, indicating that 254 

they share similar structural and functional features. Gene structure analysis can help reveal the 255 
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evolutionary relationships of PcbHLH gene family members. Out of all 170 members, only 11 258 

lacked introns and clustered closely in two subfamilies. The remaining 159 members containing 259 

introns displayed significant similarities in gene structure within the same subfamily, further 260 

suggesting that the members in the same subfamily have close evolutionary relationships. 261 

Analysis of cis-acting elements in PcbHLH promoters 262 

Cis-acting elements within the promoter regions serve as essential indicators for the classification 263 

of subfamilies and the functional characterization of family members. 2000bp upstream of the 264 

transcriptional start sites were identified as the promoter regions, from which several important cis-265 

acting elements were identified for gene function analysis. These elements were categorized into 266 

three groups based on their functional categories: TC-rich repeats (cis-acting element involved in 267 

defense and stress responsiveness), LTR (cis-acting element involved in low-temperature 268 

responsiveness), MBS (MYB binding site involved in drought-inducibility) belong to stress-269 

responsive. GCN4_motif (cis-regulatory element involved in endosperm expression), CAT-box (cis-270 

acting regulatory element related to meristem expression), O2-site (cis-acting regulatory element 271 

involved in zein metabolism regulation) belong to plant development-related. AuxRR-core (cis-272 

acting regulatory element involved in auxin responsiveness), P-box (gibberellin-responsive 273 

element), CGTCA/TGACG-motif (cis-acting regulatory element involved in the MeJA-274 

responsiveness), ABRE (cis-acting element involved in the abscisic acid responsiveness), SARE 275 

(cis-acting element involved in salicylic acid responsiveness) belong to phytohormone responsive. 276 

Analysis depicted in Figure 5 revealed that most members contained phytohormone-related cis-277 

acting elements, suggesting the possible involvement of these genes in responses to different abiotic 278 

stressors. 279 

Gene duplication of PcbHLHs and comparative syntenic analysis across species 280 

To understand the predominant driving force in the evolutionary process of PcbHLH genes, the gene 281 

duplication events within P. canescens were examined using TBtools. As shown in Figure 6, we 282 

obtained 92 segmental duplication gene pairs, while there was one tandem duplication gene pair 283 

(PcbHLH48/PcbHLH58) in P. canescens. These results indicated that PcbHLH genes were mainly 284 

generated by gene duplication during evolution. To disclose the direction of evolution, the Ka/Ks 285 

ratio of PcbHLH duplicated genes were calculated. As indicated in Table S3, the Ka/Ks ratio for all 286 

gene pairs was below 0.8. The maximal was 0.72 and the minimum was 0.08, suggesting that the 287 
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bHLH genes have undergone predominately purifying selection.  289 

  In order to further illuminate the phylogenetic mechanisms of PcbHLH family, we constructed a 290 

comparison of the syntenic map of P. canescens related to P. trichocarpa and Arabidopsis, 291 

respectively. A total of 144 orthologous bHLH gene pairs were present between P. canescens and P. 292 

trichocarpa and 93 orthologs between P. canescens and A. thaliana. The number of orthologous 293 

gene pairs between P. canescens and P. trichocarpa was much greater than that between P. canescens 294 

and A. thaliana, suggesting that P. canescens was more closely related to P. trichocarpa than to A. 295 

thaliana.  296 

PcbHLH genes expression patterns in response to Cd stress 297 

In previous studies, the members of clade IVc and Ib have been characterized as key transcription 298 

factors regulating the Cd stress response in Arabidopsis (Hao et al., 2021). According to the 299 

phylogenetic analyses of AtbHLHs and PcbHLHs proteins, we could preliminarily explore the 300 

functions of PcbHLH proteins. To pinpoint the PcbHLH genes crucial for Cd stress responses, we 301 

meticulously screened 14 bHLH genes in P. canescens, considering their confirmed functional 302 

homologs in the same subfamily. We then examined their expression patterns under Cd treatments. 303 

As depicted in Figure 7A, in the roots, PcbHLH148, PcbHLH98, PcbHLH10, PcbHLH122, 304 

PcbHLH168, PcbHLH167, PcbHLH169, PcbHLH96, PcbHLH162 exhibited upregulated 305 

expression after Cd treatment, with PcbHLH19, PcbHLH50, PcbHLH47, PcbHLH164 and 306 

PcbHLH61, showing downregulated expression. In the stems, the expression of PcbHLH162 307 

showing a decreased expression, while the most remaining genes exhibited upregulation until 6h, 308 

the rest PcbHLH50, PcbHLH122, PcbHLH47 exhibited upregulation until 48h. In the leaves, all 309 

selected genes, except for PcbHLH61, exhibited upregulated expression. PcbHLH162 upregulated 310 

until 6h, and the rest genes upregulated until 168h. This indicates a distinct positive regulatory 311 

response of PcbHLH genes to Cd threats, with most genes being highly expressed in the leaves 312 

(Figure 7B); Only PcbHLH96 exhibited high expression in the roots. 313 

DISCUSSION 314 

Various plants have been extensively studied to identify their bHLH families, revealing that the 315 

bHLH transcription factor family, the second largest in eukaryotes(Ledent and Vervoort, 2001, 316 

Riechmann and Ratcliffe, 2000), is particularly noteworthy. The abundance of plant genome data 317 
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has played a pivotal role, providing indispensable sequence resources to facilitate the 319 

comprehensive genome-wide identification of bHLH genes in plants. Currently, the bHLH family 320 

has been defined and mined in many plants, however, there has been no related work on its 321 

distribution and function in Cd-tolerant Poplar, P. canescens. In this study, 170 bHLH genes were 322 

identified and characterized in P. canescens (Figure 3), which is more than A. thaliana (167) and 323 

tomato (159) but less than rice (177) and P. trichocarpa (183) (Carretero-Paulet et al., 2010). Based 324 

on the genome size, the ratio to PcbHLH genes in the P. canescens genome was less than 325 

Arabidopsis but more than tomato. These findings suggest that the count of bHLH genes varies 326 

among different plant species and is not directly proportional to the size of their genomes. Based on 327 

phylogenetic analysis, we classified 170 PcbHLH genes into 22 subfamilies. Each subfamily 328 

contains both AtbHLHs and PcbHLHs, suggesting that the PcbHLH genes had diversified before 329 

these two species evolved. There were only six subfamilies of bHLH in animal genomes. But in 330 

plants, the bHLH gene family was divided into 24 subfamilies in tomato(Wang et al., 2015), 17 in 331 

Ginkgo biloba(Zhou et al., 2020), 20 in Camellia sinensis(Cui et al., 2018), 21 in A. 332 

thaliana(Toledo-Ortiz et al., 2003). This suggest that the classification of bHLH gene family in 333 

plants is very different from that of animals.  334 

Analyzing conserved protein motifs and gene structures (Figure 4) clearly indicates that members 335 

belonging to the same subfamily typically have a shared evolutionary origin and engage in similar 336 

physiological activities(Ke et al., 2020). Moreover, modifications in gene structure have been 337 

uncovered as potential factors leading to variations in gene functions. These variations are 338 

influenced by three key mechanisms: The three primary mechanisms influencing variations in gene 339 

functions are exon/intron gain or loss, exonization or pseudo-exonization, and insertion or deletion. 340 

In addition, we observed a remarkable uniformity in both the quantity and arrangement of 341 

exons/introns among members belonging to the same subfamily. It is worth highlighting the 342 

previous reports that have indicated that the number of exons/introns in sesame bHLH genes varies 343 

from 0 to 10(Kazemitabar et al., 2020). Likewise, Andrographis paniculata exhibits a range of 0 to 344 

14 for the number of exons/introns(Xu et al., 2022), and P. canescens displays variability from 0 to 345 

14 in terms of exons/introns. These findings parallel the earlier results mentioned.   346 

  The expansion of gene family may be due to gene duplication events, including tandem, fragment, 347 

whole-genome duplication, and transposition events(Flagel and Wendel, 2009, Zhang, 2003). Two 348 

Deleted: .349 

Deleted: W350 

Deleted: ,351 

Deleted: at352 



12 
 

or more genes on the same chromosome are often related to tandem duplication, while segmental 353 

duplication often occurs on different chromosomes(Schlueter et al., 2007). Our results indicate that 354 

the expansion of gene family in P. canescens may be caused by tandem duplication and segmental 355 

duplication (Figure 6A). The two comparative syntenic maps of the association between P. 356 

canescens and P. trichocarpa or A. thaliana, which further clarify the origin and evolution of the 357 

PcbHLH gene family (Figure 6B), showed that PcbHLHs had a syntenic relationship with 144 and 358 

93 genes in P. trichocarpa and A. thaliana, respectively. These indicate that P. canescens is 359 

phylogenetically closer to P. trichocarpa than to A. thaliana. Furthermore, the analysis of the Ka/Ks 360 

ratio revealed that PcbHLH gene pairs experienced purifying selection (Table S3). Key residues 361 

within the basic region play a crucial role in distinguishing variations in the specific hexanucleotide 362 

sequence core at the promoter of target genes. This capacity enables the classification of plant 363 

bHLHs into distinct DNA-binding categories. Using the criteria described by Massari and 364 

Murre(Massari and Murre, 2000), the PcbHLH proteins were divided into several categories (Table 365 

1). The proportion of G-box binding were 64% which was the maximal DNA binding. Non-G-box 366 

binding were 21%, Non-E-box binding were 12%, Non-DNA binding were 3%. Compared with A. 367 

thaliana the Non-DNA binding were 18% far more than Non-DNA binding of PcbHLHs(Toledo-368 

Ortiz et al., 2003). Yet, it is essential to confirm whether these non-DNA binding sequences still 369 

possess DNA-binding activity despite having a low basic region. 370 

  Cd is toxic pollutants that is detrimental to living organisms. Contamination with heavy metals 371 

such as Cd is a serious threat to human health. Cd can cause human diseases, including kidney 372 

disorders, neurotoxicity and osteoporosis(Jarup and Akesson, 2009, Satarug et al., 2010). Even 373 

moderate levels of heavy metals can be damaging to living organisms when exposed for an extended 374 

period. Consumption of crop plants cultivated on contaminated sites or irrigated with polluted 375 

groundwater may result in long-term heavy metal absorbance and accumulation in the human 376 

body(Shimbo et al., 2001, Zahir et al., 2005) and  controlling the heavy metal pollution in soil has 377 

become a key problem. Phytoremediation is a relatively new technology, with limited research 378 

conducted in recent years. The majority of hyperaccumulators employed in phytoremediation are 379 

herbaceous plants with small biomass and underdeveloped root systems. Additionally, large woody 380 

plants with well-developed roots, such as P. canescens, a rapidly growing poplar species, are 381 

considered suitable for phytoremediation. Prior research has unveiled the crucial involvement of 382 
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bHLH proteins in the plant's response to stress induced by heavy metals. For instance, heterologous 387 

expression of soybean GmORG3, a bHLH family gene, enhanced Cd tolerance in yeast. Furthermore, 388 

the overexpression of GmORG3 in soybean mosaic seedlings using a hairy root system showed that 389 

overexpressing plants enhanced Cd tolerance and stabilized Fe homeostasis(Xu et al., 2017). In 390 

Arabidopsis, several closely related bHLH genes from the same clades have been characterized as 391 

key transcription factors regulating the Cd stress response. FIT/bHLH38 or FIT/bHLH39 392 

heterodimers can respond to Cd tolerance by affecting the transcriptional expression of downstream 393 

genes(Wu et al., 2012, Yuan et al., 2008). BHLH104 loss-of-function mutants were sensitive to Cd 394 

stress, and the Cd tolerance was enhanced upon overexpression of bHLH104(Tissot et al., 2019). 395 

Based on the phylogenetic tree constructed with bHLH proteins in P. canescens and A. thaliana, 396 

PcbHLH proteins from Clade XV (FIT/bHLH38 and FIT/bHLH39), Clade XVI, Clade XIV and 397 

Clade XIII (neighboring subfamily) were clustered together with well-defined AtbHLH proteins 398 

known for their association with the plant's response to heavy metal stress. This clustering offers a 399 

valuable reference for predicting the biological functions of PcbHLH genes. We screened these 14 400 

PcbHLH genes to investigate the molecular mechanism of PcbHLH proteins during Cd enrichment 401 

in P. canescens. RT-qPCR was performed to analyze the transcript levels of these PcbHLHs under 402 

Cd treatment to verify whether the poplar bHLH family could respond to Cd stress. The results 403 

showed that these orthologous genes responded to Cd stress indicating they might be the essential 404 

regulators involved in the Cd stress (Figure 7A). The expression level increased to a maximum in 405 

leaves within 168 hours and in stems within 6 hours suggesting that these PcbHLH genes were 406 

involved in the long- and short-term regulation of Cd stress. Most of PcbHLH genes were highly 407 

expressed in leaves thereby confirming tissue-specific expression (Figure 7B). To investigate the 408 

regulatory mechanisms of the PcbHLH genes, we analyzed their cis-elements from the 409 

transcriptional start site to the –2000 bp upstream region. The cis-acting element analysis revealed 410 

that PcbHLH family genes were widely involved in a variety of physiological processes, including 411 

plant growth and development, hormone responses and stress responses. In addition, several stress 412 

response-related elements exist widely in PcbHLH gene promoter regions, suggesting that 413 

PcbHLHs play pivotal roles in mediating the plant's response to abiotic stress.  414 

  The bHLH family, one of the largest transcription factor families, is inadequately studied in plants, 415 

with many family members' functions remaining unexplored. Analyzing the PcbHLH genes will 416 
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enhance our fundamental understanding and provide a theoretical basis for breeding new Cd 423 

pollution-resistant germplasm, aiming to cultivate new P. canescens materials with high 424 

concentration and high tolerance to repair soil Cd pollution. 425 

 426 

Supplementary Materials: Table S1: The detail information of bHLH members in Populus 427 

canescens and Arabidopsis thaliana, Table S2: The analysis of physicochemical properties of 428 

PcbHLHs, Table S3: Ka/Ks ratio of putative orthologous and paralogous pairs in P. canescens. Table 429 

S4: qPCR primer. 430 
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