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Abstract 11 

The narrow-crown form of Chamaecyparis hodginsii has ornamental, greening, and timber value, making it 12 

promising for forestry. To identify superior narrow-crown provenances and elucidate mechanisms of branch 13 

inclination angle variation, we measured growth traits, branch angles, and phytohormones in axillary buds from 14 

14 provenances, followed by multivariate analyses. A narrow-crown (provenance 3) and a wide-crown 15 

(provenance 6) provenance were selected for transcriptome sequencing. Significant variation in traits and 16 

hormone levels was found. Provenance 4 had the lowest branch angle (20.4% below mean), and provenance 2 17 

the highest proportion of narrow-crown individuals (21.7%). Zeatin was highest in provenance 2 (42.8% higher), 18 

auxin lowest in provenance 14 (27.6% lower). Comprehensive evaluation identified provenances 3 and 4 as 19 

superior. Branch angle negatively correlated with zeatin and auxin, with auxin showing strong negative direct 20 

effect. Transcriptome analysis revealed 2272 differentially expressed genes, including 27 in hormone pathways. 21 

Six up- and three down-regulated auxin-responsive genes showed unique patterns in the narrow-crown 22 

provenance. Cytokinin regulators had opposite expression; gibberellin receptor was down-regulated while 23 
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growth repressor up-regulated. Salicylic and jasmonic acid signaling were suppressed, whereas abscisic acid 24 

regulator decreased and ethylene signaling increased. These findings indicate auxin and auxin-responsive genes 25 

regulate branch inclination angle, and provenances 3 and 4 are superior narrow-crown sources, providing 26 

insights for early selection and molecular breeding. 27 

Keyword 28 

Chamaecyparis hodginsii, narrow-crown architecture, branch inclination angle, phytohormone signaling, 29 
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1 Introduction 31 

Branch inclination angle is a key determinant of crop yield and ideal plant architecture. The magnitude of 32 

branch inclination angle directly influences crown architecture, photosynthetic efficiency, and stress resistance 33 

[1]. Despite its importance, the mechanisms governing branch inclination angle formation remain insufficiently 34 

understood [2]. Plants with larger branch inclination angles typically develop a more dispersed canopy structure, 35 

which can reduce photosynthetic efficiency and hinder mechanized operations [3]. In contrast, smaller branch 36 

inclination angles promote a more compact and dense plant architecture, which is generally associated with 37 

improved productivity [4]. For example, in peach cultivation, trees with narrower crowns and smaller branch 38 

inclination angles produce fewer lateral branches and are easier to train and prune, thereby reducing labour 39 

inputs [5]. The establishment of axillary meristems and the subsequent growth of axillary buds are the two main 40 

developmental processes involved in branch development. Phytohormones play a key regulatory role in the 41 

intricate interactions between genetic factors, environmental conditions, and axillary meristem formation, 42 

ultimately leading to the initiation and development of axillary buds [6]. Subsequent axillary bud growth is a 43 

critical determinant of branch inclination angle, thereby exerting a fundamental influence on overall plant 44 

architecture [7]. 45 
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Genetic factors, environmental conditions, phytohormones, and nutritional availability jointly regulate 46 

branch inclination angle development [8]. From a hormonal perspective, branch inclination angle formation 47 

depends on the interactions and spatiotemporal dynamics of many phytohormone signaling pathways. Among 48 

them, auxin is a key regulator [9, 10]. Auxin gradients are established through local biosynthesis mediated by 49 

flavin monooxygenases of the YUCCA family [11], polar transport facilitated by carrier proteins such as PIN 50 

transporters [12], and signal transduction via TIR1/AFB receptors and ARF transcription factors [13]. This 51 

coordinated regulatory network generates asymmetric auxin distribution within tissues, thereby modulating 52 

gravitropic growth and branch inclination angle [14]. Strigolactones further interact with auxin to regulate 53 

branch inclination angle through conserved biosynthetic pathways involving MAX, D, and RMS genes [15]. In 54 

addition, other hormones—including cytokinins [16], brassinosteroids [17], gibberellins [18], ethylene [19] and 55 

abscisic acid [20]—participate in this process by modulating cell elongation and gravitropic responses. At the 56 

genetic level, several key genes controlling branch inclination angle have been cloned [21]. Expression of the 57 

LAZY1 gene is negatively correlated with branch inclination angle. Previous studies suggest that LAZY1 interacts 58 

with genes involved in auxin signaling at both the plasma membrane and the nucleus [22, 23], and may regulate 59 

branch inclination angle by repressing the expression of auxin-responsive genes [22]. In contrast, TAC1 functions 60 

antagonistically to LAZY1. Loss of the conserved C-terminal domain V may impair the ability of TAC1 to bind to 61 

actin filaments, thereby modulating branch inclination angle by suppressing LAZY1-induced gravitropic 62 

responses [24-26]. The LPA1 gene participates in amyloplast sedimentation during gravity perception [27], 63 

whereas PROG1, a domestication-related gene, plays a critical role in regulating plant architecture in rice [28]. 64 

Additionally, branch inclination angle is dynamically regulated by environmental cues, including gravity and 65 

light, which can lead to induce uneven distribution of phytohormones [29, 30]. Gravitational stimuli trigger 66 

amyloplast sedimentation and downstream signal transduction, thereby influencing branch inclination angle 67 
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formation [31]. Similarly, unilateral light induces differential auxin distribution through photoreceptor-mediated 68 

pathways, resulting in phototropic bending [32]. 69 

Chamaecyparis hodginsii is listed as a nationally protected species in China and possesses substantial 70 

ecological, economic, and ornamental value. In recent years, research on C. hodginsii has expanded across 71 

multiple aspects, including germplasm morphology [33, 34], physiological ecology [35, 36], stand management 72 

[37], and cultivation regulation [38, 39]. These studies have provided an increasingly systematic scientific basis 73 

for the cultivation and utilization of this species. The narrow-crown form of C. hodginsii represents a naturally 74 

occurring variant characterized by desirable timber properties as well as landscape and ornamental value, and 75 

therefore holds considerable promise for forestry and horticultural applications. Current studies on narrow-crown 76 

C. hodginsii have primarily focused on morphological differences between narrow- and normal-crown types. For 77 

instance, compared with the standard variety, the narrow-crown form exhibits greater tree height and diameter at 78 

breast height, but smaller crown dimensions, including crown length, width, and crown ratio. In addition, the two 79 

forms show pronounced stage-dependent and trait-specific differences in branching rate, branch and leaf 80 

morphology, and leaf area [40]. Despite these advances, the mechanisms mechanisms that govern branch 81 

inclination angle formation in C. hodginsii remain poorly known. Considering the critical role of branch 82 

inclination angle in determining crown architecture and ornamental value, a deeper understanding of the 83 

endogenous processes that regulate branch inclination angle development is required. 84 

In our study, 14 provenances of C. hodginsii were selected to identify superior narrow-crown sources 85 

characterized by smaller branch inclination angles, cylindrical crown architecture, and multilayered leaf 86 

arrangement, which together indicate strong natural self-pruning ability. The study aimed to elucidate the 87 

hormonal and molecular mechanisms underlying variation in branch inclination angle. By integrating 88 

endogenous phytohormone profiling with transcriptome analysis, we identified key genes and phytohormones 89 
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signalling pathways involved in regulating branch inclination angle development in C. hodginsii. These findings 90 

have substantial implications for selecting and developing superior narrow-crown cultivars. Furthermore, they 91 

establish a scientific basis for molecular design breeding aimed at optimizing tree architecture and enhancing 92 

both the economic and ecological value of forest stands. Collectively, this work contributes to the efficient 93 

utilization and industrial development of this multifunctional tree species. 94 

2 Materials and Methods 95 

2.1 Overview of Experimental Conditions 96 

The Feng Tian State-owned Forest Farm in Hutou Town, Anxi County, Fujian Province, China (25°18′ N, 97 

118°0′ E) was the study site. It has a subtropical monsoon climate, an elevation of 350-550 m, and an annual 98 

average temperature of 21 °C. The rainfall is 1600 mm, and the frost-free period lasts 330 days. The provenance 99 

trial plantation is dominated by yellow–red soils with relatively high organic matter content and favorable 100 

physicochemical properties, providing suitable conditions for the growth of a wide range of forest tree species. 101 

The main understory vegetation includes Blechnum orientale, Maesa japonica, and Ophiopogon bodinieri. 102 

2.2 Experimental Materials  103 

2.2.1 Experimental design 104 

Seeds of C. hodginsii collected from 14 different provenances were used as experimental materials. 105 

Seedlings were initially raised under forest canopy conditions in 2015. During the early introduction and 106 

cultivation phase, individuals exhibiting vigorous growth were preliminarily selected. In 2016, seedlings of 107 

similar height were transplanted from the nursery stage to an experimental site with comparable site 108 

characteristics. The trial consisted of seven plots in the provenance trial. Five trees from each provenance were 109 

planted in each plot, for a total of 35 trees per provenance. Trees were planted 2 m × 2 m apart. During both 110 

nursery establishment and afforestation, a single row of C. hodginsii was planted around the experimental 111 
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plantation as a protective row. The provenance trial plantation was distributed across upper-, middle-, and 112 

lower-slope positions of the mountain. Standard silvicultural management practices, including fertilization, 113 

irrigation, and weed control, were conducted twice annually. Germplasm evaluation was carried out again during 114 

the young stand stage. 115 

At present, the provenance trial plantation at Feng Tian State-owned Forest Farm in Anxi County, Fujian 116 

Province, consists mainly of 7-year-old C. hodginsii trees. Detailed information on the provenance origins of C. 117 

hodginsii is presented in Fig. 1 and Table 1. 118 

 119 

Figure 1. Geographical information of C. hodginsii from different provenances. 120 

Note: P1, Wuming District, Nanning, Guangxi Zhuang Autonomous Region, China; P2, Shanglin County, Nanning, Guangxi Zhuang 121 

Autonomous Region, China; P3, Minqing County, Fuzhou, Fujian Province, China; P4, Jiangjin District, Chongqing, China; P5, Ruyuan Yao 122 

Autonomous County, Shaoguan, Guangdong Province, China; P6, Changting County, Longyan, Fujian Province, China; P7, Anxi County, 123 

Quanzhou, Fujian Province, China; P8, Yongchun County, Quanzhou, Fujian Province, China; P9, Shanghang County, Longyan, Fujian 124 
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Province, China; P10, Yongtai County, Fuzhou, Fujian Province, China; P11, Hua’an County, Zhangzhou, Fujian Province, China; P12, 125 

Xianyou County, Putian, Fujian Province, China; P13, Jinxiu Yao Autonomous County, Laibin, Guangxi Zhuang Autonomous Region, China; 126 

P14, Guanyang County, Guilin, Guangxi Zhuang Autonomous Region, China. 127 

Table2 . Basic information of different provenances of C. hodginsii. 128 

Provenance Longitude Latitude Elevation (m) 

Annual average 

temperature (℃) 

Annual 

precipitation (mm) 

Sunshine 

duration (h) 

Relative 

humidity (%) 

P1 108.38 23.51 1000 21.7 1500 1660 78 

P2 108.63 23.33 800 20.9 1500 1576 81 

P3 106.68 26.19 400 19.7 1700 1515 83 

P4 106.35 28.58 1300 18.4 1001 1141 90 

P5 113.59 24.80 1500 17.7 1705 1234 84 

P6 116.32 25.84 400 18.3 1700 1936 84 

P7 118.05 25.49 340 20.0 1600 1843 79 

P8 117.69 25.29 500 20.4 1850 1908 79 

P9 118.00 26.64 1300 20.1 1646 1801 77 

P10 119.08 25.88 1000 17.0 1500 1755 75 

P11 117.69 25.74 1300 19.0 1700 2000 75 

P12 119.13 25.79 600 20.6 1800 1833 76 

P13 110.19 24.13 550 17.0 1648 1269 83 

P14 111.18 25.37 1150 18.0 1583 1171 69 

2.2.2 Sample collection and trait measurements 129 

(1) Sample collection 130 

A tree-by-tree survey was conducted in April 2023 in each plot. A hypsometer was used to measure the tree 131 

height (TH), and diameter at breast height (DBH) at 1.3 meters above ground was measured with a diameter tape. 132 

Crown width (CW) was determined using a measuring tape. From the base upward, three branch inclination 133 

angle （BIA） was measured using an electronic goniometer, and the mean BIA was calculated for each 134 

individual. The proportion of narrow-crown individuals within each provenance was defined as the percentage of 135 

C. hodginsii trees with an average branch inclination angle smaller than 35°. 136 
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Axillary buds at the third and fourth nodes from the base during the early spring bud-burst stage were 137 

collected, together with leaf and stem tissues (reserved for further analyses). Samples from the same provenance 138 

and tissue position across the seven plots were pooled. All Samples were immediately frozen in liquid nitrogen 139 

and stored at −80 °C. 140 

(2) Determination of endogenous phytohormones 141 

Axillary buds from the 14 provenances of C. hodginsii were sampled with three biological replicates. 142 

Phytohormones, including indole-3-acetic acid (IAA), abscisic acid (ABA), gibberellin (GA₃), and Zeatin (ZT), 143 

in the axillary buds of C. hodginsii were quantified by HPLC (Shimadzu LCMS-2010) [41]. 144 

(3) Transcriptome sequencing 145 

RNA extraction, library construction, de novo transcriptome sequencing, and subsequent bioinformatic 146 

analyses were performed by Novogene Co., Ltd. (Beijing, China). 147 

To assess the reliability of the transcriptome data, quantitative real-time PCR (qRT-PCR) was used for 148 

validation. Total RNA was isolated from the axillary buds of several C. hodginsii provenances and reverse 149 

transcribed into cDNA. Six genes related to branch development were randomly selected for qRT-PCR 150 

validation, with Actin as the internal reference gene. The primer sequences are presented in Table 2. 151 

Table2 . Primer sequences 152 

Gene ID Primer sequences Length 

Actin 
F:GGAGGTTCCACCATGTTTCC 

R:GTGCTGAGCGAAGCGAGAAT 
90 

SAU39 (EVM_prediction_ctg10659.17) 
F:GACTTGGAAGCAAAGTGCAGA 

R:AAATGCCCACGTAGACTGCC 
84 

SAUR71 (EVM_prediction_ctg5845.47) 
F:TTGGAAGGCTCACTTTGGCA 

R:AGGAACCCTCGCTGACATTG 
118 

SAUR50 (EVM_prediction_ctg7038.48) 
F:CTGGTCATTTGCCTGTGTGTG 

R:AGGAGCTCCCTAAACAGGGG 
94 

DUF659 (EVM_prediction_ctg4425.1) 
F:ACCAGGAGTGCTTTATGGGC 

R:AGGAAAGAGCTTGTTCGGCA 
98 
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ETR2 (EVM_prediction_ctg5771.74) 
F:TGAACCGTGAAATGAGGGCA 

R:CAGCTGTTCAGCATTCAGGC 
86 

PR1C (EVM_prediction_ctg6256.2) 
F:TAAACGCAAGGGGGACTGTG 

R:ATCAGCAGGCGTGAATTCCT 
94 

2.2.3 Statistical Analysis 153 

Excel 2019 and SPSS 25.0 were used to analyze the data. One-way ANOVA with LSD testing (P < 0.05) 154 

was used to evaluate group differences; the findings are shown as mean ± SD. Multivariate analyses were 155 

conducted using PCA, Pearson correlation, and R-based heatmaps. Canoco 5.0 was used to do RDA of C. 156 

hodginsii growth attributes and environmental conditions. 157 

3 Results 158 

3.1 Variation in morphological traits of C. hodginsii 159 

Across all provenances, the average DBH, TH, and CW of C. hodginsii were 4.8 cm, 6.1 m, and 1.2 m, 160 

respectively. Provenance No. 3 exhibited the largest DBH, which was 15.5% higher than the overall mean, 161 

whereas provenance No. 4 showed the smallest DBH, 23.2% lower than the mean, and displayed the highest 162 

coefficient of variation (43.1%). A significant difference was observed between these two provenances (P < 163 

0.05). TH varied significantly among provenances. Provenance No. 5 had the greatest TH, exceeding the mean 164 

by 7.0%, whereas provenance No. 4 exhibited the smallest value, 11.6% lower than the mean, with the highest 165 

coefficient of variation (18.0%). Compared with provenances No. 5 and No. 6, provenance No. 4 had a 166 

significantly lower TH (P < 0.05). For CW, provenance No. 12 showed the largest value, which was 8.7% higher 167 

than the mean and had the highest coefficient of variation (6.1%). In contrast, provenance No. 4 exhibited 168 

significantly smaller CW than the other provenances (P < 0.05), being 29.8% lower than the overall mean. 169 
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 170 

Figure 2. Analysis of differences in diameter at breast height, tree height and crown width of C. hodginsii from different provenances. 171 

Note: Different lowercase letters indicate significant differences between provenances (p < 0.05), the same below. The diameter at 172 

breast height represents the index on the left side of the Y axis, and the tree height and crown width represent the index on the right side of 173 

the Y axis. The provenance is represented on the X axis. 174 

The mean BIA across all C. hodginsii provenances was 58.1°. Provenance No. 6 exhibited the largest BIA, 175 

which was 11.6% higher than the overall mean and significantly greater than those of provenances No. 3 and No. 176 

4 (P < 0.05). In contrast, provenance No. 4 showed the smallest BIA, 20.4% lower than the mean, and was 177 

significantly smaller than those of provenances No. 1, 5, 6, 7, 8, 10, 11, 12 and 14 (P < 0.05). Provenance No. 14 178 

displayed the highest coefficient of variation, reaching 23.6%. Regarding crown architecture, provenance No. 2 179 

had the highest proportion of narrow-crown individuals (21.7%), followed by provenances No. 3 and No. 13 180 

(11.5%). No narrow-crown individuals were observed in provenances No. 1, 5, 6, 8, 10, 11 or 12. 181 
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 182 

Figure 3. Analysis of differences in branch inclination angle and proportion of narrow-crowned trees of C. hodginsii from different 183 

provenances. 184 

Note: The branch inclination angle represents the index on the left side of the Y axis, and the proportion of narrow-crowned trees 185 

represents the index on the right side of the Y axis. The provenance is represented on the X axis. 186 

3.2 Variation in endogenous phytohormone concentrations in axillary buds of C. hodginsii 187 

The mean concentrations of ZT, IAA, GA₃, and ABA in axillary buds of C. hodginsii across all provenances 188 

were 4.5, 190.8, 3072.8, and 22.0 ng g⁻¹, respectively. Significant variation in phytohormone levels was observed 189 

among provenances. Provenance No. 2 exhibited the highest ZT concentration, which was 42.8% higher than the 190 

overall mean and significantly greater than those of most other provenances (P < 0.05), whereas provenance No. 191 

14 showed the lowest ZT concentration, 33.7% lower than the mean, and significantly lower than those of 192 

provenances No. 2, 3, 4, 5, 7, 12, and 13 (P < 0.05). For IAA, provenance No. 7 had the highest concentration, 193 

9.5% higher than the mean and significantly greater than those of provenances No. 1, 6, 11, 12, and 14 (P < 194 

0.05).  195 
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 196 

Figure 4. Analysis of differences in endogenous hormone content of axillary buds of C. hodginsii from different provenances. 197 

Note: The contents of ZT and GA3 represent the index on the left side of the Y axis, and the contents of IAA and ABA represent the 198 

index on the right side of the Y axis. The provenance is represented on the X axis. 199 

In contrast, provenance No. 14 exhibited the lowest IAA level, 27.6% lower than the mean, and 200 

significantly lower than those of all other provenances (P < 0.05). GA₃ concentrations also differed significantly 201 

among provenances. Provenance No. 5 showed the highest GA₃ concentration, exceeding the mean by 71.8% 202 

and significantly higher than that of all other provenances (P < 0.05). Conversely, provenance No. 7 exhibited 203 

the lowest GA₃ level, which was 39.4% lower than the mean and significantly lower than those of provenances 204 
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No. 1, 2, 3, 4, 5, 8, and 14 (P < 0.05). For ABA, provenance No. 12 had the highest concentration, 72.2% higher 205 

than the mean and significantly greater than those of the other provenances (P < 0.05), whereas provenance No. 206 

3 showed the lowest ABA level, 47.5% lower than the mean and significantly lower than those of the other 207 

provenances (P < 0.05). The ZT/IAA ratio in axillary buds ranged from 0.018 to 0.032, while the GA₃/ABA ratio 208 

ranged from 6.8 to 27.2 (Table 3). 209 

Table3 . Variation in phytohormone ratios of C. hodginsii from different provenances. 210 

Phytohormone 

ratio 

Provenance 

P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 P12 P13 P14 

ZT/IAA 0.021 0.032 0.030 0.025 0.025 0.020 0.023 0.020 0.020 0.018 0.022 0.030 0.021 0.022 

GA₃/ABA 16.0  22.6  27.7  18.2  26.8  13.0  9.3  17.4  11.6  12.5  8.9  6.8  10.7  11.1  

3.3 Principal component analysis and comprehensive evaluation of phenotypic traits among C. hodginsii 211 

provenances 212 

Using the criteria of eigenvalues > 1 and cumulative contribution ≥ 65%, two principal components were 213 

retained, explaining 67.85% of the variation in C. hodginsii phenotypic traits (Table 4). These two components 214 

were therefore considered sufficient to capture most of the variation in phenotypic traits and were subsequently 215 

used for the comprehensive evaluation of narrow-crown C. hodginsii provenances. The results indicated that P3, 216 

P4, and P2 were identified as the superior provenances, whereas P14, P6, and P12 were ranked as the least 217 

favorable (Table 5). 218 

CW and BIA were the major contributors to PC1. To further assess the provenances, a second principal 219 

component analysis concentrating on narrow-crown characteristics was carried out in light of these findings. The 220 

total contribution rate rose to 84.46% in our analysis (Table 4). According to the comprehensive evaluation 221 

scores, P4 and P3 continued to be the best-performing provenances, whereas P6 and P12 were the worst (Table 222 

5). 223 
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Table 4. Initial factor loading matrix, eigenvector, and principal component contribution rate. 224 

Index 

Principal component 1 Eigenvector 1 Principal 

component 2 

Eigenvector 2 

1-1 1-2 1-1 1-2 

Diameter at breast height −0.571 0.758 −0.332  0.482    

Tree height −0.640 0.721 −0.372  0.459    

Branch inclination angle 0.863 0.306 0.502  0.195  0.919 0.707 

Crown width 0.862 −0.290 0.501  −0.184  0.919 0.707 

ZT −0.469 −0.635 −0.273  −0.404    

IAA 0.451 0.682 0.262  0.434    

GA3 0.419 0.177 0.244  0.113    

ABA −0.366 −0.547 −0.213  −0.348    

Eigenvalue 2.957 2.471 2.957 2.471 1.689 1.689 

Contribution % 36.96 30.89 36.96 30.89 84.46 84.46 

Cumulative contribution % 36.96 67.85 36.96 67.85 84.46 84.46 

Table 5. The principal component value and comprehensive value of C. hodginsii with different provenance. 225 

Provenance 

Principal Component Score 1 Comprehensive Score 1 

Sort 1· 

Principal Component Score 

2 Sort 2· 

F1 F2 F FF 

P1 0.02  0.19  0.10 10  0.38  6 

P2 0.36  0.87  0.59 3  0.46  4 

P3 0.28  1.45  0.82 1  0.85  2 

P4 1.17  0.17  0.71 2  1.41  1 

P5 −0.27  1.10  0.36 4  0.21  11 

P6 −0.66  0.59  −0.08  13  0.11  13 

P7 −0.35  1.03  0.28  5  0.30  12 

P8 −0.06  0.45  0.17  8  0.31  8 

P9 −0.19 0.69  0.22  7  0.41 5 

P10 −0.34 0.68  0.13  9  0.27 9 

P11 −0.10  0.12  0.00  11  0.32 7 

P12 −0.54  0.49  −0.07  12  0.11 13 

P13 −0.11  0.72  0.27  6  0.49 3 

P14 −0.45  −0.14  −0.30  14  0.24 10 
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3.4 Cluster analysis of C. hodginsii provenances 226 

Hierarchical cluster analysis was conducted using squared Euclidean distance based on the comprehensive 227 

scores of narrow-crown C. hodginsii provenances. At a Euclidean distance of 5, different provenances of C. 228 

hodginsii could be divided into three separate groups. Among these groups, provenances P3 and P4 were 229 

identified as superior sources. Provenances P2, P9, and P13 were categorized as intermediate, whereas 230 

provenances P1, P5, P6, P7, P8, P10, P11, P12, and P14 were classified as inferior. 231 

 232 

Figure 5. Cluster analysis results of comprehensive evaluation of narrow crown C. hodginsii provenance. 233 

3.5 Correlation between morphological traits and endogenous phytohormone concentrations in C. 234 

hodginsii 235 

Pearson correlation analysis revealed four significant correlations (P < 0.05) and three highly significant 236 

correlations (P < 0.01; Fig. 6). BIA was significantly negatively correlated with ZT (r = −0.56) and IAA (r = 237 

−0.57). In contrast, ZT was positively correlated with IAA (r = 0.58). CW showed a significant positive 238 

correlation with DBH (r = 0.64). Highly significant positive correlations were observed between BIA and CW (r 239 

= 0.69), as well as between TH and DBH (r = 0.92) and CW (r = 0.69). 240 
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 241 

Figure 6. Heatmap analysis of morphological characteristics and endogenous hormones content of C. hodginsii. 242 

Note: DBH, TH, CW and BIA represent the diameter at breast height, tree height, crown width and branch inclination angle, and ZT, 243 

GA3, IAA and ABA represent the contents of zeatin, gibberellin 3, indoleacetic acid and abscisic acid. 244 

Based on the variables that contributed most strongly to PC1 and PC2, namely CW, TH, and DBH, together 245 

with the results of the Pearson correlation analysis, traits showing strong collinearity were excluded and a path 246 

analysis model was constructed to evaluate the factors influencing BIA (Fig. 7). The goodness-of-fit indices 247 

indicated that the model fit the data well (χ²/df = 1.17 < 3, P = 0.304 > 0.05, CFI = 0.980 ≥ 0.95, TLI = 0.980 ≥ 248 

0.95). The path analysis revealed that IAA exerted a highly significant negative direct effect on BIA. ZT 249 

indirectly influenced BIA through its highly significant effect on IAA. Among morphological traits, CW had a 250 

highly significant direct effect on BIA. DBH significantly affected TH, which in turn significantly influenced 251 

CW, thereby indirectly affecting BIA. Overall, these results indicate that IAA and CW act as key determinants of 252 

BIA, jointly regulating BIA with other traits. Notably, higher IAA concentrations were associated with smaller 253 

branch inclination angles. 254 
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 255 

Figure 7. The results of the path analysis. 256 

3.6 Transcriptome analysis of different C. hodginsii provenances 257 

3.6.1 Differential gene expression analysis 258 

Based on the results of the comprehensive evaluation and cluster analysis, transcriptomic comparisons were 259 

performed between provenance P3 (narrow-crown type with smaller branch inclination angle) and provenance 260 

P6 (wider crown type). Strict statistical criteria (|log₂FoldChange| ≥ 1 and P < 0.05) were used to identify 261 

differentially expressed genes (DEGs). Between the two provenances, 2272 DEGs were found, including 1276 262 

down-regulated genes (DRGs) and 996 up-regulated genes (URGs) in P3 relative to P6 (Fig. 8a). 263 

According to Gene Ontology (GO) enrichment analysis, URGs were primarily enriched in cellular 264 

component categories including nuclear outer membrane–endoplasmic reticulum membrane network, 265 

endoplasmic reticulum membrane, and actin cytoskeleton (Fig. 8b). In contrast, DRGs were enriched in cell 266 

periphery, proton-transporting two-sector ATPase complex, and monolayer-surrounded lipid storage body (Fig. 267 

8c). 268 

Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis further showed that 269 

URGs were mainly associated with pathways related to endoplasmic reticulum organization and cytoskeleton 270 
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structure, whereas DRGs were enriched in pathways associated with membrane-associated cellular processes and 271 

energy metabolism (Fig. 8d-e).  272 

Taken together, the GO and KEGG enrichment results suggest that cellular structural organization and 273 

membrane-associated processes may play important roles in regulating branch inclination angle development in 274 

young shoots of C. hodginsii. 275 

 

(a) 

C

  

(b) (c) 
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(d) (e) 

Figure 8. Volcanic map, GO, and KEGG enrichment analysis for DEGs. (A) Volcanic map of differentially expressed genes. (B) GO 276 

enrichment analysis of up-regulated genes. (C) GO enrichment analysis of down-regulated genes. (D) KEGG enrichment analysis of 277 

up-regulated genes. (E) KEGG enrichment analysis of down-regulated genes. 278 

Note: In panel A, the y-axis represents the statistical significance of differential gene expression, and the x-axis indicates the fold change in 279 

gene expression levels. Red dots represent significantly up-regulated genes, blue dots represent significantly down-regulated genes, and grey 280 

dots represent genes with no significant differential expression. 281 

3.6.2 Phytohormone-related gene expression patterns 282 

To discover genes involved in phytohormone-mediated regulation of branch inclination angle, 283 

phytohormones-related DEGs were screened using GO enrichment analysis. Nine genes from the SAUR (Small 284 

Auxin Up RNA) family were identified, which may participate in auxin biosynthesis and polar auxin transport. 285 

Among these genes, six were significantly up-regulated in provenance P3, including: SAUR39 286 

(EVM_prediction_ctg10659.17), SAUR50 (EVM_prediction_ctg3240.76, EVM_prediction_ctg3240.75, 287 

EVM_prediction_ctg3240.73, EVM_prediction_ctg3240.53) and SAUR32 (EVM_prediction_ctg374.90), (Fig. 288 

9a). Conversely, three genes were significantly down-regulated, including: SAUR50 289 
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(EVM_prediction_ctg3233.30), SAUR72 (EVM_prediction_ctg7012.33) and SAUR32 290 

(EVM_prediction_ctg9820.36), (Fig. 9b). 291 

Notably, the six up-regulated genes showed markedly higher expression levels in provenance P3, which 292 

exhibited a smaller branch inclination angle, whereas the three down-regulated genes were suppressed in this 293 

provenance. This coordinated expression pattern suggests activation of auxin signalling in P3, which may 294 

contribute to the reduction of branch inclination angle. In contrast, the opposite expression pattern observed in 295 

provenance P6 may be associated with its larger branch inclination angle phenotype. 296 

 

 

(a) (b) 

Figure 9. Heatmap of differential gene expression related to plant endogenous hormone regulation. 

Note: A: heat map of the expression levels of up-regulated differential genes; B: heat map of the expression levels of down-regulated 297 

differential genes. 298 

3.6.3 Phytohormones signalling pathways and associated genes related to branch inclination angle regulation 299 

Differentially expressed genes involved in phytohormones signal transduction were further analysed to 300 

explore their potential roles in regulating branch inclination angle in C. hodginsii. A total of 27 DEGs associated 301 

with phytohormone signalling pathways were identified, representing 14 protein families across several 302 

phytohormones pathways, including auxin, cytokinin, gibberellin, abscisic acid, ethylene, jasmonic acid, and 303 

salicylic acid (Fig. 10). Among these, two or more genes were identified in the AUX/IAA (auxin-responsive IAA 304 

protein), SAUR family proteins, protein phosphatase 2C (PP2C), jasmonate ZIM domain-containing proteins 305 
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(JAZ), TGA transcription factors, and pathogenesis-related protein 1 (PR-1) families. 306 

 307 

Figure 10. Plant hormone signal transduction pathway and related unigenes expression. 308 
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Note: In plant hormone signaling pathways, key components include AUX1 (auxin influx carrier), TIR1 (transport inhibitor response 1), 309 

AUX/IAA (auxin-responsive IAA protein), ARF (auxin response factor), GH3 (auxin-responsive GH3 gene family), and SAUR (SAUR 310 

family protein) for auxin signaling. Cytokinin signaling involves CRE1 (cytokinin receptor), AHP (histidine-containing phosphotransfer 311 

protein), B-ARR (two-component response regulator ARR-B family), and A-ARR (two-component response regulator ARR-A family). For 312 

gibberellin, key players are GID1 (gibberellin receptor GID1), GID2 (F-box protein GID2), DELLA (DELLA protein), and TF 313 

(phytochrome-interacting factor 4). Abscisic acid signaling includes PYR/PYL (abscisic acid receptor PYR/PYL family), PP2C (protein 314 

phosphatase 2C), SnRK2 (serine/threonine-protein kinase SRK2), and ABF (ABA responsive element binding factor). Brassinosteroid 315 

signaling involves BAK1 (brassinosteroid insensitive 1-associated receptor kinase 1), BRI1 (protein brassinosteroid insensitive 1), BKI1 316 

(BRI1 kinase inhibitor 1), BSK (BR-signaling kinase), BSU1 (serine/threonine-protein phosphatase BSU1), BIN2 (shaggy-related protein 317 

kinase, also known as protein brassinosteroid insensitive 2), BZR1/2 (brassinosteroid resistant 1/2), TCH4 (xyloglucan:xyloglucosyl 318 

transferase TCH4), and CYCD3 (plant cyclin D3). Jasmonic acid signaling components are JAR1 (jasmonic acid-amino synthetase), JA-Ile 319 

((-)-jasmonoyl-L-isoleucine), COI1 (coronatine-insensitive protein 1), JAZ (jasmonate ZIM domain-containing protein), MYC2 320 

(transcription factor MYC2), ORCA3 (AP2-domain DNA-binding protein ORCA2/3), NPR1 (regulatory protein NPR1), TGA (transcription 321 

factor TGA), and PR1 (pathogenesis-related protein 1). 322 

The down-regulation of one auxin influx carrier gene (AUX1/LAX family) in axillary buds may promote the 323 

up-regulation of two downstream early auxin-responsive genes, such as SAUR and Aux/IAA genes. Interestingly, 324 

six genes in the SAUR family were up-regulated while three were down-regulated, suggesting a complex 325 

regulatory mechanism in auxin signalling output. In the cytokinin signalling pathway, one gene each from the 326 

A-type ARR (A-ARR) and B-type ARR (B-ARR) families was identified, showing opposite expression patterns. 327 

Furthermore, the gibberellin receptor GID1 and F-box protein GID2 were down-regulated in the gibberellin 328 

signaling pathway, whereas the core repressor DELLA protein was up-regulated. These findings imply that the 329 

cytokinin and gibberellin signalling pathways in axillary bud cells may be suppressed. 330 
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Regarding defence-related phytohormoness, the gene encoding JAZ protein in the jasmonic acid signalling 331 

pathway was up-regulated, whereas genes encoding TGA transcription factors and PR proteins in the salicylic 332 

acid pathway were down-regulated, indicating reduced signalling output from these defence-related 333 

phytohormones pathways. Furthermore, the negative regulator of abscisic acid signalling (PP2C) was 334 

down-regulated, while the core positive regulator of ethylene signalling (EIN2) was up-regulated, suggesting 335 

potential enhancement of abscisic acid signalling and activation of ethylene signalling. 336 

3.6.4 Validation of differentially expressed genes by qRT-PCR 337 

For qRT-PCR validation, six differentially expressed genes were selected (Fig. 11). The accuracy of the 338 

transcriptome analysis was confirmed by the qRT-PCR results, which agreed with the RNA-seq data. 339 

340 



 24 

 341 

Figure 11. Expression profile of differentially expressed genes in axillary buds of C. hodginsii. 342 

4 Discussion 343 

4.1 Phenotypic variation among narrow-crown C. hodginsii provenances and selection of superior sources 344 

Provenance selection is one of the fundamental approaches in forest genetic improvement [42]. After the 345 

introduction and cultivation of C. hodginsii from different provenances, clear differences in morphological traits 346 

were observed. Among the evaluated traits, provenance P3 exhibited the largest DBH, P5 showed the greatest 347 

TH, P12 had the widest CW, P6 displayed the largest branch inclination angle, and P2 presented the highest 348 

proportion of narrow-crown individuals. In contrast, provenance P4 performed the poorest in DBH, TH, and CW. 349 

Considering crown architecture traits, provenances P2, P3, and P13 showed relatively desirable narrow-crown 350 

characteristics. These differences are likely associated with genetic variation among provenances, which is 351 

known to influence trait variability in forest trees [43]. Tree morphological traits are jointly influenced by genetic 352 

and environmental factors. During the early stages of plantation establishment, environmental conditions may 353 

obscure genetic differences among provenances, resulting in relatively small phenotypic variation [44]. However, 354 

the present study was conducted in a seven-year-old provenance trial plantation. With increasing stand age, trees 355 

gradually adapt to the local environment, allowing intrinsic genetic differences among provenances to become 356 

more evident [45]. This shows that the narrow-crown phenotype results from genetic variation, with genetic 357 

variables driving phenotypic variance among C. hodginsii provenances. Moreover, the coefficients of variation 358 
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for DBH and BIA were 38.1% and 23.6%, respectively. The coefficient of variation indicates both the degree of 359 

variation and the genetic potential of the associated traits [46]. Traits with higher coefficients of variation 360 

generally exhibit greater breeding potential [47], suggesting that DBH and BIA could serve as key indicators for 361 

selecting superior provenances. 362 

Plant metabolism produces endogenous signalling molecules called phytohormones, which are essential for 363 

regulating the plant growth processes [48, 49]. In this study, significant differences in phytohormone 364 

concentrations in axillary buds were observed among C. hodginsii provenances, further indicating that genetic 365 

factors contribute to variation in phytohormones levels. Prior research has demonstrated that whereas ABA 366 

inhibits growth and causes bud dormancy, IAA, ZT, and GA₃ promote plant growth [50]. In the present study, the 367 

relatively high GA₃/ABA ratio suggests that the axillary buds may be transitioning from dormancy to the 368 

bud-break stage [51]. Meanwhile, the relatively low ZT/IAA ratio indicates that the buds are likely preparing for 369 

sprouting but have not yet entered the rapid elongation phase [52]. 370 

Principal component analysis further indicated that provenances P3, P4, and P12 exhibited relatively good 371 

growth performance, whereas provenances P14, P6, and P12 showed comparatively poorer growth. Considering 372 

the overall evaluation results, provenance P3 displayed strong environmental adaptability and desirable 373 

narrow-crown characteristics, suggesting high economic and ornamental value. Other provenances with 374 

favorable narrow-crown traits but moderate growth performance, such as P13, may be suitable for landscape and 375 

ornamental applications. 376 

4.2 Regulation of branch inclination angle by endogenous phytohormones in C. hodginsii 377 

Auxin biosynthesis, transport, and signaling, together with its polar transport and uneven distribution, 378 

contribute to the development and regulation of branch inclination angle [10]. SAUR (Small Auxin Up RNA) 379 

family genes in Arabidopsis thaliana promote cell elongation and regulate plant growth [53, 54], and auxin 380 
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induces the expression of approximately two-thirds of these genes [55, 56]. Auxin synthesized at the shoot apex 381 

is transported basipetally and accumulates at the base of branches. Asymmetric auxin distribution triggers 382 

transcription factors such as ARF7/19, which in turn induce preferential expression of SAUR genes on the lower 383 

side of the branch when exposed to environmental cues including gravity and light [57]. Highly expressed SAUR 384 

proteins activate plasma membrane H⁺-ATPases, leading to cell wall acidification [53] and enhanced cell 385 

elongation on the lower side of the branch, thereby promoting more vertical growth [57]. IAA concentrations in 386 

leaves, axillary buds, and stems are significantly higher in plant lines with narrower branch inclination angles, 387 

according to earlier research [58]. Our finding is consistent with the current investigation, which found that IAA 388 

significantly reduces branch inclination angle. In addition, nine members of the SAUR gene family identified in 389 

this study have previously been associated with auxin biosynthesis and polar transport, further supporting this 390 

regulatory relationship. 391 

Interestingly, ZT showed a regulatory trend similar to that of IAA in influencing branch inclination angle. 392 

Cytokinins may regulate auxin distribution by altering the expression of several auxin transport components, 393 

thereby affecting intercellular auxin transport [59]. Collectively, these results suggest that branch inclination 394 

angle in C. hodginsii is primarily regulated by auxin signalling. The higher concentrations of IAA and ZT in the 395 

axillary buds of provenance P3 likely contribute to its smaller branch inclination angle, whereas the opposite 396 

trend observed in provenance P6 may explain its larger branch inclination angle phenotype. In contrast, GA₃ and 397 

ABA did not show significant regulatory effects on branch inclination angle in our study, suggesting that these 398 

phytohormoness may primarily influence branch growth vigor rather than directly determining branch 399 

architecture [60]. 400 

Regulation of auxin biosynthesis is also critical for branch growth [61]. In general, plant cells increase 401 

auxin signalling input by up-regulating AUX1 transporters and down-regulating AUX/IAA repressors, resulting 402 
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in SAUR gene expression [62]. However, the present results suggest a putative negative feedback regulatory 403 

mechanism, in which six SAUR genes were up-regulated while AUX1 expression was decreased. During early 404 

spring, plants typically allocate limited resources preferentially to the apical bud and roots to maintain apical 405 

dominance and enhance resource acquisition, resulting in the suppression of axillary bud growth [63, 64]. The 406 

up-regulation of SAUR genes observed here may indicate that environmental cues, such as low temperature or 407 

changes in photoperiod, triggered a reactivation process in axillary buds. Following an initial burst of auxin 408 

signalling, a negative feedback loop may be activated, characterized by down-regulation of AUX1 to reduce 409 

further auxin influx and up-regulation of AUX/IAA to suppress signal transduction, thereby restoring signalling 410 

homeostasis and preventing excessive responses [65]. Meanwhile, signalling pathways of two other 411 

growth-promoting phytohormoness, cytokinin and gibberellin, were suppressed in axillary buds [66, 67], 412 

suggesting that the buds were transitioning from a suppressed dormant state toward a potentially activated 413 

growth state. In addition, the signalling outputs of defence-related phytohormoness, jasmonic acid and salicylic 414 

acid, were also reduced [68-70]. This pattern indicates that axillary bud cells may be operating under a low 415 

metabolic state with a simplified transcriptional programme, in which stress-response pathways related to 416 

wounding and pathogen defence are temporarily attenuated [66]. Such a change may allow the buds to reallocate 417 

resources from defence to development. Additionally, the up-regulation of the ethylene signaling regulator EIN2 418 

[71] and the down-regulation of PP2C, a negative regulator of abscisic acid signaling [72], imply that axillary 419 

buds may perceive environmental cues like low temperature, fluctuations in water availability, or mechanical 420 

stress [73]. These signals may induce moderate abscisic acid and ethylene responses, helping to maintain water 421 

balance and adjust cellular metabolism during bud activation [66]. 422 

5 Conclusion 423 

In summary, our results identified provenances P3 and P4 as superior narrow-crown sources of C. hodginsii, 424 
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characterized by smaller branch inclination angles and narrower crown architecture. Branch inclination angle 425 

was directly and negatively regulated by IAA, while ZT indirectly influenced branch inclination angle through 426 

its interaction with IAA. Transcriptome analysis further revealed clear expression differentiation of the SAUR 427 

gene family between provenances with contrasting branch inclination angles, with six genes up-regulated and 428 

three down-regulated. These findings suggest that SAUR-mediated auxin signalling plays a central role in 429 

regulating branch inclination angle formation, while multiple phytohormones signalling pathways act 430 

coordinately to shape the narrow-crown architecture. 431 

Overall, this study provides a multi-level understanding of the mechanisms underlying branch inclination 432 

angle variation in narrow-crown C. hodginsii. Future research should focus on functional validation of key SAUR 433 

genes and the development of molecular markers to facilitate early identification and breeding of narrow-crown 434 

germplasm. In addition, vegetative propagation and regional cultivation trials of the selected superior 435 

provenances will further support their application in forestry production and landscape greening. 436 
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