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In the study to identify key genes and molecular markers related to Pinus armandii Franch growth and to 

obtain shorten breeding cycles, we selected 209 single plants from six seed sources from a clonal P. armandii 

seed orchard on Zixi Mountain, Chuxiong City, Yunnan Province, China and examined tree height and 

diameter at breast height (DBH) traits. We then studied single nucleotide polymorphisms (SNP) markers 

related to tree height and DBH using Genome-Wide Association Studies (GWAS) and predicted candidate 

genes associated with growth traits using quantitative polymerase chain reaction (qPCR) to preliminarily 

verify these genes. We identified 13 SNP loci in the population, of which six and seven SNPs were related 

to DBH and tree height, respectively. We also identified a candidate gene caffeoyl-CoA-O-methyltransferase 

(CCoAOMT) which has important roles in lignin monomer synthesis. Another candidate gene cellulose 

synthase A2 (CesA2) was involved in cellulose synthesis in different organs, tissue, and the cell wall. The 

SNP marker (Marker227806) was associated with DBH, the genotypes of marker227806 in 209 samples of 

P. armandii. In total, 175 samples had homozygous (GG) and 34 had heterozygous (GT) genotypes, and 

average DBH values were 23.80 cm and 26.10 cm, respectively, indicating significant differences between 

two genotypes for DBH (P = 0.037, < 0.05), which could be used for optimal DBH selection. The candidate 

genes CCoAOMT and CesA2 were evaluated by qPCR and AT5G42190 was selected as an internal reference 

gene. Needle (ZY), bark (SP), root (SG), phloem (RP), and xylem (MZ) tissues from 15 samples were used 

to analyze gene expression, with CCoAOMT and CesA2 identified in all tissue, but expression was highest 

in RP and relatively low in SP tissue, with significant differences observed. Both genes were preliminarily 

related to P. armandii growth traits and may be implicated in DBH and tree height. Our study provides 

important information for the genetic improvement of P. armandii.

Keywords: Pinus armandii Franch, Genome-Wide Association Studies, diameter at breast height, tree height, 

Caffeoyl-CoA-O-methyltransferase, Cellulose synthase A2.

INTRODUCTION

Pinus armandii Franch (Five-Needle Pine) has 

a tall and straight shape and is the most widely 

distributed species in the pine family. The seeds 

have a high oil content and are used for oil and 

food production; therefore, the species has 

recognized ornamental and edible properties 

(Chen & Shen 2005, Li 2007). The tree is also 

an important afforestation and timber species 

(Yuan & Chen 2010) and is vital for timber and 

forestry construction in China (Zhang & Cai 

1989).

Growth traits and timber properties are 

important indicators when evaluating timber 

species. Japarudin et al. (2022) measured the 

growth and wood traits of pure seed progeny 

from Eucalyptus pellita in eastern Malaysia and 

selected parent and progeny families with high 

general combining abilities, which provided 

materials for E. pellita genetic improvement. 

Nguyen et al. (2019) identified growth and 

wood traits in the offspring from the Melaleuca 

cajuputi half-sib family, evaluated and selected 

parent and offspring families with higher 

general combining abilities, and provided 

materials for M. cajuputi genetic improvement. 

Therefore, selecting germplasm resources 

with good growth trait performances such 

as tree height, diameter at breast height and 
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timber properties such as density are required 

to improve P. armandii Franch timber value 

(He 2019, Xu et al. 2014). However, multiple 

factors including large and highly heterozygous 

genomes (complex genetic backgrounds) (Chen 

et al. 2002) and long growth cycles have limited 

forest tree genome research when compared 

with other crops. Consequently, little research 

has been conducted on the genetic variations of 

important forest tree traits (diameter at breast 

height, height, growth, cone yield and material 

properties), thus limiting gene function-mining 

and metabolic pathway analysis and indirectly 

affecting the development and selection of 

superior tree resources (Wan et al. 2012). 

Additionally, traditional breeding methods 

are limited by long breeding cycles and low 

effectiveness, making it impossible to meet the 

increasing demands for greater quantities and 

quality of forest products (Xin et al. 2010). 

With continuous improvements and 

developments in molecular marker technology, 

first-generation representative restriction 

fragment length polymorphisms have been 

developed into third-generation single 

nucleotide polymorphisms (SNPs) (Shao 2015). 

SNPs are used as new generation molecular 

marker technologies for plant trait marker 

localisation and genetic map construction 

as they are advantageous in terms of high 

density, representativeness, genetic stability 

and wide distribution (Jia 2003). Genome-

wide association studies (GWASs) are based 

on genetic linkage disequilibrium, with many 

relevant genome-wide SNP markers developed 

using study material. By identifying SNP 

markers, loci or candidate genes with specific 

functions associated with important phenotypic 

trait variations, can be screened and the genetic 

effects analyzed (Duan & Zhu 2015, Loots et 

al. 2000). Genome-wide association studies 

(GWASs) are widely used in association studies 

examining important plant traits, especially 

agricultural crops; traits have included yields, 

plant height, spike length, flowering times 

and tassel stages in rice (Zaid et al. 2017), 

wheat (Chen et al. 2015), and maize (Farfan 

et al. 2015), and several genetic loci related to 

important traits of crops have been identified. 

Genome-wide association studies (GWASs) 

have generated data related to screening and 

has revealed some results related to plant 

disease resistance gene screening genes (Xiao 

et al. 2016) and metabolite synthesis in plants 

(Lipka et al. 2013). However, there are few 

reports related to GWASs in forest trees due 

have been published as trees having highly 

heterozygous genomes, among other reasons. 

The screening of genes related to material 

properties and resistance, mainly in Populus 

euphratica, Catalpa bungei and Populus (Porth et 

al. 2013), gene localization of genes related to 

Eucalyptus growth traits in Eucalyptus (Resende 

2016) and screening of candidate genes related 

to the peach fruit tree domestication and 

improvement of the economic in peach fruit 

tree (Cao et al. 2019) can provide a theoretical 

basis insights and technical guidance for GWASs 

of DBH and height traits trait GWASs in P. 

armandii Franch. Therefore, in order to shorten 

the breeding cycles and improve the breeding 

efficiency of Pinusin P. armandii, it is important 

to conduct molecular marker-assisted breeding 

by GWASs and based on their high-quality SNPs 

development using specific loci amplified 

fragment sequencing (SLAF-seq) sequencing 

from the perspective of molecular biology. 

MATERIALS AND METHODS

Sampling site

In 1986, the clonal P. armandii seed orchard in 

ZiXinshan Forest Farm, Chuxiong City, Yunnan 

Province, China was formally established and is 

located at E 24°58′58″—25 24°58′N at an altitude 

of 2200–2400 m and has an area of approximately 

30 hm2. The annual average temperature is 

approximately 12°C, the annual average rainfall 

is approximately 1000 mm, and the soil is dark 

red. The orchard contains 124 superior P. 

armandii clones from six provenances (Table 

1) (Weishan, Tengchong, Chuxiong, Nanhua, 

Huize, and Yiliang). The geographical location 

of each clone provenance is outlines (Figure 1).

Materials

Previous research materials came from the 

clonal P. armandii  seed orchard on Zixi 

Mountain. Tree height and DBH were measured 

by altimetry and a tree circumference ruler. In 

total, 1453 individuals were measured. Then, 
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based on phenotypic tree height and DBH 

survey data, individual plants were screened and 

arranged from large to small. Finally, 30 high-

growth individuals, with tree heights > 15 m and 

DBH > 30.6 cm, and 31 low-growth individuals 

with tree heights < 8.7 m and DBH < 17.5 cm 

were selected. Then, average tree height, DBH, 

and cone number values were calculated and 

analyzed. With reference to tree height > 10.9 m 

and DBH > 22.2 cm, 148 trees with tree heights 

and DBH at middle and upper levels were 

selected to generate 209 samples. Additionally, 

three superior individuals were selected for 

quantitative polymerase chain reaction (qPCR) 

studies, and young tree parts, including needles 

(ZY 1-3), bark (SP 1-3), roots (SG 1-3), phloem 

(RP 1-3), and xylem (MZ 1-3) were collected. In 

total, 15 samples from each plant were collected 

and three biological replicates performed.

Genome-wide association studies (GWAS) 

Fundamentally, GWASs are used to associate 

SNPs with phenotypic data. Different SNP types 

were combined for population analyses, and the 

threshold for screening important components 

in the environment was P = 10
−5

 (1/N, where N 

= number of markers). Under environmental 

influences, SNP results did not reach the first 

selection threshold (P < 10
−4

), but for well-

repeated marker loci, we performed statistical 

analyses and mined phenotypic traits associated 

with functional genes.

GWASs were conducted as follows: 1) From 

breeding goals, the research population was 

established, the largest population was selected 

as the research sample, and a target trait database 

was established. 2) Sample DNA was extracted, 

quality controls performed to genotypic 

Clonal source
Longitude 

East
Latitude North

Number of samples 

(Total = 209)
Provenance number

Huize 103°03′–103°55′ 25°48′–27°04′ 59 HZ

Weishan 99°55′–100°25′ 24°56′–25°32′ 72 WS

Tenchong 98°05′–98°45′ 24°38′–25°52′ 4 TC

Chuxiong 100°35′–101°48′ 24°30′–25°15′ 55 CX

Nanhua 100°44′–101°20′ 24°44′–25°21′ 17 NH

Yiliang 102°58′–103°28′ 24°30′–25°17′ 2 YL

Table 1 Pinus armandii material sources

Figure 1 Map showing the geographical location of clones

Tenchong

Weishan

Nanhua

Chuxiong

Huize

Yiliang
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requirements, and genotype data evaluated and 

subjected to quality controls to meet analysis 

requirements. 3) Appropriate statistical models 

(General Linear Model; Mixed Linear Model) 

were used to analyze associations between SNPs 

and target traits. 4) Further analyses and data 

verifications were performed after correlation 

analyzes. Trait Analysis by aSSociation, Evolution 

and Linkage (TASSEL) software (Bradbury 

et al. 2007) was used for association analyses 

based on SNP molecular marker development 

related to growth. The formula was: y = Χα + Qβ 
+ Kμ + e, where α = fixed effect vector; β = SNP 

substitution effect; μ = random additive genetic 

effect vector subject to distribution N (0, Gσ2
), 

G = kinship matrix derived from SNP markers; 

σ2
 = additive variance, and e = the residual.

Admixture software (Alexander et al. 2009) 

was used to calculate Q values (the overall sample 

structure) and SPAGeDi software (Hardy & 

Vekemans, 2002) was used to calculate K values 

(kinship between samples). A general linear 

model (GLM) was only required to calculate 

Q values, and a mixed linear model (MLM) to 

calculate Q and K values, where X = genotype 

and Y = phenotype. These approaches showed 

that each SNP marker locus was putatively 

associated with a result (Initiative 2000).

QPCR analysis of candidate gene 

expression

Total RNA extraction from P. armandii Franch

For qPCR studies, tender parts of three 

superior individuals were used, including 

needles (ZY 1-3), bark (SP 1-3), roots (SG 1-3), 

phloem (RP 1-3), and xylem (MZ 1-3). In total, 

15 samples were collected from plants, with 

three biological replicates performed. Total P. 

armandii RNA was extracted using a plant RNA 

extraction kit (OMEGA R6827, Beijing Ya ‘anda 

Biotechnology Co., Ltd, Beijing, China).

RNA concentration and quality

RNA concentrations were determined using 

an Ultramicro UV spectrophotometer (UL-

5000, Shanghai Meixi Instrument Co., Ltd, 

Shanghai, Beijing). To determine impurities, 

approximately 1 μL of newly extracted RNA was 

measured at an absorbance ratio of 260 nm to 

280 nm; i.e., the ideal OD260/OD280 value was 

1.8–2.0.

RNA quality: On a 1% agarose gel, newly 

extracted RNA was subjected to electrophoresis 

for approximately 20 min. A gel imager (E-BOX-

CX5, French Vilber Lourmat, Paris, France) 

was then used to observe and photograph gels. 

When RNA quality was satisfactory and met 

standard requirements, it was used for reverse 

transcription studies.

First-strand cDNA synthesis

First-strand cDNA was synthesized using a 

reverse transcription kit (Kunming Shuoyang 

Biotechnology Co., Ltd, Kunming, China). 

Briefly, 2 μL template RNA, 2 μL AccuRT 

Reaction Mix (4 ×), and 4 μL enzyme-free water 

were incubated at 42°C for 2 min or room 

temperature for 5 min. Then, 2 μL AccuRT 

Reaction Stopper (5 ×), 4 μL 5 × All-in-One RT 

MasterMix, and 6 μL enzyme-free water were 

added and incubated at 25°C for 10 min or 42°C 

for 15 min.

First-strand cDNA characterization

First-strand cDNA concentration and purity 

levels were determined using a nucleic acid 

protein analyzer (HM-CWF1, Hengmei 

Technology Co., Ltd, Zhengzhou, China). An 

absorbance ratio of 260 nm to 280 nm (1.8–

2.0) was ideal. First-strand cDNA quality was 

examined using 0.8% agarose gel electrophoresis 

for 30 min, with gels observed on an E-BOX-

CX5(Vilber Bio Imaging Company, Paris, 

France) gel imager.

Candidate gene primer design

After sequence alignments using the National 

Center for Biotechnology Information (NCBI) 

website, tree height and DBH related genes 

were identified and qPCR primers designed 

using Primer 3.0 (NCBI). Primer length was 

approximately 18–25 bp, annealing temperature 

was 55°C–65°C, primer melting temperature 

differences were not more than 5°C, the GC 
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content was 40%–60%, and the amplification 

of the PCR intermediate fragment is generally 

100 ~ 400 bp. AT5G42190, which is related to 

pine trees (Xin et al. 2021), was selected as an 

internal reference gene for qPCR. Its primer 

sequence was ATGCTGGACAGGCTTTGAAC 

GAGTTGCTCCGAGATCTTTACA. The primer 

sequences are shown in Table 2.

Candidate gene validation using qPCR

Light-proof qPCR reaction was performed 

on an ABI 7500 Fast Real-Time PCR System 

(Applied Biosystems Company, Massachusetts, 

USA) using a kit from Kunming Shuoyang 

Biotechnology. A final 20 μL reaction volume 

was used (Table 3).

Standard qPCR amplification parameters: 

pre-denaturation at 95°C for 30 s; 40 cycles at 

95°C for 5 s and 60°C for 30 s; melting curve 

analysis at 95°C for 15 s, 60°C for 1 min and 

95°C for 15 s. Cycle threshold (Ct) values were 

calculated (Microsoft Excel) using the formula 

2-△△Ct = 2-[△Ct (Test sample) -△Ct (Control 

sample)], △Ct (Test sample) = [Ct (Test sample, 

target gene) - Ct (Test sample, reference gene)], 

△Ct (Control sample) = [Ct (Control sample, 

target gene) - Ct (Control sample, reference 

gene)] (Schmittgen & Livak, 2008). Figures 

Table 2 Primers for qPCR analysis

Gene Name Primer number Forward primer Reverse primer

CesA2

CE1 GATAAAATCGGCCGCAACCC CGAGCGGTTAGCGATACTGT

CE2 ACAGTATCGCTAACCGCTCG CAAAGGTCGGTTGCACCTTG

CE3 TCGCCAAAGCGTAGTCAGTT GCGGCCAGGATAGAGAGAAC

CE4 GTACAGGCGTCACAAAGGGA AACTGACTACGCTTTGGCGA

CCoAOMT

CE5 GTTCTCTCTATCCTGGCCGC GAACCCATTTCCGGGCAAAC

CE6 CTGGTTGCTTCGGAGGTGAT CGACACACAGGGAATCCACA

CE7 GTGAGCTTGGTAGCAGGTGT TGAAGAATGGGGCCTTCGAC

CE8 CAAGGTGCAACCGACCTTTG GCACGGCCTTACTGTTGTTG

CE9 TCAAATGGACGACCCTGCTC ACACCTGCTACCAAGCTCAC

CE10 TGGTAGTCCCTGGACACGAT AGCGGTTAGCGATACTGTGG

CC1 CTTGCATTGCCCGATGATGG TGATCTCAATGCGGGGATCG

CC2 TGCTATGCCAGTTCTGGACG GATCCGTTCCACAGGGTGTT

CC3 ACTGCCAAGCATCCCTGTTT CCATCATCGGGCAATGCAAG

CC4 CAACACCCTGTGGAACGGAT ATAGACACGCCTGCAAAGGG

CC5 CTGTGGAACGGATCTGTGGT ACCAACTGGGATTTGGCTGA

CC6 AGAGGAGCCGGTTAAGGTTG GATGCTTGGCAGTCACTTCG

CC7 CAGAGGAGCCGGTTAAGGTT CTTCGCGGAGCTCCTTCATT

CC8 GTCGATCCCCGCATTGAGAT CAATAGACACGCCTGCAAAGG

CC9 TGACAACACCCTGTGGAACG TTGGCTGATCTCAATGCGGG

Table 3 qPCR reagents and volumes

Reagent Volume (final 20 μL)

EvaGreen 2×qPCR MasterMix 10 μL

Forward primer 0.6 μL

Reverse primer 0.6 μL

Template DNA 1.0 μL

Enzyme-free water 7.8 μL
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were plotted using Origin (OriginLab Company, 

Massachusetts, USA).

RESULTS

Genome-wide association studies (GWAS)

Multiple hypothesis testing corrections

A MLM was established by combining 

population structure (Q) and kinship matrices 

(K) using the Bonferroni method, after which, 

association markers were accurately located 

to reduce the probability of false positive P 

values. From QQ-plot (Quantile-Quantile Plot) 

data (Figure 2), under the assumption that no 

correlations existed between marker loci and 

phenotypic traits, observed P value and the 

expected P value in the graph show a deviation 

at the right end. Thus, DBH differences were 

not caused by population stratification and the 

MLM for GWAS was suitable.
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Figure 2 QQ map of genome-wide association 

analysis of height traits

Note: Horizontal and vertical coordinates are 

expected and observed values, respectively. The 

red line indicates the 45° centerline and the gray 

area indicates the 95% confidence interval of the 

scatter.

GWAS of height and DBH

Using 3,469,074 SNP markers from P. armandii 

populations (Wang et al. 2022), GWAS analyses 

of phenotypic tree height and DBH traits were 

conducted. Six and seven SNP loci related 

to DBH and tree height, respectively, were 

generated by the GLM. The location of the 13 

SNPs on the SLAF label and corresponding base 

sequences are shown (Table 4). After BLAST 

matching using SNP sequences in NCBI, two 

genes were identified as potentially associated 

with DBH: CesA2 (accession no. AC241331.1) 

associated with cellulose synthesis (similar to the 

Marker227806 locus), and CCoAOMT (accession 

no. AC241311.1) associated with lignin synthesis 

(similar to the Marker227806 locus).

Population analysis of SNP markers 

associated with DBH growth

A statistical analysis of 209 samples (P. armandii 

Franch with DBH phenotypic data combined 

with associated SNPs (Marker227806) 

genotypes) identified two genotypes: GG 

(175 samples) and GT (34 sample) (Table 5). 

Evaluation of the GT heterozygous genotype 

combined with mean DBH values showed 

that the mean DBH of genotype GG was 23.80 

cm, and for the genotype GT, it was 26.10 cm. 

T test analyzes of DBH means identified a P 

= 0.037 value (< 0.05), indicating significant 

DBH differences between samples with both 

SNP (Marker227806) genotypes. These data 

indicated that this SNP was associated with DBH 

traits, and the favorable genotype was GG.

Tissue-specific qPCR gene analysis 

associated with DBH growth

Tissue-specific qPCR expression analysis of 

candidate genes

After screening, CE1 and CC5 primer pairs 

were selected for CesA2 and CCoAOMT, which 

were both stably expressed in tissue. Using 

correlation analyses, AT5G42190 was selected as 

an internal qPCR reference gene to verify and 

analyze P. armandii gene expression in different 

tissue. Materials for analyzes included needles 

(ZY), bark (SP), roots (SG), phloem (RP), and 

xylem (MZ). In total, 15 samples, incorporating 

three biological replicates, were used to 

generate Ct values, from which 2
^-△△

C values 

were calculated and tissue expression maps 

generated. We observed that CesA2, which is 

related to cellulose synthesis, was expressed in 
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Table 4 Single Nucleotide Polymorphisms (SNPs) in sequences

Trait
SLAF Sequence 

No.

Corresponding 

physical position of 

the SNP in the SLAF

SLAF Label

Marker

227806
12

ATCAACTAACTACTGGTGGGTAAGGGTTAGAT

CTTCCTGTCAGAGACTAGTACACTTTAGGGAG

TCAAAGCTCACCCCATTTTTTATGTAGTGACC

AAGANNNNNNNNNNCAAAAGTAAAAATATTA

AAAAATAATAAAATAATAAAACTACTTTTTCA

ACTTTTATTTTCAACTTATCTCCTTAATTTTTT

ACTAAAATTTCAAGTGGT

Marker

338085
171

GAATCCTCATTTCAAACTCCTCATGTGCCTGCTGAC-

CATTATGGGGGATTTTGAAGACCTTATTAATGAAAC-

CCTAGACCTAATGACACTAAAACCCTAANNNNNNN-

NNNCTCGTCAGATGATCCATGCTCCTAATGGAATG-

CAATTGACTAAATGAGACACCTAATATGCAATGCAA-

CAAGAGGATTTGATCACTGATGGAGGGATGAA

DBH
Marker

364221
35

TCGTACTGTTGTAATTTAATTAGCCAGATTCAG-

GAATATTAATATGACTATGTGTTTGGGTTGACATTT-

GACTCACCCAAACAATAGTGGCAGTTAAGAGNNNNN-

NNNNNTGCCGAGCTAGTGATGCTGCATAGGTTATGT-

GACATGCTGCTGCTAAATAAGAACATTGCTGATGAG-

CAGAGAGCTCTGAGAATGAGGTTTGTTACTGTT

Marker

2961762
39

GCCTTTTGTGAGCTAGAATTCCGAGAATAACAAACA-

CAGCCAAATATTTCCTTCCCACTGAACAACCAGAG-

GAAATAATGTGAAAAACCCAGGGAAAATANNNNNNN-

NNNATTATATCAGGTGTTCTTCATTTAATCGCTTTG-

GAAACTAATTCTTTTAAACCCTAAATAATCTAGTATAAT-

GAAAGACTCTAAAATGCCATTAACTATT

Marker

13673505
72

GTACATATCCATAGATGAGAAGATTGTGGACAT-

ACTTCAAATATAAGCTTAGTATGATATTTAATCTCTC-

CCTAATTGGAACATAATGGTGAGGTATTTTNNNNN-

NNNNNGAAAATGCAGGGGAAAATTATAGGATACAT-

TCACCTTTGAAGCCAGAAGGACTTGGCTAAGTCAA-

CAAGAGGTGAATGTACAAGGGAAATTATAGGATTG

Marker

27848158
46

A A A A G A T G C T A A C G G C A A T A A G G A G A A A T -

TAC T T C TA G C TA G G TAT G A G G A G A G ATAT TA -

CAGAATATCTAAATAAGTGTTTACAATGCCAGCAAGT-

GAANNNNNNNNNNGGAGCGAGGAAGCAAAGCAA-

CACACGTTATACCAGTACAGTCTACTTACAAGACGGT-

GTAGATAGCAGACATATTTATGCGAGAGATCTTTAGAC-

TACAT

Tree 

Height

Marker

282498
15

AATTTGAAAATTTTTGTGTCCTCCTCAACACAATT-

GATGGGGAGGAATTTGGAATAAATATGGTCTATA-

AAAAATTAACATATTCTATTGGGAATTGGTTNNNNN-

NNNNNCATAAGAATTGGTAAGAAATGCTTCAGAAAT-

GGAAAAGAAAAATCTCTTAGTGAAGAAAATAAGAT-

TCAATATCCATGAGATGTTGAATTGATCTTCTAA

Marker

300606
176

ACTAGGAGAAAATTTTCTCCAAGATGGTGTTCAAC-

CAACAACCAACAACCCATTTTAGCGACCAACTAGCT-

CATTGTGTCATTTATCCTCCACCTGAGCCNNNNNNN-

NNNCATGGATTAATGGAAAGATTTGGTGGAAAGAGT-

GGGATAGATCCGTGCTTCTATCCCCTATACCATTTTTG-

GATGCTACCCTTGGATCCTAGTCTCGTTG

Marker

2961762
175

GCCTTTTGTGAGCTAGAATTCCGAGAATAACAAACA-

CAGCCAAATATTTCCTTCCCACTGAACAACCAGAG-

GAAATAATGTGAAAAACCCAGGGAAAATANNNNNNN-

NNNATTATATCAGGTGTTCTTCATTTAATCGCTTTG-

GAAACTAATTCTTTTAAACCCTAAATAATCTAGTATAAT-

GAAAGACTCTAAAATGCCATTAACTATT

continued
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Marker

13673505
72

GTACATATCCATAGATGAGAAGATTGTGGACAT-

ACTTCAAATATAAGCTTAGTATGATATTTAATCTCTC-

CCTAATTGGAACATAATGGTGAGGTATTTTNNNNN-

NNNNNGAAAATGCAGGGGAAAATTATAGGATACAT-

TCACCTTTGAAGCCAGAAGGACTTGGCTAAGTCAA-

CAAGAGGTGAATGTACAAGGGAAATTATAGGATTG

Marker

17725109
182

ATTGGTTATAGTGTTCTGAAGTTTTTGGGCACT-

CATTGGCTTGGTAGTCATAGAAGAATAAATCATTTCA-

GAGCTTTTTTTATGAAAATCAATTTGATCTNNNNNN-

NNNNGTGTAATCAAAAGCTGAGAGTAATCTGTTTT-

GATGTCCTAGAGTTTGCTTCAGATACTGTGAATA-

AATATCATTCTTAGCCTTGATTTCTTTATATTTCT

Marker

20075430
54

T T T G T A C T C T T G T A G C A A T T T G G T A T A A -

G A G G T T A T T T A T T C T G G A G A G A A T G T T T C -

CCCCATATATATTTCTTCGACCTTTGCTGAATGTTG-

GGATATGNNNNNNNNNNGGGCAGGGGGCGGGG-

GAGGAATGAACATTTTCTTGGGGAGAAAAAGCGAAC-

GGTAATGCATTGCATCCCATGGGTAATCTGGCTTCAT-

CATAGCCTCAAG

Marker

27848158
198

A A A A G A T G C T A A C G G C A A T A A G G A G A A A T -

TAC T T C TA G C TA G G TAT G A G G A G A G ATAT TA -

CAGAATATCTAAATAAGTGTTTACAATGCCAGCAAGT-

GAANNNNNNNNNNGGAGCGAGGAAGCAAAGCAA-

CACACGTTATACCAGTACAGTCTACTTACAAGACGGT-

GTAGATAGCAGACATATTTATGCGAGAGATCTTTAGAC-

TACAT

Table 4 Continued

Table 5 Genotype information on Pinus armandii strains

Trait
SLAF Sequence 

No.

Corresponding 

physical position of 

the SNP in the SLAF

SLAF Label

Genotype Sample ID DBH (cm) Genotype Sample ID DBH (cm) Genotype Sample ID DBH (cm)

XSQG-1 23.6 XS-1 32.3 XSQG-3 24.2

XSQG-2 28.1 XS-3 34.9 XSQG-4 28.0

XSQG-5 30.6 XS-4 34.0 XSQG-15 20.1

XSQG-6 27.9 XS-5 39.2 XSQG-16 31.4

XSQG-7 26.2 XS-6 36.3 XSQG-18 26.8

XSQG-8 24.9 XS-7 35.0 XSQG-46 29.6

XSQG-9 24.8 XS-8 33.5 XSQG-58 32.7

XSQG-10 25.1 XS-9 35.1 XSQG-69 29.6

XSQG-11 26.1 XS-10 33.8 XSQG-72 23.4

XSQG-12 24.4 XS-11 34.0 XSQG-74 23.8

XSQG-13 20.7 XS-12 34.2 XSQG-82 27.1

XSQG-14 27.9 XS-13 31.3 XSQG-88 27.2

XSQG-17 26.4 XS-14 36.2 XSQG-93 25.3

XSQG-19 28.1 XS-16 40.8 XSQG-124 23.5

XSQG-20 23.6 XS-17 34.4 XSQG-129 21.5

GG XSQG-21 24.4 GG XS-18 35.5 GT XSQG-130 23.0

XSQG-22 27.0 XS-19 33.6 XSQG-134 22.6

XSQG-43 31.4 XS-20 32.4 XSQG-136 25.5

XSQG-44 25.3 JSX-1 16.4 XSQG-141 26.8

continued
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Table 5 Continued

XSQG-45 27.2 JSX-2 16.3 XSQG-147 26.0

XSQG-47 23.1 JSX-3 17.4 XSQG-148 24.8

XSQG-51 18.6 JSX-5 16.0 XS-2 26.8

XSQG-52 20.8 JSX-7 16.3 XS-15 24.8

XSQG-54 28.4 JSX-9 17.5 XS-29 21.5

XSQG-56 21.1 JSX-10 17.1 JSX-4 17.3

XSQG-57 22.6 JSX-11 17.4 JSX-6 17.0

XSQG-61 25.2 JSX-14 16.2 JSX-8 16.8

XSQG-62 20.2 JSX-15 16.7 JSX-12 16.2

XSQG-63 22.1 JSX-16 17.0 JSX-13 16.3

XSQG-64 26.5 JSX-17 17.3 JSX-19 16.3

XSQG-67 24.0 JSX-18 16.0 JSX-22 16.6

XSQG-68 26.8 JSX-20 16.7 JSX-23 16.3

XSQG-73 26.2 JSX-21 17.3 JSX-25 16.5

XSQG-75 26.7 JSX-24 16.4 JSX-31 16.7

Genotype Sample ID DBH (cm) Genotype Sample ID DBH (cm) Genotype Sample ID DBH (cm)

all tissue (Figure 3). Expression in RP tissue was 

significantly higher when compared with ZY, SP, 

SG, and MZ tissue, while SP tissue expression 

was the lowest. CesA2 was confirmed as being 

related to secondary wall growth, which further 

exemplified important roles in DBH growth 

and development. CCoAOMT, which is related 

to lignin synthesis (Figure 4), was expressed in 

all tissue. Expression levels in RP tissue were 

significantly higher when compared with ZY, SP, 

SG, and MZ tissue, while SP tissue expression 

was relatively low. CCoAOMT expression in 

plants seriously affects lignin monomer levels 

and total lignin proportions, which suggest key 

roles in DBH growth and development.

DISCUSSION

GWAS analysis of growth traits in P. 

armandii populations

As indicated by the International Symposium 

on GWAS Analyses, experts envisioned a 

promising future for GWASs in forest genetic 

breeding. For example, the Institute of Forestry, 

Chinese Academy of Forestry has also carried 

out GWAS studies on P.euphratica and Catalpa 

bungei, mainly to obtain relevant genes in wood 

properties and resistance indexes of P.euphratica 

and Catalpa bungei, in order to obtain gene 

annotation results of wood properties and 

resistance traits of P.euphratica and Catalpa bungee 

(Wan et al. 2012). Currently, GWASs are widely 

used in association analyzes of crop traits, and 

have significantly improved yields, quality, and 

resistance in cash crops (Zaid et al. 2017, Chen 

et al. 2015, Farfan et al. 2015). However, GWAS 

applications in forest tree research are rare due 

to the large and highly heterozygous genomes 

of trees. In GWAS studies correlating growth 

traits and wood properties in forest trees, Porth 

et al. (2013) examined wood characteristics 

in 334 Populus trichocarpa individuals and 

identified 141 specific loci associated with 16 

wood structural characteristics among 3,500 

candidate genes. Resende et al. (2016) used 

GWAS to mine 13 SNP markers associated with 

growth, wood, and disease resistance traits 

in selected Eucalyptus hybrid populations. A 

previous GWAS of fruit shape, quality, and 

weight in peach trees grown under economic 

forestry conditions predicted several candidate 

genes related to fruit characteristics (Cao et al. 

2016). In contrast, in our growth trait GWAS 

analysis in P. armandii, only CCoAOMT related 

to lignin synthesis was identified among the 13 

SNPs related to height and DBH traits. Fewer 

associated SNP markers were identified when 

compared with previous studies (Porth et al. 

2013). Additionally, although tree height traits 

were associated in previous studies, in our 

study, despite observed tree height associations, 
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no corresponding genes were identified. One 

reason for this disparity may be the different 

materials and methods used in these studies. 

Coniferous species are highly heterogeneous 

and exhibit long growth cycles and various 

adaptations to growing environments, and 

also show characteristic differences, such as 

geographical structures and genetic diversity 

relationships in populations. In our study, 

only seven and six SNP loci associated with 

height traits and DBH traits, respectively, were 

associated using GLM. This model has been 

used to correlate traits in other tree species, 

including Eucalyptus globulus Labill, Eucalyptus 

grandis Hill, and Pinus taeda L. In E. globulus 

Labill, DBH correlations were assessed not only 

with GLM but also with a unified mixed model 

(Cappa et al. 2013). GLMs have also been used 

to study other traits, such as height and DBH 

in Eucalyptus grandis Hill, and no SNPs were 

associated with either height or DBH, possibly 

due to differences in growth between P. armandii 

Franch and Eucalyptus grandis Hill (Zhang 

2017). When a GLM was used to analyze height 

traits in P. taeda L., 14 SNP loci were identified 

(Cumbie et al. 2011).

Correlation analysis of SNP markers 

associated with DBH traits

Numerous studies have reported that the 

underlying cause of altered or mutated genes 
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Figure 3 CesA2 expression levels in different Pinus armandii tissue

Note: needle (ZY), bark (SP), root (SG), phloem (RP), and xylem (MZ)
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in plants is mutations at one or multiple loci, 

which in turn alter phenotypic traits (Han 

2016). For example, Umemoto and Aoki 

(2005) speculated that maize SSIIa altered 

enzyme activity, possibly because two SNPs at 

its C-terminus altered amino acids and thus 

enzyme activity. In a rice study, Bryan et al. 

(2000) reported that an amino acid alteration 

at position 918 between rice blast resistance 

and susceptibility genes caused functional 

differences between the genes, with seven base 

substitutions identified and five amino acid 

differences generated. In our study, a statistical 

analysis of one candidate SNP genotype locus 

(Marker227806) in 209 P. armandii Franch 

samples related to DBH phenotypes, identified 

two genotypes in this population. In total, 

175 samples had the GG genotype and 34 had 

the GT genotype. GT heterozygous genotype 

evaluations combined with mean DBH values 

showed that the mean DBH of genotype GG 

was 23.80 cm, and the mean DBH of genotype 

GT was 26.10 cm. T test analyses of mean DBHs 

revealed a P = 0.037 value (< 0.05), indicating 

significant DBH differences between the two 

SNP (Marker227806) genotypes. Thus, this SNP 

was associated with DBH traits and the favorable 

genotype was GG. This SNP marker could be 

used to select superior monocots. Additionally, 

the genotype may have arisen from purposeful 

artificial selection and is consistent with current 

genetic improvement and cross breeding 

trends. Nevertheless, DBH is regulated by 

multiple genes - a single gene may not be the 

main controlling factor. DBH differences are 

also influenced by the environment, tree variety, 

region, and considerable genetic heterogeneity 

across species. Association analyses identified 

significant differences (P < 0.05) in DBH 

traits between GG and GT genotypes at the 

Marker227806 locus, where GG genotype 

individuals showed significantly higher DBH 

values when compared with GT genotype 

individuals. From these analyzes, a mutated 

Marker227806 locus may be the main factor 

affecting DBH.

CCoAOMT is related to lignin synthesis

CCoAOMT is related to lignin synthesis in P. 

armandii and was identified in this study. After 

qPCR analyses, both genes were expressed in 

xylem, phloem, bark, needle, and root tissue. 

Gene expression levels in phloem tissue were 

significantly higher when compared with 

needle, bark, root, and xylem tissue, while 

expression levels in bark were the lowest, 

which further suggested that these genes may 

be related to DBH growth and metabolism. 

CCoAOMT expression levels in plants strongly 

affect lignin monomer levels and consequently 

total lignin levels (Zhang, 2014). Lignin-related 

gene cloning has been conducted in conifers, 

including P. taeda, P. radiata, P. massoniana, P. 

pinaster, Larix gmelinii, L. kaempferi, and Picea 

abies (Voo et al. 1995, Li et al. 1999, Chen 2010, 

Huan et al. 2012, Wagner et al. 2013, Craven-

Bartle et al. 2013, Qiao et al. 2016). CCoAOMT 

identified in our study has only been cloned in 

P. taeda, P. massoniana, and P. radiata. (Li et al. 

2011, Zhang et al. 2014, Wagner et al. 2013). 

Wagner et al. (2013) successfully cloned lignin-

related CCoAOMT in P. radiata, which was shown 

to influence lignin content in molecular duct 

P. radiata cultures. Furthermore, in CCoAOMT-

deficient P. radiata, a 20% reduction in lignin 

content was recorded due to G-lignin depletion 

and increased H-lignin levels (Huan et al. 2012). 

At present, most studies have focused on single 

genes, resulting in a lack of in-depth studies on 

the regulation of related large genes. Since forest 

tree species genomes are large and complex, 

and their genes interact with each other, further 

in-depth studies on the related genes of Pinaceae 

will help to reveal the regulatory mechanisms of 

lignin synthesis in this species.

CesA2 is related to cellulose synthesis

In plants, CesA belongs to a large gene family 

involved in cellulose synthesis in different 

organs, tissues, or cell walls (Huang et al. 2021). 

Different CesA genes not only have different 

expression levels (Arabidopsis thaliana CesA1 

levels > A. thaliana CesA9 levels), expression 

sites (A. thaliana CesA1 is expressed in all plant 

sections, while A. thaliana CesA9 is expressed 

during embryo development), and expression 

patterns (A. thaliana CesA7 is only expressed 

in xylem, while A. thaliana CesA1 is expressed 

in every plant section), but are also affected 

by external regulatory factors (Somerville 

2000, Beeckman 2002, Taylor et al. 1999). he 

research on CesA gene in higher plants has 
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never stopped. As early as the 1990s, Pear et al. 

(1996) not only successfully cloned the cotton 

CesA1 cDNA sequence (Gossypium spp.) but 

also analyzed its domains. Cellulose synthesis 

gene cloning in trees was initially conducted 

in Populus tremuloides. Previous studies showed 

that CesA1 in P. tremuloides was related to the 

secondary wall (Wu et al. 2000, Suzuki et al. 

2006). The CesA2 gene in Populus tremuloides has 

been shown to be associated with secondary 

walls, and it has also been shown to be involved 

in the formation of secondary walls in Eucalyptus 

camaldulensis Dehnh. (Lin et al. 2014). Both 

CesA1 and CesA2 genes were successfully cloned 

in Chinese fir and had key roles in fir growth 

and development (Pang 2015). In another 

study, the CesA2 cDNA sequence was successfully 

cloned in Betula platyphylla Suk and that CesA2 

expression in leaves was higher when compared 

with the xylem (Chen 2008). In a P. radiata study, 

Krauskopf et al. (2005) not only confirmed that 

CesA10 was related to cellulose synthesis but 

authors also isolated P. radiata CESA2, CESA3, 

CESA5, CESA6, CESA7, CESA8 and CESA11 

cDNAs. In our study, while one CesA gene was 

associated with P. armandii, other family genes 

were not identified, therefore CesA functions in 

P. armandii require further elucidation.

CONCLUSIONS

Based on previous SNP markers and GWAS 

analyses, two genes were compared with respect 

to DBH traits: CesA2 and CCoAOMT were related 

to cellulose and lignin synthesis, respectively. 

P. armandii SNP markers were genotyped and 

two (GG and GT) were found in the marker 

Marker227806, while average DBH data were 

analyzed using t tests. We observed that average 

DBH values corresponding to these were 

significantly different. Hence, this SNP marker 

could be used to select good monocultures. 

Finally, we used qPCR to analyze candidate gene 

expression in different P. armandii tissue. CesA2 

and CCoAOMT expression levels were highest in 

phloem tissue and lowest in bark, which further 

suggested that both genes may be related to 

DBH growth and metabolism.
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