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Abstract: Growth and wood formation are crucial and complex biological processes during
tree development. These biological regulatory processes are presumed to be controlled by
DNA methylation. However, there is little direct evidence to show that genes taking part in
wood regulation pathways-are affected by cytosine methylation, resulting in phenotypic
variations. Here, we detected epimarkers using a methylation-sensitive amplification
polymorphism (MSAP) method and performed epimarker—trait association analysis on basis
| of nine growth and wood property traits within populations of 432 genotypes of Populus
tomentosa. Tree height was positively correlated with relative full-methylation level, and
1,101 out of 2,393 polymorphic epimarkers were associated with phenotypic traits,
explaining 1.1%—7.8% of the phenotypic variation. In total, 116 epimarkers were successfully
| sequenced, and 96 out of these sequences were linked to knewnfunectionalputative genes.
Among them, 13 candidate genes were randomly selected for verification using qRT-PCR,
whieh-and it also showed_the expression of nine putative genes with—impertantbiologieal
funetions{of PtCYP450, PtCpn60, PtPME, PtSCP, PtGH, PtMYB, PtWRKY, PtSTP, and PtABC}
that were negatively regulated-bycorrelated with DNA methylation_level. Therefore, it-is
suggested that changes in DNA methylation_might contribute to regulating tree growth and

wood property traitsfermationpathways.

Keywords: growth trait; wood property; cytosine methylation; epimarker; candidate gene;
gene expression

1. Introduction

In plant species, Phenetypiephenotypic plasticity_—in-plantspeeiesis a phenomenon sthat
one genotype displays alternative phenotypes induced by epigenetievariationand-changing
environments_and epigenetic variation [1-34]—is—epigeneticin—that-onegenotype—displays
alternative phenetypes-under-differentconditions. [24]-Epigenetic regulation is not based on
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alterations in DNA sequence [5-6]; rather, it gives rise to ‘epialleles’, meaning alleles with
identical DNA sequences yet diverse levels of gene expression resulting from differences in
their epigenetic status [7-8]. Research shows that epigenetic changes are potentially reversible,
often exist in metastable states_[9-10], and can be passed from one generation to the next via
epigenetic linkage maps and perform intraspecific association analysis between epigenetic
alleles and traits [+314-176],

Cytosine methylation, primarily the addition of a methyl group to the C5 position of a
cytosine residue, is one of the best known epigenetic modifications_[+718]. The modification
participates in various important biological responses, e.g., repressing the expression of
transposons and repetitive elements, responding to biotic/abiotic stress, and taking part in
early embryogenesis, stem cell differentiation, X chromosome inactivation, and genomic
imprinting [198-243]. Differences in the extent of DNA methylation can give rise to varied
gene expression patterns, leading to phenotypic variation_[2425]; furthermore, specific sites
showing different patterns of 5mC (either hypermethylation or demethylation) between
different individuals or tissues can affect genetic transcription, resulting in morphological
changes [2526-287].

For some time, researchers focused attention on selected methylated genes and their
function in individual plants, such as Arabidopsis SUPERMAN genes_ with cytosine
methylation affecting flower development [2829], PHOSPHORIBOSYLANTHRANILATE

recent years, epimarkers were developed to explore epigenetic diversity and structure, and
associated genes, on the basis of epialleles that can be detected using methylation-sensitive
amplified polymorphism (MSAP) method in hybrids and wild populations [165,3233-334].
Furthermore, these methods led to the notion that germplasm resources carrying epimutations
associated with beneficial traits could be selected from plant populations [145-167].

Chinese white poplar (Populus_tomentosa Carr.,-2#=2x=38), a native tree species with 2n =

2x =38 chromosomes (diploid; ;2 and x represent chromosome numbers of gametophyte and

haploid, respectively) and widely distributed in the Yellow River basin, plays an important
role in ecological and environmental protection. The tree has also been cultivated for
commercial timber production and pulpwood because of its low contents of
fermentation-inhibiting extractives, as well as high biomass conversion efficiency [3435-376]. It
has also been used as a model species for perennial woody plants in physiological and
biochemical research, genetic diversity and structure analysis, and investigation of functional
genes that participate in lignocellulose biosynthesis and growth processes_[387]. Previously,
we have explored the genetic/epigenetic diversity and structure of P. tomentosa and performed
marker-trait association analysis [3839-3940], as well as showing that candidate wood-related
genes with unique methylation patterns play critical roles in xylem biosynthesis [4041].
However, epimarker-trait association analysis and seeking functional genes regulated by
methylation status have not yet been performed in natural populations of P. tomentosa.
Therefore, here we investigate the relationship between global DNA cytosine methylation
markers (using MSAP) and variations in_tree growth parameters—and wood property
parameters in order to elucidate the possible epigenetic regulation of xylem formation.

2. Materials and Methods

2.1. Plant Materials
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Plant xylem materials were harvested from the germplasm bank of P. tomentosa located at
Guanxian County (35°2445"E-36°30'54"N,_115°21'45"E), Shandong Province, China. The
germplasm bank, including 1,047 genotypes collected from the region of China in which the
species is naturally distributed, was constructed between 1982 and 1984 using root segment
propagation techniques_[42]. Each genotype was planted with at least three replicates with
row spacing 4 m and plant spacing 4 m. In the present study, 432 unrelated genotypes_(each
genotype has—with three clones) originating from Beijing (20), Hebei (114), Shandong_(19),
Henan_(114), Shaanxi_(64), Shanxi_(80), Gansu_(6), Anhui_(10), and Jiangsu_(5) were selected
randomly for phenotype measurements and genotyping. To deal with each of the 1,296 trees,
we first stripped off the bark (approximately 5 cm x 5 cm) at breast height and cut out xylem
samples with a sharp blade; each of the xylem samples was divided into two parts equally,
one part of the xylem material was frozen rapidly in liquid nitrogen for nucleic acid extraction

andw ozePa A - aptdly-ntiquidnitrogento e

and-stored—_the other partef—the—)ey%em—ma%eﬂa%s was stored in plastic bags for wood property
determination at normal temperature status, respectively.

2.2. Phenotypic Data Collection

Phenotypic data, including growth traits and wood properties, were collected and then
used in statistical analysis. The growth phenotype traits of tree height (H) and diameter at
breast height (DBH) were measured by using the enclosed ruler method and hypsometer,
respectively. The volume of timber (V) was estimated according to the following equation
[4443]: V= x (DBH/2)>-H-f, and it was defined that f=0.488.

The xylem materials that were stored in plastic bags were taken back to the laboratory
and dried naturally for determining wood properties, including fiber length, fiber width,
microfibril angle (MFA), and contents of lignin, holocellulose, and a-cellulose. Firstly, the
MFA was measured using an X-ray diffractometer (PanalyticalX'Pert Pro, Philips, Eindhoven,
Netherlands) with the angle between the incident ray and the receiving optical path set to
22.4°. The main parameter settings were: tube voltage 40 kV; tube current 40 mA; scanning
step 0.5° and angle of rotation 0-360°. The MFA was calculated using the method of 0.6T
[4244-453]. Secondly, we cut a small amount of each xylem sample into small pieces then
macerated the tissue in a solution of hydrogen peroxide (30%) and glacial acetic acid (1:1, v/v)
at 70°C for 48 h. For fiber length and fiber width determination, the fibrous material was
washed with deionized water, processed with safranin staining, and placed uniformly over a
slide, then measured using a computer image analysis system with a color television video
camera (VM-60N, Olympus, Japan) according to Hart et al. [4446]. Then, the xylem samples
were ground into fine powder and passed through a 40-60 mesh screen; later, the contents of
lignin, holocellulose, and «a-cellulose were determined and measured using wet chemistry
analysis techniques described by Porth et al. [4547]. At the same time, near-infrared reflectance
(NIR) spectroscopy was used to detect the NIR absorption spectra of the powder samples, and
calibration models were developed to predict the contents of holocellulose, a-cellulose, and
lignin [4648].

The plain Vanilla ANOVA (analvsis of variance) was used to_see the significant

2.3. Genotyping by Methylation-Sensitive Amplified Polymorphism

The frozen xylem materials were ground into fine powder in porcelain mortars with
liquid nitrogen for the extraction of nucleic acid DNA and RNA. Half of each powder sample
was used for DNA isolation by the CTAB method_[4750], and DNA was quantified using a
NanoVue UV/visible spectrophotometer (GE Healthcare Company). We processed the DNA
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for methylation-sensitive amplified polymorphism (MSAP) detection, including double
digestion, ligation, pre- and selective amplification, and capillary electrophoresis with
fluorescence detection, as described by Ma et al. [3940]. Each DNA sample was digested
separately by restriction endonuclease combinations of EcoRI-Hpall and EcoRI-Mspl, and the
electrophoresis results for the digested mixtures were analyzed using GeneMarker V1.7.1:
four patterns of genotyping were generated (denoted ‘1,1’; “1,0; ‘0,1; and ‘0,0”) according to
the presence (1) or absence (‘0") of the relevant fragment in the electrophoresis lanes of the
final amplification products pre-digested by EcoRI-Hpall and_EcoRI-Mspl, respectively.

2.4. Linear Correlation Analysis and Association Analysis

Four patterns of genotyping were generated from the procedure for MSAP detection,
and the percentage of each pattern relative to the total number of bands was defined as
relative hemi-methylation (‘1,0’), full-methylation (‘0,1’), non-methylation (‘1,1’), or
uninformative site (‘0,0"). The total relative methylation level was defined as the sum of
hemi-methylation and full-methylation percentages.-Einear, Pearson correlation analysis was
carried out between relative methylation levels and traits (tree height, diameter at breast
height, volume of timber, fiber length, fiber width, MFA, and contents of lignin, holocellulose,
and a-cellulose) to investigate the relationship between methylation and phenotype.
Meanwhile, the relationship between gene expression level and DNA methylation level was
also estimated by using linear correlation analysis. P—rimary percentage data were

transformed as v,, = arcsiny x,/ before calculation (xij is the j observed value in the i z group).
AA _

In order to 1dent1fy Correlatlons between phenotyplc traits and the MSAP markers w1th

four patterns at an epigenetic locus, single marker association analysis was carried out using
single-factor ANOVA with a significance threshold of P=0.05 or P=0.01 in general. The
contribution to trait variation of each MSAP marker was evaluated as the percentage of the
square deviation among groups and population variance [3839]. The structural network of

associated epimarkers and the traits was constructed using a Cytoscape V3.5.1 software
(https://cytoscape.org/what is cytoscape.html) according to the instructions.

2.5. Candidate Gene Screening and Gene Expression

The associated MSAP_markers were separated from the selective amplification products
using electrophoresis on 6% denaturing polyacrylamide gels and detected with silver staining
[4851]. Then the candidate marker fragments were extracted from the gels with the Wizard SV
and PCR Clean-Up System (Promega, Madison, USA), and the short PCR fragments were
sequenced by Biomed Company (Beijing, China) after transformation and cloning processes
[38]. Sequence homology analysis and function prediction were performed using web
databases including  NCBI (https://www.ncbi.nlm.nih.gov/) JGI
(https://phytozome.jgi.doe.gov/pz/portal.html).

and

We performed total RNA isolation using the RNeasy plant mini kit (Qiagen, Shanghai,
China) from powdered xylem_(mentioned in 2.3 Section), and used the first-strand cDNA
(synthesized using Reverse Transcription System, Promega) for quantitative real-time PCR
(qRT-PCR) processes following the description by Song et al. and Ma et al. [4952-53-56].
Primers were designed according to the functional annotation of the linked genes obtained
from the homology sequence alignment. The specificity of each primer set was checked by

sequencing the PCR products, and 13 candidate genes_-were selected for verification using
PtACTIN as the internal control gene [5454]. Primers for qRT-PCR were designed using Primer
Express 3.0 software (Applied Biosystems) and wereare listed in Supplementary Table 1. All
reactions were performed in triplicate as technical and biological repetitions in 45 genotypes
(135 trees or clones).
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3. Results

3.1. Variation in Growth and Wood Characteristics

The tree phenotype, including growth traits (diameter at breast height, height of tree and
volume of timber) and wood characteristics (fiber length, fiber width, microfibril angle and
contents of lignin, holocellulose, and a-cellulose) were quantified in natural populations
planted in the germplasm bank in Guanxian County. In total, the phenotypic variation was
analyzed in 432 genotypes (1,296 clones) collected from nine different geographic provenances:
it was considered that this range of genotypes should provide substantial materials for
selective breeding and genetic improvement. The contents of lignin, holocellulose, and

a-cellulose were 20.87 + 2.67% (mean + SD; SD, standard deviation), 72.59 + 10.59%, and 40.08

+ 8.78%, respectively. The values of fiber length and width were distributed within the range

0.866 mm-1.512 mm and 16.984 uym-29.850 um with mean values 1.169 + 0.085 mm and 23.161
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cenetevariabon{ev=2540%). The commercially important parameters of diameter at breast

height (21.38 + 5.67 cm), helght of tree (14.57 +2.88 m) and Volume of tlmber 0.29 £ O 19 m3)
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We performed one-way ANOVA to investigate the genetic variation in the growth and
wood property traits among the nine natural populations (Figure 12). Three parameters of
wood property (contents of holocellulose and a-cellulose, and fiber width) showed significant
differences among the populations; similarly, the growth traits of diameter at breast height,
height of tree, and volume of timber displayed statistically significant significances (P_< 0.05).
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Figure 12. Differences in phenotypic traits among nine natural populations of Populus
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tomentosa. The x- and y-axes indicate provenance and phenotypic value, respectively. Mean + -

SD_(standard deviation); different letters above the bars_(SD) indicate significant differences

i3

(P <0.05) according to Duncan’s multiple range test;2<0-05- (within each sub-graph, it shows
significant difference between each two means if the pair of data sets have none common

letter above the bars).

3.2. Linear Correlation between Phenotype and DNA Methylationlevels

Linear correlation analysis was performed to determine trait-trait phenotypic
correlations and trait-methylation level correlations among P. tomentosa_genotypes (Table 1).
Lignin content was negatively correlated with cellulose (holocellulose, a-cellulose) content.
Three wood and growth parameters (fiber length, timber volume, diameter at breast height)
were significantly correlated with the other traits. For instance, fiber length was positively
correlated with fiber width, diameter at breast height, tree height and timber volume; in

| contrast, fiber length was negatively correlated with microfibril angle (<P < 0.01). Timber
volume was positively correlated with lignin content, diameter at breast height, as well as tree
height, but was negatively correlated with a-cellulose content (P<P < 0.01). These results
suggested that it is-was possible to select individuals for long fibers and large quantities of
stem volume according to measurements of diameter at breast height and tree height.
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We also analyzed the relationships between phenotypic traits and relative gene
methylation levels estimated from 2,393 polymorphic MSAP markers (epimarkers) out of
2,408 bands according to our previous data files [3940]. The relative total methylation and
non-methylation levels were 26.55% and 42.71%, respectively; the relative hemi-methylation
level (13.47%) was larger than that of full-methylation (13.10%) (P<P < 0.001) [3940]. Here, it
showed And—TFree—tree height was significantly negatively correlated with relative
non-methylation level but positively correlated with relative full-methylation level (P < 0.05)-

level (Table 1

3.3. MSAP Markers Associated with Phenotypic Traits within the Populations

Though we investigated the linear correlations between phenotypic traits and relative
gene methylation levels, the relationship was unclear between traits and each of the
polymorphic epimarker. On basis of the single marker ANOVA, we considered that 1,101 (630
trait-specific and 471 multi-function epimarkers) out of 2,393 polymorphic MSAP markers
were associated with the nine phenotypic traits (P<P < 0.05). We constructed structural
networks (Figure 32) to illustrate their relationships and they showed that 125 (77
trait-specific), 127 (66 trait-specific), and 72 (30 trait-specific) epimarkers, explaining 1.19% (P =
0.034) to 4.69% (P<P < 0.001) of variation, were associated with contents of lignin, holocellulose,
and a-cellulose, respectively_(Supplementary Table 2). Similarly, 1.06% (P = 0.043) to_7.15%
(P<P < 0.001) of variation in fiber length, fiber width and microfibril angle was explained by
190 (91 trait-specific), 134 (75 trait-specific), and 140 (64 trait-specific) associated epimarkers,
respectively. Finally, 312 (281 trait-specific), 414 (254 trait-specific) and 345 (309 trait-specific)
epimarkers were associated with diameter at breast height, height of tree, volume of timber,
respectively, explaining 1.13% (P = 0.035) to 7.78% (P<P < 0.001) of variation in those traits
(Figure 32, Supplementary Table 2). The analysis suggested that these epimarkers might be
associated with important functions in the regulation of complex quantitative traits, including
wood property and tree growth.
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Figure 32. Relationships between all of the significant associated epimarkers and phenotypic
traits, as represented by a structural network. The square nodes in the innermost circle
represent fiber length (FL), fiber width (FW), microfibril angle (MFA), diameter at breast
height (DBH), height of tree (H), volume of timber (V), and contents of lignin (L),
holocellulose (HC) and a-cellulose (a-). Nodes with red color around the central circle
represent multi-function associated epimarkers. Nodes with red color around the outermost
circle represent trait-specific associated epimarkers. The green lines connecting traits with
epimarkers represent the phenotype variants explained by the associated epimarkers (P<P <
0.05).

3.4. Sequencing and Functional Prediction by Homology Alignment

In order to investigate the function of genes linked with candidate epimarkers—the
epimarkers—_that were sequenced by-means-of denaturing polyacrylamide gel electrophoresis
and silver staining, recovery from the gels, transformation and cloning processes. In total, out
of 180 randomly selected MSAP markers, we successfully sequenced 116 epimarker fragments
(NCBI, Nos. MN757649-MN757764; Data S1)._We aligned the sequences to the reference
genome of P. trichocarpa and identified 96 markers that were linked to_putative functional
genes. The linked genes were predicted to take part in, e.g., encoding cytochrome P450 family
proteins (MSAP-602), regulatory MYB and WRKY transcription factor families (MSAP-1222,
MSAP-2105), ATPase activity regulation (MSAP-803, MSAP-811), regulating transmembrane
transport (MSAP-1250), and glycosyl hydrolase family 1 protein (MSAP-2313), as well as other
important functions (Supplementary Table3). The evidence indicated that the genes linked to

epimarkers were essential for plant development, gene regulation via transcription factors,
and energy metabolism in P. fomentosa.

3.5. Quantitative Expression of Candidate Genes

To examine whether the expression of putative genes was influenced by DNA
methylation, we investigated the relationship between different patterns of gene expression
and the relative DNA methylation levels. Thirteen candidate genes were randomly selected
for verification using qRT-PCR within 45 genotypes of P. tomentosa: we found that the genes of
Potri.002G228400, Potri.010G254400, and Potri.018G070900 were expressed at high levels
(Figure 34a). We then observed that the genes of Potri.001G223800, Potri.002G228400,
Potri.004G133800, Potri.005G091700, and Potri.018G070900 were expressed at high levels and
showed relatively high non-methylation levels (Figure 34b, in red); however, the genes
Potri.001G223800, Potri.005G091700, and Potri.018G070900 were expressed at lower levels and
showed relatively high hemi-methylation, full-methylation, and total-methylation levels,
respectively. Negative correlations were also detected between some of the other genes and
DNA methylation levels in different patterns (Figure 43b, Supplementary Table 4). Homology
analysis showed that_the nine correlated —these—epimarkers—weredinked-with—the-putative
genes_ were —PtCYTOCHROME P450 (PtCYP450, Potri.018G070900), PtCHAPERONES
(PtCpn60, Potri.004G133800), PtPECTINMETHYLESTERASE (PtPME, Potri.015G127500),
PtSERINECARBOXYPEPTIDASE (PtSCP,_Potri.005G091700), PtGLYCOSIDE HYDROLASE
(PtGH, Potri.001G223800), PtMYB (Potri.015G075800), PtWRKY _(Potri.002G228400), PtSUGAR
TRANSPORT PROTEIN (PtSTP, Potri.002G096000), and PtATP-BINDING CASSETTE
TRANSPORTER (PtABC, Potri.010G254400) (Supplementary Table 3).

On basis of previous research, the Arabidopsis CYP450 Reductase 2 (ATR?2), providing
electrons from NADPH to a large number of CYP450 [55], appears to be induced during lignin
biosynthesis and under stress [56]. Cpn60 are large double-ring assemblies that assist in
folding of the key proteins in plant growth and development [57-59]. The roles of PME have
not been fully elucidated; however, this enzyme may be involved in cell elongation by
modifying cell wall pectin [60]. It has long been proposed that PMEs have roles in growth
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mechanisms determining fiber width and length in the wood cells of aspen trees [63]. The SCP
family, also called SCP-like (SCPL) family, plays a key part in plant growth, development and

stress responses. Transgenic plants of Nicotiana tabacum over-expressing NtSCP1 show
reduced cell elongation [64]. In Triticum aestivum, SCP regulates cell death during vascular
tissue development [65]. GH proteins are broadly distributed in organisms and
B-glucosidases belonging to GH family 1 have been implicated in several fundamental

processes, including lignification [66-67].

MYB and WRKY are two transcription factor families involved in most biological
processes. It was shown that the MYB61, regulated by NAC29/31, binds with CELLULOSE
SYNTHASE (CESAs), which in turn activates gene expression in secondary wall cellulose
synthesis in Oryzasativa [68]. Similarly, PtrMYBI152 is over-expressed in secondary
wall-forming cells, resulting in specific activation of lignin biosynthetic genes in P. trichocarpa
[69]. It was also reported that PtrWRKY19 and VVWRKY?2 may function as regulators of pith

biological process in cells. STPs are high-affinity hexose transporters with sink-specific tissue
expression [72-74]; constitutive over-expression of STP13 resulted in seedlings with increased
biomass when grown on media supplemented with sugar [75]. It was suggested that MeSTPs
may play a role in early tuber growth, the period when these genes were mainly expressed in
Manihot_esculenta [76]. A breakthrough study demonstrated that a transporter of the ABC
family pumps the monolignol p-coumaryl alcohol, one of the three main monolignols
synthesized in the cytosol, across the plasma membrane [77-78]. It was also reported that the
stem vascular morphology was slightly disorganized in abcb14-1 mutants, with decreased
phloem area in the vascular bundle and decreased xylem vessel lumen diameter [79].

Therefore, it seemed that cytosine methyaltion might take part in regulating expression of the
putative genes and affect the growth and wood property traits.

a b
250]
B 2001 r
1 povtoorcosszoo [N ). 965 0.480
g | ] rom.oo1G22ie00 ERTH
T 1504 1 H U | Parl.002coos000 IR
2 | = Powi.op2cz2a¢00 ERCT
5 1 Jul " [ ‘ ] Pou.opsc 133800 b
e 1001 T : Potr.0056017600 (K
3 [ | | H Pou.005G091700 IR
ol H . § § 0T 1l J porioioazsioo [N
= B n 0 rosro1sGorseoo R 0. ey
| T 1 17 g Poir. 0156127500 : :
01 - Pot. 0176006300
R 7, S R U S T v Poul.018G070900
BEEEEEEEEEREE Potri.019G093300
A S A T S -
388 8538488050880
5 5o 8 a2 E S8 8 2R @
i\ S 8 8 [~ EI = O 8 O 9 e O
E E E EEEEEEEESE E
SRS EEEEEEEE N

Figure 43._Expression levels of candidate genes and their correlations with relative DNA
methylation levels. (a) Gene expression level determined by quantitative real-time polymerase
chain_reaction (qQRT-PCR). The x- and y-axes indicate, respectively, gene name and expression
level relative to PtACTIN. (b) Linear correlations between gene expression levels and relative
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DNA methylation levels. Non-, Hemi-, Full-, and Total- indicate relative non-methylation,
hemi-methylation, full-methylation, and total-methylation levels, respectively, estimated by
Pearson correlation coefficient (7, red-black-green color scale from positive to negative
correlation). And Fthe white numbers_(P-value) in each cellbex indicates the significance of
difference.

4. Discussion

Growth traits and wood properties, determining the business value and potential for
energy production, are the most important phenotypes for commercial timber-which—-is—the
moestimportant renewable bioenergy-seurceinnature. P. tomentosa is a native species mainly
used for timber in vast regions of North China, thus, it is imperative to investigate the
mechanisms of growth regulation and wood formation to underpin selection of germplasm
resources and breeding for genetic improvement. In this paper, we measured and calculated
values of nine parameters of phenotypic traits (diameter at breast height, height of tree, and
volume of timber; content of lignin, content of holocellulose, content of a-cellulose, fiber
length, fiber width, and microfibril angle) among 1,296 plants (432 genotypes) from natural
tree populations. Then we explored the relationships between those traits and variation in
DNA methylation detected using MSAP_and qRT-PCR methods.

On basis of the statistics of the different genotypes, we found the coefficient of variation
in traits was 7.24%-66.91%, and the growth and wood property traits showed significant
variation among the nine natural populations, with the exception of lignin content, fiber
length and microfibril angle. This phenotypic variation, or plasticity, might correlate with
genome DNA methylation, the level of which plays an important role in genome stabilization
and transposable element repression [19,2238;21]. Previous evidence showed that the
methylation level is correlated with phenotype_[80]. For instance, negative correlation was
detected between genomic methylation level and gene expression in maize; similarly, negative
correlations were reported between methylation level and energy use efficiency and crop yield
in Brassica napus_[52,5380-81]. However, in the woody ornamental plant Meimei, the leaf
length, width, and area were positively correlated with relative full and total methylation
levels [+617]. In hybrids of poplar, a positive correlation was demonstrated between DNA
methylation percentage and productivity [5482]. We previously showed that the net
photosynthetic rate, tree height and diameter at breast height were positively correlated with
relative total methylation and hemi-methylation levels in an intraspecific hybrid population of
P. tomentosa_[3839]; here we found the similarsame result among the natural populations, that
relative full-methylation level was positively correlated with tree height.

Previous studies have showed that methylation is essential for gene exploration and

epimarker-assisted analysis in plant populations [1415,176,343]. For instance, Leng—etal—{14}

agronomietraits—PtHT1.1, PtHTl 2, PtPsbK, PtPINl 2, PtMYB60 and PtMYB61 were found to
be modified by DNA methylation and regarded as playing roles in leaf formation and
regulation of photosynthesis in P. simonii_[3334]. In our research, we detected 1,101
epimarkers associated with growth and wood property traits. From these we identified 96
epimarker-linked_putative genes-with-knownfunetions, 13 of which were randomly selected

for gqRT-PCR analysis_—Wefound-that-putativegenesand it was found PtCYP450, PtCpn60,
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PtPME PtSCP, PtGH, PtMYB PtWRKY, PtSTP and PtABC_; —{'-he—f-uﬁeﬁeﬁs—ef—wh}eh—&re

and length in the wood cells of aspen trees [63]. Transcription factor genes PtrMYBI152 is
over-expressed in secondary wall-forming cells, resulting in specific activation of lignin
biosynthetic genes, and PtrWRKY19 may function as regulators of pith secondary wall

formation in_P. trichocarpa [69,71]. The ABCB14 1 plavs role in decreasmg phloem area in the
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The evidence above—stronghy seemedsa«ggests that genes with—evtosine—methylation
modifieations-are-involved in regulating growth and wood development in P. fomentosa might

affect by cytosine methvlatlon modifications. Furthermorethe-individual-treeswereplanted

seleeteﬁembreeéfmg{%»%The eplmarkers that needed to be verlfleddeveleped#\ere W—l«ll» ay
also provide a streng-basisnew sight frem—whichto-develop-futurefor breeding programs in
this commercially important tree and-potentially-also-in-other-tree-species.

5. Conclusions

The quantrtatlve traits of the growth and wood property are 1mportant for commercial
timber tree species-w i 5

Wewgﬁea%em—regu}aﬁeﬂ—meehamsm—The ob]ectlve of the present study was to reveal

relationship between cytosine methylation and tree growth—and—, wood property traits,
respectively. It was found that the tree height was positively correlated with relative full
methylation level. And 1,101 single- and multi-function MSAP markers explaining 1.1%-7.8%
of phenotypic variation were associated with growth traits (diameter at breast height, height
of tree and volume of timber) and wood characteristics (fiber length, fiber width, microfibril
angle, lignin, holocellulose, and a-cellulose). It was demonstrated that 96 sequences, out of 116
successfully sequenced epimarkers, were linked to putatrv ckroven—fonetional— genes The /W HiggE: 54k Palatino

4
expression levels of nine Amensg Linotype, 10 B, F Fllgk, A

a o a y XEFFRIAE, JESEH BoR
Veriﬁe&ﬁeﬂ—usiﬂg—q-Ri—P@R,—Wkﬂeh—sheweé—nme—PUtathe genes W}t-h—lmpertant—breleg-}eal o
fanetions-(PtCYP450, PtCpn60, PtPME, PtSCP, PtGH, PtMYB, PtWRKY, PtSTP, and PtABC) w T fgﬁfff Pi&%aﬁ%a A

Linotype,
thatwere negatively zegulated-correlated bywith DNA methylation. Our results implieds that XEFFRIRAE, AR R
widespread natural variation of DNA methylation might contributes to regulating tree growth
and wood formation-pathways,—Fhese_and the findings will enhance our understanding of

eplgenetrcs in tree growth and Xylem formation—and-are—sisniticantformolecwlarassisted
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Table 1.Linear correlations among phenotype parameters and between phenotype and genome methylation/non-methylation levels in xylem tissue of

Populustomentosa®.
L HC o— FL FW MFA DBH H v Non- CNG CG Uninformative
(%) (%) (%) (mm) (Lm) ©) (cm) (m) (m?) (%) (%) (%) (%)
HC (%) -0.229"
a—(%) -0.248"  0.611"
FL (mm) -0.000 -0.012  -0.034
FW (um) -0.004 -0.017  -0.041 0.206™
MFA (°) —0.008 0.043 0.037 -0.383"  -0.093
DBH (cm) 0.159" -0.1200 -0.181"  0.280" 0.157+  -0.114
H (m) 0.083 -0.001  -0.095 0.246™ -0.001  -0.143"  0.634"
V (md) 0.134" -0.080 -0.161"  0.273" 0.095 —0.085 0.945™ 0.728™
Non-(%) 0.010 -0.011  -0.049 -0.039 0.037 0.015 0.010 -0.109"  -0.049
CNG(%) 0.035 0.028 0.032 0.016 -0.002  0.041 -0.064  0.002 -0.021  -0.741"
CG(%) -0.039 0.011 0.017 0.056 0.071 —0.005 0.077 0.122 0.096 -0.413"  0.356"
CG/CNG(%) -0.032 -0.017  0.032 0.014 -0.088  -0.060 0.009 0.097 0.044 -0.518"  -0.103"  -0.254"
Total(%) 0.013 0.026 0.032 0.035 0.027 0.030 -0.019  0.051 0.022 -0.748"  0.931" 0.671" -0.181"

aAbbreviations: L, lignin; HC, holocellulose; a-,a-cellulose; FL, fiber length; FW, fiber width; MFA, microfibril angle; DBH, diameter at breast height; H, height
of tree; V, volume of timber; Non-, relative non-methylation level; CNG, relative hemi-methylation level; CG, relative full-methylation level;Uninformative,

relative level of uninformative site.

| bThe primary _percentage data were transformed as xij = arcsin\."'xai before calculation.
*P <0.05 (2-tailed), “P < 0.01 (2-tailed).



