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ABSTRACT. Cytosine methylation plays important roles in regulating gene expression and modulating agronomic traits.
In this study, the fluorescence-labeled methylation-sensitive amplified polymorphism (F-MSAP) technique was used
to study variation in cytosine methylation among seven pecan (Carya illinoinensis) cultivars at four developmental
stages. In addition, phenotypic variations in the leaves of these seven cultivars were investigated. Using eight primer
sets, 22,796 bands and 950 sites were detected in the pecan cultivars at four stages. Variation in cytosine methylation
was observed among the pecan cultivars, with total methylation levels ranging from 51.18% to 56.58% and
polymorphism rates of 82.29%, 81.73%, 78.64%, and 79.09% being recorded at the four stages. Sufficiently
accompanying the polymorphism data, significant differences in phenotypic traits were also observed among the
pecan cultivars, suggesting that cytosine methylation may be an important factor underlying phenotypic variation.
Hypermethylation was the dominant type of methylation among the four types observed, and full methylation
occurred at higher levels than did hemimethylation in the pecan genomes. Cluster analysis and principal coordinate
analysis (PCoA) identified Dice coefficients ranging from 0.698 to 0.778, with an average coefficient of 0.735, and the
variance contribution rates of the previous three principal coordinates were 19.6%, 19.0%, and 18.2%, respectively.
Among the seven pecan cultivars, four groups were clearly classified based on a Dice coefficient of 0.75 and the
previous three principal coordinates. Tracing dynamic changes in methylation status across stages revealed that
methylation patterns changed at a larger proportion of CCGG sites from the 30% of final fruit-size (30%-FFS) stage
to the 70%-FFS stage, with general decreases in the total methylation level, the rate of polymorphism, and specific
sites being observed in each cultivar. These results demonstrated that the F-MSAP technique is a powerful tool for
quantitatively detecting cytosine methylation in pecan genomes and provide a new perspective for studying many

important life processes in pecan.

As an important epigenetic modification, DNA methylation
has become a research focus in the field of molecular biology.
This type of modification exists extensively in bacteria, plants,
and animals and has both epigenetic and mutagenic effects on
various cellular activities, such as differential gene expression,
cell differentiation, chromatin inactivation, genomic imprint-
ing, and carcinogenesis (Gonzalgo and Jones, 1997). By
contrast to the mutagenic effects of DNA methylation, in which
tumor suppressor genes are inactivated through the generation
of transition mutations via deamination-driven events, the
epigenetic properties of DNA methylation do not involve
alterations of the primary DNA sequence, and epigenetic
effects appear as altered levels of gene expression. DNA
methylation typically occurs via RNA-directed DNA methyl-
ation (Movahedi et al., 2015) and is distributed in repeat
sequences in coding and noncoding regions (Lu et al., 2008).
Unlike methylation in the mammalian genome, which is
restricted to CG sites, DNA methylation in plants predomi-
nantly occurs at symmetric CG dinucleotides, symmetric CHG
sites, and asymmetric CHH sites (where H is A, C, or T)
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(Bednarek et al., 2017; Finnegan et al., 1998; Zhang et al.,
2010). Cytosine methylation of gene promoter regions usually
inhibits transcription, but methylation in coding regions (gene
body methylation) does not generally affect gene expression
(Zhang et al., 2010). Specific DNA methylation occurs in
various species, tissues (Lu et al., 2008; Osabe et al., 2014), and
ages (Fraga et al., 2002) and plays an important role in adjusting
plant growth and development by regulating gene expression.
In addition, changes in the methylation status of a plant affect
its phenotype and normal development. In Arabidopsis thali-
ana, decreased methylation causes a number of phenotypic and
developmental abnormalities, such as reduced apical domi-
nance, smaller plant size, and altered leaf size and shape
(Finnegan et al., 1996). Similarly, phenotypic changes have
been observed in transgenic tobacco (Nicotiana tabacum)
plants with decreased methylation levels (Nakano et al.,
2000). DNA methylation may also respond to external factors
to support adaptation and evolution (Fulnecek and Kovarik,
2014). In mangrove (Laguncularia racemose) plants grown in
different environmental conditions (riverside vs. near a salt
marsh), the differentiation of epigenetic data were found to be
significantly greater than that of genetic data, with significant
differences in morphological traits being observed between the
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two locations, suggesting that epigenetic variation plays an
important role in helping individuals cope with different
environments (Lira-Medeiros et al., 2010).

Several methods have been developed to study cytosine
methylation. However, methods based on bisulfite modification
or immunoprecipitation require detailed genomic information
for plants. Therefore, in many species for which genomic data
are not available, the methylation-sensitive amplified poly-
morphism (MSAP) method has been used by numerous re-
searchers. MSAP, based on amplified fragment length
polymorphism, was introduced by Reyna-Lopez et al. (1997),
wherein Mse I was replaced by two isoschizomers (Hpall and
Mspl) with different methylation sensitivities at CCGG sites.
Because MSAP was first applied in rice (Oryza sativa) by
Xiong et al. (1999), the technique has been used extensively to
study the methylation status of many other plants. Considering
the poor safety, low efficiency, and low resolution of the MSAP
technique involving polyacrylamide gel electrophoresis, Xu
et al. (2005) introduced a fluorescence labeling system with
capillary electrophoresis for MSAP, named F-MSAP, which is
safe for researchers and has been demonstrated to show high
efficiency and resolution.

As a member of the Carya genus (Juglandaceae), pecan is an
economically important and widely cultivated nut crop native
to North America (Andersen, 2015; Wood et al., 1990; Zhang
et al., 2015b). Many pecan cultivars have been bred and
developed in the United States, with rich variations in their
leaves, flowers, nuts, and other characteristics. Through more
than 100 years of introduction and cultivation, more than
100 pecan cultivars have been preserved in China, including
cultivars introduced from America and domestically bred
cultivars (Zhang et al., 2015b). However, there are several
important problems with the breeding and management of
pecan cultivars in China, including cultivar confusion, a narrow
genetic basis among domestically bred cultivars, unscientific
selection of cultivars for different regions, and slow breeding of
fine cultivars, which have markedly restricted the pecan in-
dustry in China. Molecular markers can provide numerous
polymorphic markers for identifying cultivars and studying
genetic diversity, and some markers, such as random amplified
polymorphic DNA (RAPD), simple sequence repeats (SSR),
and inter simple sequence repeats (ISSR), have been developed
in pecan cultivars to elucidate genetic relationships or linkage
maps (Conner and Wood, 2001; Grauke et al., 2003; Jia et al.,
2011; Kaur et al., 2016; Li et al., 2015). However, some
difficulties exist in identifying pecan cultivars with close
genetic relationships using these molecular markers. Further-
more, regarding the utility of RAPD in pecan cultivars,
a dendrogram based on similarity data showed a relatively weak
grouping association among the different cultivars (Conner and
Wood, 2001). MSAP has been applied for the identification of
cultivars and to reveal methylation variation among cultivars of
plants, such as cotton [Gossypium hirsutum (Osabe et al.,
2014)], tobacco (Yang et al., 2011), clementine mandarin
[Citrus clementina (Fang et al., 2008)], sweet orange [Citrus
sinensis (Fang et al., 2010)], and navel orange [C. sinensis
(Hong and Deng, 2005)]. Compared with molecular markers,
MSAP markers present higher polymorphism (Fang et al.,
2008; Yang et al., 2011), which also suggests the potential
involvement of DNA methylation in the regulation of pheno-
typic traits. To our knowledge, there are no reports on DNA
methylation and MSAP in pecan. In addition, with the extensive

phenotypic variation among pecan cultivars, the mechanism
that regulates phenotypic traits is not clear. Plant growth and
development is a complex process with different phenotypic
and physiological characteristics among different developmen-
tal stages, which are regulated by many factors, including DNA
methylation, and little is known about the regulation mecha-
nisms involved in the growth and development of pecan.

In the present study, we analyzed the levels and patterns of
cytosine methylation among seven pecan cultivars across four
stages using F-MSAP. In addition, we investigated phenotypic
variations in the leaves among the cultivars. The main objec-
tives of this study were to analyze the variation of methylation
among cultivars, reveal the epigenetic relationships among the
pecan cultivars, and trace the changes in methylation as
developmental stages proceeded. In addition, we aimed to
explore the potential involvement of cytosine methylation in
regulating phenotypic traits and developmental processes in
pecan.

Materials and Methods

PrANT MATERIALS. The pecan orchard in which we conduct-
ed sampling is located at Nanjing Green Universe Pecan
Science & Technology Co. in Shanbei Village, Luhe District,
Nanjing, Jiangsu Province, China (lat. 32°19'59.48”N, long.
118°52'22.37"E, 170 m altitude). The Luhe District has a hot,
humid, subtropical climate, with an annual average temperature
of 15.1 °C and rainfall of 1004.4 mm. The average temperatures
in July and January are 27.6 and 1.7 °C, respectively. Maximum
precipitation occurs in July, with rainfall of 190.9 mm, whereas
the minimum rainfall occurs in December, at 22.4 mm. There
are 239 d without frost in this district (Zhang et al., 2015c¢). The
soil is a loam with pH ranging from 6.5 to 7.5.

Seven cultivars were selected for this study. Among the
seven cultivars, six were introduced from the United States,
including Pawnee, Mahan, Stuart, Kanza, Shawnee, and Caddo,
whereas Jinhua was selected and bred in China. Three 5-year-
old trees (grafted on 5-year-old rootstocks) of each cultivar
were selected and marked for the collection of leaf samples. For
DNA extraction, three leaflets were harvested from every
marked tree on 25 Apr., 5 July, 1 Sept., and 28 Sept. 2016,
and all of the leaflets were obtained from compound leaves with
an exterior south-facing canopy position ~2-3 m from the
ground (for each compound leaf, only one leaflet was collected
from the two to four leaflets from the basal portion of the
compound leaf). For the investigation of phenotypic traits,
samples of the same type were collected on 5 July. The
collected samples were rapidly transported to the laboratory
in an ice box. The samples intended for DNA extraction were
frozen at —70 °C, whereas those intended for phenotypic trait
analysis were processed immediately. When the leaf samples
were collected in every period, their phenological characteris-
tics were observed and recorded.

INVESTIGATION OF PHENOTYPIC TRAITS. Leaflet area (square
centimeters), length (centimeters), width (centimeters), and
perimeter (centimeters) were measured with a laser area meter
(CI-203; CID Bio-Science, Camas, WA), and a protractor was
used to measure the basic angle (degrees) and apex angle
(degrees) of these leaf samples. The leaflet basic angle and
leaflet apex angle are the maximum angles of the leaflet base
and leaflet tip, respectively. Fresh weights (grams) were de-
termined on an analytical balance (220 + 0.0001 g; Sartorius,
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Gottingen, Germany). These leaf samples were dried at 60 °C in
an oven (BINDER, Tuttlingen, Germany) until leaflet weight did
not change, and the dry weights (grams) were then determined.
The water content (percent) was calculated according to the
following formula: (fresh weight—dry weight) x 100/fresh weight.

DNA extrRACTION. The procedure of genomic DNA extrac-
tion performed in this experiment was developed based on
the cetyl trimethylammonium bromide (CTAB) method
(Sambrook and Russell, 2001). Briefly, for each cultivar, 1 g
of a mixed leaf sample was quickly ground in liquid nitrogen
and was then removed and placed in a 2-mL centrifuge tube.
Next, 3-5 mL of preheated CTAB extraction solution was
added, and the mixture was incubated at 65 °C for 30—-60 min
with slight inversion every 10 min. The supernatant was then
collected via centrifugation (11,000 g,, 5 min) and mixed with
an equal volume of 1 phenol:1 chloroform (v/v). Following
centrifugation at 11,000 g, for 10 min, the supernatant was
transferred to a fresh tube. Then, an equal volume of chloroform
was added, followed by centrifugation at 11,000 g,, for 10 min.
The supernatant was subsequently collected, and the steps
beginning at phenol/chloroform addition were then repeated.
The obtained supernatant was mixed with isopropanol at two-
thirds the volume of the supernatant. This mixture was in-
cubated at room temperature for 15 min and then centrifuged at
11,000 g, for 6 min. The supernatant was discarded, and the
remaining precipitant was washed with 70% ethanol. The
mixture was centrifuged at 11,000 g, for 2 min. The remaining
precipitant was repeatedly washed with 70% ethanol and then
dissolved in Tris-EDTA buffer solution (TE buffer).

F-MSAP procepure. The F-MSAP procedure involves
DNA digestion, ligation, preselective amplification, selective
amplification, and detection via capillary electrophoresis. A
DNA sample was divided into two groups; one group was
digested with EcoRI/Hpall and the other with EcoRI/Mspl at
37 °C overnight. Both digestion reactions were performed in
a volume of 20 uL that included 400 ng of DNA, 8 U of EcoRI
[New England Biolabs (NEB), Ipswich, MA], 8 U of Hpall
(NEB) or Mspl (NEB), 2 uL of 10x buffer, and double-distilled
H,0 (ddH,0). The ligation reaction was performed in a volume
of 40 uL, including 20 pL of the digestion products, 10 Weiss
units of T4 DNA ligase (NEB), 0.8 uL of an EcoRI adaptor
(20 uM, mixture of adaptor 1 and adaptor 2), 0.8 uL of an
Hpall/Mspl adaptor (20 uM, mixture of adaptor 1 and adaptor 2

of Hpall/Mspl), 4 uL of 10x T4 buffer, and ddH,0. The ligation
mixture was incubated at 16 °C overnight. The adaptors and
primers used in the F-MSAP procedure are listed in Table 1.
Preselective amplification was performed in a volume of 20 uL,
containing 2 UL of the ligation products, 1 U of Taq polymerase
(Takara, Kusatsu, Japan), 0.5 uL of the EOO primer (10 uM),
0.5 uL of the MO0 primer (10 uM), 0.4 uL. of ANTPs (10 mm),
2 pL of 10x buffer (25 mm Mg*"), and ddH,O. The reaction
conditions were as follows: 26 cycles of 94 °C for 30 s, 56 °C
for 1 min, and 72 °C for 1 min, followed by 72 °C for 10 min.
The preamplified products were diluted 20 times by volume
with ddH,O for the selective amplification. The selective
amplification reaction system was the same as that used for
preselective amplification except the ligation products were
replaced with the diluted preamplified products, and the fluores-
cence label 5-carboxyfluorescein (5’ FAM) was added to the E
primers. The selective amplification conditions were as follows:
13 cycles of 94 °C for 30 s, 65 °C for 30 s reduced by 0.7 °C per
cycle, and 72 °C for 1 min, followed by 23 cycles of 94 °C for 30 s,
56 °C for 30 s, and 72 °C for 1 min, with a final extension at 72 °C
for 10 min. The selective amplification product was diluted 10
times by volume with ddH,O for the subsequent procedure.
Briefly, 1 UL of the selective amplification product was added
to a mixture (9 uL) of 100 formamide: 1 LIZ500 DNA standard (v/v)
for capillary electrophoresis on an auto sequencer (ABI
3730XL; Thermo Fisher Scientific, Waltham, MA).

DATA STATISTICS AND ANALYSIS. In the statistical analysis of the
phenotypic indices, nine leaf samples from each cultivar were
regarded as nine replicates. One-way analysis of variance
(ANOVA) and Duncan’s multiple range test were conducted
using SPSS Statistics (version 22; IBM Corp., Armonk, NY). The
mean (X), sb (8), and cv (percent) of each phenotypic index were
calculated using the following formulas: X = >"x;/n,8=

\/Z(xi —%)%/(n — 1), cv (percent) =100 X §/x. For electro-
pherograms based on the.fsa data obtained with the auto
sequencer, GeneMarker (version 2.2.0; SoftGenetics, State Col-
lege, PA) was used to analyze the peak diagrams. The GS500
standard and uniform panels were used to align the electrophero-
grams, and a matrix (0, 1) was produced with the software, where
“1” reflects the existence of an amplified fragment and “0”
represents no product. Four types of bands were detected, as
shown in Table 2, representing different methylation patterns.
Methylation levels were calculated according to the following

Table 1. Sequences of the adaptors and primers used in fluorescence-labeled methylation-sensitive amplified polymorphism (F-MSAP). The
F-MSAP technique based on the traditional methylation-sensitive amplified polymorphism technique was used in this study to detect the
cytosine methylation level and patterns among seven pecan cultivars.

EcoRI (5'-3) Hpall/Mspl (5'-3")
Adaptor 17 CTCGTAGACTGCGTACC GACGATGAGTCCTGAG
Adaptor 2 AATTGGTACGCAGTCTAC CGCTCAGGACTCAT

Preselective amplification primers
Selective amplification primers E00-AAC (E1)
E00-ACC (E2)
E00-AGC (E3)
E00-GTT (E4)
E00-TCG (E5)
E00-TCT (E6)
Primer sets

GACTGCGTACCAATTC (E00)

GATGAGTCCTGAGCGG (H/M00)
H/M00-AGC (H/M1)
H/M00-AGT (H/M2)
H/M00-CAC (H/M3)
H/MO00-ATC (H/M4)

E1-H/M1, E2-H/M3, E3-H/M1, E3-H/M3
E4-H/M3, ES- H/M2, E5-H/M3, E6-H/M4

“A mixture of adaptor 1 and adaptor 2 for EcoRI and Hpall/Mspl was used in this study.
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Table 2. Differences in Hpall and Mspl sensitivity for methylation status and different methylation
types (Zhao et al., 2014). The isoschizomer of Hpall is inactive when one or both cytosines are
fully methylated but can digest the hemimethylated sequence, whereas Mspl is inactive if the
external cytosine is fully or hemimethylated. The results of Hpall/EcoRI and Mspl/EcoRI

digestion are used to reflect the methylation status.

ANOVA showed that leaflet width,
area, droop angle, tilt angle, fresh
weight, dry weight, and water con-
tent significantly differed (P <0.05),

whereas leaflet length and perimeter

Hpall/EcoRI Mspl/EcoRI = Methylation status” Methylation type were not significantly different
I Active (1) Active (1) CCGG Unmethylated among the cultivars. Among the
GGCC seven pecan cultivars, Kanza pre-
II  Active (1) Inactive (0) ™CCGG or "C"CGG Hemimethylation sented the smallest values for almost
) ) GGCC GGCC ) all of the phenotypic indices, except
III Inactive/0 Active (1) C"CGG Full methylation for droop angle, tilt angle, and water

) ) GGeene ) content (Table 3).

IV Inactive (0) Inactive (0) ™C™CGG Hypermethylation or no CCGG sequences

GGC™C™ or no CCGG

Observation of the phenology at
four developmental stages revealed

Zeemoo

formulas: hemimethylation level = type II bands/total bands; full
methylation level = type Ill/total bands; hypermethylation level =
type IV/total bands; total methylation level = (type 11 + type III +
type IV)/total bands (in the formulas, “total bands” indicates the
sum of the four band types).

Type IV (0, 0) was confirmed as hypermethylation at the site
when a sample from the same cultivar at any of the other three
stages showed the presence of a fragment (i.e., one type of type
I, type I, and type III appeared) at the site; otherwise, it was
ignored. In this study, polymorphic sites were defined as the
sites with different methylation patterns among the cultivars.
Among the polymorphic sites, we also counted the specific sites
at which the methylation pattern of a cultivar was different from
that of the other six cultivars, whereas the methylation patterns
of the other six cultivars were the same. We ignored and did not
count sites that could not be definitively confirmed as poly-
morphic (or specific) sites because of uncertainty in type IV
(0, 0) status. SigmaPlot software (version 12.5; Systat Software,
San Jose, CA) was used to draw radar and bar graphs.

The methylation status of type II, type III, or type IV
(hypermethylation) was recorded as “1” and that of type I
was recorded as “0.”” Anuncertain status was scored as missing
data and was recorded as “2.” NTSY'S software (version 2.10e;
Applied Biostatistics, New York, NY) was used to conduct
cluster analysis and PCoA with the newly obtained matrix.
Pairwise similarity was first obtained by calculating the Dice
coefficient using the “similarity of qualitative data (SimQual)”
command. Based on the pairwise similarity, the unweighted
pair-group method with arithmetic mean was used to construct
the dendrogram with the “Sequential, Agglomerative, Hierar-
chical and Nested Clustering Methods” command. In PCoA,
the pairwise similarity had to be transformed into a new matrix
file by executing the “Dcenter” command. Thereafter, the
“Eigen” command in the “Ordination” module was executed,
and two- and three-dimensional diagrams were produced
according to the previous two and three principal coordinates,
respectively.

Results

PHENOTYPIC VARIATION IN THE LEAVES OF PECAN CULTIVARS
AND PHENOLOGICAL CHARACTERISTICS OF FOUR DEVELOPMENTAL
STAGES. Leaf phenotypic variation commonly occurred among
the pecan cultivars, with cv ranging from 3.33% to 12.94%.

at the left corner of bases represents the methylation of the bases.
YSequences of CCGG can be digested by two enzymes (EcoRI and Hpall, or EcoRI and Mspl), which
is recorded as “Active (1)”’; otherwise, it is recorded as “Inactive (0)”.

that buds had developed into leaves
and flowers were developing in late
April; the fruit were in the rapid
growth stage in early July; the
leaves almost reached full maturity and the kernels nearly filled
the nuts in early September; and vegetative growth slowed, the
size of fruit was determined and fruit were close to maturity in
late September. According to the Biologische Bundesanstalt,
Bundessortenamt und Chemische Industrie scale for pecan (Han
et al., 2018), late April, early July, early September, and late
September corresponded to the stages of inflorescence emergence
(IE), 30%-FFS, 70%-FFS, and fruit maturity (FM), respectively.

DNA METHYLATION LEVELS IN VARIOUS PECAN CULTIVARS. A
total of 950 sites were amplified with eight primer sets. Most of
the fragments were less than 300 bp, and they rarely exceeded
500 bp. A total of 22,796 bands were amplified from the
samples of the seven cultivars at four stages, with 3312, 3264,
3256, 3216, 3228, 3252, and 3268 bands being obtained for
Pawnee, Mahan, Stuart, Kanza, Shawnee, Caddo, and Jinhua,
respectively (Table 4). The total methylation levels ranged
from 51.18% to 56.58%, with hemimethylation levels ranging
from 15.39% to 18.48%, full methylation levels ranging from
15.39% to 18.48%, and hypermethylation levels ranging from
20.88% to 24.37% among the seven cultivars. Furthermore,
hypermethylation levels were the highest among the three
methylation types, and full methylation levels were higher than
those of hemimethylation in each of the cultivars.

Generally, the levels of hemi- and full methylation sub-
stantially decreased from the 30%-FFS to 70%-FFS stages
among the pecan cultivars, whereas relatively small differences
were observed in these levels between the IE and 30%-FFS
stages and between the 70%-FFS and FM stages (shown in Fig. 1).
However, at the FM stage, the levels of full methylation
increased by 63.16% and 37.14% in ‘Pawnee’ and ‘Stuart’,
respectively, compared with those at the 70%-FFS stage.
Hypermethylation levels similar to the levels of hemi- and full
methylation were observed between the IE and 30%-FFS stages
and between the 70%-FFS and FM stages in the pecan cultivars.
Nevertheless, hypermethylation levels obviously increased at
the 70%-FFS stage, showing the reverse trend of hemi- and full
methylation levels. Specifically, for ‘Caddo’, the hypermethy-
lation level at the IE stage was the highest among the four
stages, at 25.95%, and the levels at the other stages were similar
to each other, ranging from 18.70% to 19.68%. Interestingly,
based on the sum of the levels of these three methylation types,
the variation in the total methylation level was generally similar
to that in the full methylation level.
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Table 3. Phenotypic variation in the leaves from 5 July among the seven pecan cultivars.

Phenotypic Mean =+ sp

Index Pawnee Mahan Stuart Kanza Shawnee Caddo Jinhua cv (%)*
Length (cm) 1040 +1.00a” 10.19+1.52a 1037+190a 9.65+1.79a 990+ 1.11a 11.80+049a 1046+1.79a 6.61
Width (cm) 393+0.19a 4.14+£0.52a 4.14+052a 3.51+0.52b 399+043a 4.09+042a 435+032a 6.54
Area (cm?) 2729 +3.54ab 2936 +445a 3130+734a 2276+493b 2732+5.16ab 31.50+435a 31.21+3.09a 11.08
Perimeter (cm) 22.58 + 1.69a 23.10+1.85a 24.06+2.75a 21.58+251a 2246+262a 2461+1.10a 23.05+0.60a 4.40
Basic angle (°) 83.33+9.92c¢ 98.89£6.57a 94.89 +7.13 ab 88.33 £ 13.22 bc 93.11 +4.94 ab 95.67 £5.81 ab 96.22 + 5.83 ab 5.74
Apex angle (°) 31.33 +5.00 ab 30.89 + 7.61 ab 28.22 + 526 ab 25.67 £ 5.81b 2556 +4.07b 26.00+1.73b 32.89+7.66a 10.65
Fresh wt (g) 0.50+0.09ab 0.55+0.08a 055+0.10a 0.41+0.13b 046 +0.09ab 0.49+0.08ab 0.49+0.06ab 9.70
Dry wt (g) 0.19+0.03a 020+£0.01la 021+0.03a 0.14+0.03b 0.19+0.03a 0.19+0.03a 0.18+0.02a 1294
Water 6149 +£1.53a 61.24+336a 6141 +255a 6459+£227a 57.76+5.72b 6134+242a 62.77+2.20a 3.33

content (%)

“cv = cv of each phenotypic index among cultivars [cv(%) = 100 X §/x].
YMeans within the same row denoted with different letters are significantly different at P < 0.05 by Duncan’s multiple range test.

Table 4. Methylation bands and levels in various pecan cultivars at four stages [inflorescence emergence, 30% of final fruit size, 70% of final fruit
size, and fruit maturity].

Full Total
Methylation Total Hemimethylation methylation Hypermethylation methylation

Cultivar I (no.) II (no.) II (no.) IV (no.) bands (no.) bands (no.)” level (%) level (%) level (%) level (%)Y
Pawnee 1,438 455 612 807 1,874 3,312 13.74 18.48 24.37 56.58
Mahan 1,465 472 545 782 1,799 3,264 14.46 16.70 23.96 55.12
Stuart 1,422 504 546 784 1,834 3,256 15.48 16.77 24.08 56.33
Kanza 1,570 452 495 699 1,646 3,216 14.05 15.39 21.74 51.18
Shawnee 1,504 463 552 709 1,724 3,228 14.34 17.10 21.96 53.41
Caddo 1,557 447 569 679 1,695 3,252 13.75 17.50 20.88 52.12
Jinhua 1,492 469 595 712 1,776 3,268 14.35 18.21 21.79 54.35
Seven cultivars® 10,448 3,262 3914 5,172 12,348 22,796 14.31 17.17 22.69 54.17

“Total amplified bands = I + II + III + IV; methylation bands = IT + III + IV; 1, I, I1I, and IV represent the number of bands for the methylation
types unmethylation, hemimethylation, full methylation, and hypermethylation, respectively. Each value in the first six columns is the sum of the
bands detected from the samples at four stages.

YTotal methylation level = (I + [T + IV)/(I + IT + IIT + IV); hemimethylation level = IT/(I + IT + IIT + IV); full methylation level = ITI/(T + IT + IIT +
IV); and hypermethylation level = IV/(I + II + IIT + IV).

*In the last row, labeled ““seven cultivars,” each value in the first six columns is the sum of the bands from the samples of the seven cultivars, and
the levels in the last four columns are calculated based on the number of bands.

METHYLATION POLYMORPHISMS AND SPECIFICITIES OF CCGG
SITES AMONG PECAN CULTIVARS. For the samples collected at the
IE, 30%-FFS, 70%-FFS, and FM stages, the polymorphism
rates for the primers ranged from 75.22% (E6-H/M4) to 93.75%
(E3-H/M1), from 69.70 (E1-H/M1) to 90.24 (E4-H/M2), from
59.18% (E1-H/M1) to 89.92% (E2-H/M2), and from 65.63%
(E5-H/M3) to 92.59% (E3-H/M1), respectively (Fig. 2A). In
addition, we defined the polymorphic sites of the four stages as
the sites showing polymorphism among cultivars at any stage
and quantified the polymorphism rate for each primer set.
Compared with the polymorphism rate for each stage, the
increased polymorphism rates of the four stages for each primer
set ranged from 87.04% (E5-H/M2) to 98.08% (E1-H/M1). For
high polymorphism, the eight primer sets were demonstrated to
be suitable for studying DNA methylation in pecan. In
addition, an average of 90, 91, 85, or 85 polymorphic
fragments among the cultivars were amplified by each primer
set at the four stages. The polymorphism rates of the eight
primer sets substantially decreased from the 30%-FFS to
70%-FFS stages and increased slightly at the FM stage, with
rates of 82.29%, 81.73%, 78.64%, and 79.09% being ob-
served at the IE, 30%-FFS, 70%-FFS, and FM stages,
respectively (Fig. 2A).
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In total, 106, 98, 89, and 81 specific sites were detected
among the seven pecan cultivars at the IE, 30%-FFS, 70%-FFS,
and FM stages, with specific polymorphism rates of 13.17%,
11.91%, 11.13%, and 10.15%, respectively. At the IE,
30%-FFS, 70%-FFS, and FM stages, the ratio of specific sites
belonging to the cultivars ranged from 0.92% (Shawnee) to
3.47% (Caddo), 1.02% (Stuart) to 2.04% (Kanza), 1.05%
(Stuart) to 2.31% (Mahan), and 0.70% (Mahan) to 2.11%
(Pawnee), respectively (Fig. 2B). The detection of all specific
sites showed that three sites presented specificity at all four
stages (Table 5).

CHANGES IN METHYLATION PATTERNS BETWEEN STAGES FOR
THE PECAN CULTIVARS. Based on the F-MSAP data from each
cultivar at the four stages, methylation patterns belonging to
two adjacent stages were compared, and six types were found:
demethylation (DM), de novo methylation (DNM), nonmethy-
lation state preservation (NMSP), changes in the pattern of the
methylation state (CMS), no change in the pattern of the
methylation state (NCMS), and methylation state preservation
(MSP) (Fig. 3; Table 6). The results presented in Fig. 3 show
that from the IE to 70%-FFS stages, DM%, DNM%, and CMS
% in the pecan cultivars increased and remained at higher levels
at the 70%-FFS stage, whereas a reverse trend appeared for
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(70%-FFS), and fruit maturity (FM). The total methylation level is the sum of the hemimethylation level, full methylation level, and hypermethylation level.

NMSP%, NCMS%, and MSP%. According to changes in the
methylation patterns reflected by the DM, DNM, and CMS
types, the methylation patterns changed at a larger proportion of
CCGQ sites from the 30%-FFS to 70%-FFS stages. Compared
with the other types, the MSP% of 36.65% to 47.36% was
generally the highest among all cultivars at any stage, followed
by NMSP%, at 29.29% to 41.70%.

CLUSTER ANALYSIS AND PCOA OF EPIGENETIC RELATIONSHIPS
AMONG THE PECAN CULTIVARS. The Dice coefficients ranged
from 0.698 to 0.778 among the seven pecan cultivars, with an
average coefficient of 0.735. The coefficient between ‘Caddo’
and ‘Kanza’ was the lowest, whereas that between ‘Shawnee’
and ‘Jinhua’ was the highest, which suggested that the most
distant epigenetic relationship was between ‘Caddo’ and
‘Kanza’, and that the closest epigenetic relationship was
between ‘Shawnee’ and ‘Jinhua’. Based on the Dice coeffi-
cients, a dendrogram was constructed (Fig. 4), and good
clustering results were obtained, as suggested by the matrix
correlation (= 0.876). The line corresponding to the coefficient
axis with a scale value of 0.75 was treated as the clustering

standard of the pecan cultivars. Based on the clustering figure,
the seven cultivars were divided into four groups. Group I was
composed of ‘Pawnee’ and ‘Stuart’; group II comprised
‘Mahan’, ‘Shawnee’, and ‘Jinhua’; group III comprised
‘Caddo’; and group IV consisted of ‘Kanza’.

The PCoA results showed the variance contribution rates of
the previous three principal coordinates to be 19.6%, 19.0%,
and 18.2%. We obtained two- and three-dimensional diagrams
by sorting the seven cultivars based on the previous two and
three principal coordinates, respectively (Fig. 5SA and B).
According to Fig. 5A, the seven pecan cultivars were classified
into three groups when sorted based on the previous two
principal coordinates, among which Caddo and Kanza were
classified into groups of their own, and the other cultivars
comprised the third group. Based on the classification accord-
ing to the previous two principal coordinates, further classifi-
cation of the seven pecan cultivars was performed in the
direction of the third principal coordinate (Fig. 5B). No changes
in the classification of ‘Caddo’ and ‘Kanza’ were observed in
the direction of the third principal coordinate, and the other five
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Fig. 2. Variation in methylation patterns among the pecan cultivars across the four stages: inflorescence emergence (IE), 30% of final fruit size (30%-FFS), 70% of
final fruit size (70%-FFS), and fruit maturity (FM). (A) The methylation polymorphism rates of the sites amplified by eight primer sets among seven pecan
cultivars. The polymorphic sites are defined as the sites with different methylation patterns among the cultivars. The polymorphic sites of the four stages are
defined as the sites showing polymorphism among cultivars at any stage, and the polymorphism rates of the four stages are indicated with a dotted line. S (P)
represents the polymorphism rates of the eight primer sets. (B) The specific polymorphism rates of the sites detected among seven pecan cultivars. The specific
sites are the sites at which the methylation pattern of a cultivar is different from that belonging to the other six cultivars, whereas the methylation patterns of the

other six cultivars are the same.

Table 5. Specific sites possessed by the seven cultivars at all four stages: inflorescence emergence
(IE), 30% of final fruit size (30%-FFS), 70% of final fruit size (70%-FFS), and fruit maturity (FM).
I, II, III, or IV in the same row represent the methylation patterns of seven cultivars in the same
CCGG site [unmethylation (I), hemimethylation (II), full methylation (I1I), and hypermethylation
(IV)]. The specific sites are the sites at which the methylation pattern of a cultivar is different from
that belonging to the other six cultivars, whereas the methylation patterns of the other six cultivars
are the same. Three specific sites were identified at which the methylation specificity remained

pecan cultivars at four stages (IE,
30%-FFS, 70%-FFS, and FM). The
total methylation levels ranged from
51.18% to 56.58% among the seven
pecan cultivars, and the polymorphic
sites accounted for 82.29%, 81.73%,
78.64%, and 79.09% of the sequences

stable in the four stages of the seven cultivars. .

Primers Site Stage Pawnee Mahan Stuart Kanza Shawnee Caddo Jinhua ate:gfl fzﬁ;ts?a%?:‘éi;isrifCrtri\e/f}iy’lai?fr;
EI-H/MI - 369bp  Four stages I I I I I I v gxisteg among the pecan cu{[ivars.
E3-H/M2 281 bp IEO I I I I I 11 I Studies on various species in which
;8(;)1;?2 i { { i } Il\l] { the MSAP technique has been used
’ have demonstrated that methylation
FM I I I I I v I levelsare specific to different species,
ES-H/M3 158 bp IEO I I I I I 1 I ranging from 4.08% to 48.3% for
;80//"11222 III Iif Ii/ ;3 Ii/ Ii/ Ii/' most plants investigated thus far
0 (Baurens et al., 2004; Cervera et al.,

FM v v I v v v v

2002; Hong and Deng, 2005; Li et al.,

cultivars were classified into two groups: one group comprising
Pawnee and Stuart and another comprising Mahan, Jinhua, and
Shawnee. The PCoA results were consistent with those of the
cluster analysis. However, the relationships among the cultivars
could be revealed more intuitively in different directions and
aspects using PCoA.

Discussion
In this study, the F-MSAP technique was applied to detect

cytosine methylation in pecan for the first time and produced
clear methylation profiles for the analysis of methylation in
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2002, 2014; Lu et al., 2008; Peraza-
Echeverria et al., 2001; Xiong et al., 1999; Yang et al., 2011),
and the levels are rarely higher than 50% for plants, as observed
in maize [Zea mays (Candaele et al., 2014)]. The methylation
levels recorded in the pecan cultivars were higher than those
reported for most other species, indicating that methylation
occurs extensively in pecan genomes. Unlike most MSAP
analyses of other species, the incidence of type IV (0, 0)
(confirmed as hypermethylation) was quantified and discussed
in this study based on the existence of the site confirmed by the
methylation status at other stages, which may have contributed
to the high but more accurate methylation level obtained for
pecan. Because MSAP allows the detection of methylation only
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Fig. 3. Changes in the methylation patterns between stages for the seven pecan cultivars. The values represent the ratios of CCGG sites with altered methylation
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DM = demethylation; DNM = de novo methylation; NMSP = nonmethylation state preservation; CMS = changes in pattern of methylation state; NCMS = no
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Table 6. Six types of changing methylation patterns determined by comparing adjacent stages of pecan cultivars.

No. Type Changes in methylation patterns”
DM Demethylation NI-L -1 1IV—-I
DNM De novo methylation =1L 11 I-1V

NMSP Nonmethylation state preservation

CMS Changes in pattern of methylation state
NCMS No change in pattern of methylation state
MSP Methylation state preservation

[—1

M—1IL T IV, M-I T 1V, IV -1, IV - I
[I—-II, HI =101, IV -1V

Including the types of changes in CMS and NCMS

“I, 11, 11, and IV represent the methylation types unmethylation, hemimethylation, full methylation and hypermethylation, respectively.

at CCGG sequences, the results obtained using this technique
might underestimate the level of genomic cytosine methylation,
which was verified by the lower methylation level detected by
the MSAP method in maize than that obtained by bisulfite
sequencing (Candaele et al., 2014; Gent et al., 2013). In
addition, this study revealed hypermethylation to be the
dominant type among the four methylation types. Furthermore,
the full methylation levels were higher than those of hemi-
methylation, which is consistent with the results obtained in
other plants, such as maize (Candaele et al., 2014), sorghum
[Sorghum bicolor (Zhang et al., 2011)], and rice (Wang et al.,
2011).

According to reports on other molecular markers, such as
RAPD, SSR, and ISSR markers, performed in pecan cultivars,

about four to nine polymorphic fragments are amplified by each
primer combination (Jia et al., 2011; Kaur et al., 2016; Li et al.,
2015). However, in this study, an average of 90, 91, 85, and 85
polymorphic fragments were amplified at the IE, 30%-FFS,
70%-FFS, and FM stages, respectively, by each primer set
among the cultivars with sufficient polymorphism rates, dem-
onstrating that methylation polymorphisms occur more fre-
quently than do DNA sequence polymorphisms in pecan
cultivars, which is consistent with reports from tobacco (Yang
et al.,, 2011) and Clementine mandarin (Fang et al., 2008).
Importantly, previous studies have also suggested that the
different phenotypes observed among cultivars may be regu-
lated by variations in methylation patterns (Fang et al., 2008;
Yang et al., 2011). Furthermore, a study in Clivia miniata
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showed that leaf patterns (yellow, green, and striped) might be
caused by differential DNA methylation at CCGG sites (Wang
et al., 2015). Herein, nine phenotypic indices of leaflets
collected from seven pecan cultivars in July were investigated,
and significant differences (P < 0.05) were observed in each of
these indices among the cultivars except for leaflet length and
perimeter. Therefore, we speculate that cytosine methylation
may be an important factor in the induction of phenotypic
variation in leaves. Through cluster analysis and PCoA of the
observed methylation patterns, the first epigenetic dendrogram
and diagrams of PCoA for pecan cultivars were built. According
to the dendrogram and diagrams of PCoA, ‘Kanza’ and ‘Caddo’
were classified into groups of their own, whereas the other five

cultivars were separated from these two cultivars but were also
classified into two groups: one group comprising Pawnee and
Stuart and another comprising Mahan, Jinhua, and Shawnee.
Based on the previously reported lineage of pecan cultivars
(Conner and Wood, 2001; Grauke, 2004; Grauke et al., 2015),
Pawnee, Stuart, Mahan, Shawnee, and Jinhua are descending
from Schley [Schley is the parent of Shawnee, and it may be the
parent of Mahan and a sibling of Stuart; Jinhua may be a Mahan
descendant; Pawnee originated by controlled cross (Mohawk x
Starking Hardy Giant) and Mohawk originated by controlled
cross (Success X Mahan)], whereas Kanza and Caddo do not
connect back to Schley. The epigenetic relationships that we
found are generally consistent with the lineage of pecan

cultivars, but the separation of the

five cultivars (Pawnee, Stuart,

Mahan, Shawnee, and Jinhua) dem-

Pasee o nstrates divergence between these
two relationships, which is supported
Stuart by a report on cotton genotypes
(Osabe et al., 2014). These studies
M  have revealed complex relationships
between epigenetic and genetic
Gnee | StTUCHUTE, which need to be explained
‘ with more evidences in the further
‘ research.
Jinhua Cytosine methylation is impor-
tant for plant development and
Cad changes with plant growth and de-
velopment, as shown by reports on
kmm A thaliana (Finnegan et al., 1998;
Ruiz-Garcia et al., 2005), rice
(11,!1 (},[73 075 (),i,'(, [),“;g (XiOl‘lg et al., 1999), and tobacco
Coefficient (Zhang et al., 2015a). In this study,

Fig. 4. Dendrogram of the seven pecan cultivars established using Dice coefficients based on the methylation
patterns. The matrix correlation () obtained from the cophenetic correlation analysis = 0.876. The line
corresponding to the coefficient axis with a scale value of 0.75 was obtained by the NTSYS software
automatically and was treated as the clustering standard of the pecan cultivars.
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the 30%-FFS to 70%-FFS stages. In addition, to trace changes
in methylation patterns between the different stages, we
creatively classified the changing patterns into six types, in-
cluding DM, DNM, NMSP, CMS, NCMS, and MSP (Table 6).
From the IE to 70%-FFS stages, DM%, DNM%, and CMS%,
which reflected changes in methylation patterns, increased and
remained at higher levels at the 70%-FFS stage. This finding
demonstrated that methylation patterns change over a greater
range of CCGG sites from the 30%-FFS to 70%-FFS stages,
which decreases methylation levels, polymorphism rates, and
specific polymorphism rates. At the 70%-FFS stage, pecan trees
remain at the vigorously growing stage, and their leaves are
generally the most mature at this stage. Changes in DNA
methylation have been shown to be correlated with changes in
gene expression in a tissue-specific or developmentally regu-
lated manner (Jost and Saluz, 1995). Therefore, the growth
characteristics of pecan trees in this period may be regulated by
drastic changes in the methylation status of CCGG sites.

In the examination of such plentiful polymorphism data, it
appears to be important to locate the key sequences regulating
important traits, which can lay a good foundation for the
breeding of exceptional cultivars with molecular tools. In this
study, the measured phenotypic traits were mainly used to
demonstrate the variation in the leaves among the pecan
cultivars and cannot be correlated with the differential markers
due to a lack of sample data. It is worth mentioning that three
specific sites were detected at which the methylation specificity
for the seven pecan cultivars was stably maintained at the four
stages. These specific sites may play important roles in
phenotypic trait determination. To reveal the mechanisms
underlying this regulation, further research is needed to analyze
the functions of differential fragments through collecting bands
from polyacrylamide gels, cloning, sequencing, and blasting
against the GenBank database. As a powerful tool for the
sensitive detection of methylation status, the F-MSAP tech-
nique presents potential for use in the identification of cultivars.
In this study, it was not difficult to identify the seven pecan
cultivars based on the obtained polymorphic bands. However,
factors such as developmental stages, age, and environmental
factors may change the methylation status at some methylated
sites. Therefore, to identify pecan cultivars effectively, it
appears necessary to study the methylation status of pecan
cultivars under different conditions and to identify polymorphic
sites that present stable methylation patterns.

In this study, the leaves collected as the research object were
subjected to F-MSAP analysis. Notably, pecans are an impor-
tant nut crop; thus, there are many important areas of research,
especially regarding insect resistance and the improvement of
nut quality and yield. Therefore, studies on DNA methylation
will be developed extensively in pecan and become a new
strategy for addressing important scientific problems in pecan.
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