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Abstract: In recent years, bamboo has been well exploited in the pulp and paper industry. Moso
bamboo (Phyllostachys edulis (Carriere) J. Houzeau; hereafter M), originated from China with a
long history of cultivation as the most abundant resource with the widest distribution area among
bamboo plants in China. In this study, Moso bamboo (M) and nine bamboo varieties were selected
in the bamboo germplasm resources storage bank of the Anhui Taiping Experimental Station of
ICBR. The characteristics of their cell structures were compared, and the differences were analyzed
from a genetic perspective. The results showed that M had the highest fiber cell length, fiber cell
width, length, and parenchyma width, while GJ showed the lowest of these measurements [P. edulis
"Kikko-chiku’,G.H.Lai]. The fiber wall thickness of Q [P. edulis f. obliquinoda (Z.P.Wang et N.X.Ma)
Ohrnberger] was the smallest, while its fiber lumen diameter was the highest in the group. The
parenchyma wall thickness and parenchyma lumen diameter of Q were the smallest in the group.
The fiber cells of M and Q had better flexibility, which is conducive to improving the tensile strength,
break resistance, and folding resistance of paper made from these materials. SY and GJ may be more
suitable for ornamental items because of their special appearances. The purpose of this study was to
explore the genetic variation patterns of various cell structure indicators among Moso bamboo and
its varieties, as well as to develop a strategy of bamboo growing and lumbering based on the local
conditions, providing reference data for the utilization of non-woody forest resources.

Keywords: cell structure; Moso bamboo varieties; PCA

1. Introduction

In recent years, bamboo has been well-exploited in the pulp and paper industry [1].
Due to its smooth surface and high ink-holding capacity [2,3], bamboo paper is often
utilized as high-end calligraphy paper [4-6]. Bamboo fiber cells finish growing with regard
to length during the fast-growing period [5,7], while the fiber cell walls are thickened during
culm maturation [8]; that is, additional thin layer structures are gradually layered on the cell
walls, so that the cell walls are thickened bit by bit. This process can last for several growing
seasons. As the bamboo matures, these structural changes can affect the properties and
applications of bamboo [5]. Previous studies have shown that the anatomical properties
of bamboo are related to its toughness, processing properties, and strength [9-12]. The
radial/tangential ratio of the vascular bundle is significantly correlated with the density
and drying shrinkage of bamboo [13-15]. The fiber cell length and fiber cell wall thickness
influence the compressive strength and the modulus of elasticity of bamboo [16,17], and
fiber cell length is also an important indicator for assessing its papermaking property [18,19].
During the production of bamboo, if all kinds of tissue are not separated in advance, the
parenchyma cells either exist in the product in a form that is not conducive to quality, or
are discharged as waste, causing a low utilization rate and a waste of resources [20].

Forests 2023, 14, 235. https:/ /doi.org/10.3390/£14020235

https://www.mdpi.com/journal/forests


https://doi.org/10.3390/f14020235
https://doi.org/10.3390/f14020235
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/forests
https://www.mdpi.com
https://orcid.org/0000-0003-0268-0727
https://doi.org/10.3390/f14020235
https://www.mdpi.com/journal/forests
https://www.mdpi.com/article/10.3390/f14020235?type=check_update&version=1

Forests 2023, 14, 235

2 of 14

Moso bamboo (Phyllostachys edulis (Carriére) J. Houzeau; hereafter M), originated
from China and is an evergreen arbor-like bamboo plant belonging to the Bambusoideae
subfamily of Poaceae [21]. With a long history of cultivation, it is a bamboo species that
embraces the most abundant resources and the widest distribution area among bamboo
plants in China [22,23]. Characterized by strong adaptability, broad usage, and extremely
high economic value, Moso bamboo is regarded as one of the most versatile tree species
among forest woody bamboo and occupies a significant position in bamboo resources in
China and around world [22,24,25]. Nearly 30 varieties of Moso bamboo have been formed
due to differences in cultivation history and environmental conditions [26—29]. To make
full and reasonable use of the resources of M and its varieties in China, understanding
the variation rules and the patterns of its cell structures is the goal in conducting genetic
improvements on M and its varieties. At present, although there are a great number of
studies on the anatomical properties of bamboo [30-36], the cell structures of M and its
varieties have not yet been reported from the perspective of forest genetic breeding.

In this study, R language-based statistical analyses were employed to investigate M
and its nine varieties, HC [P. edulis f.luteosulcata (Wen) Chao et Renv.], LC [P. edulis f.bicolor
(Nakai) G.H.Lai], JS [P. edulis f.gracilis (Hsiung) Chao et Renv.], HPH [P. edulis f.huamozhu
(Wen) Chao et Renv.], LPH [P. edulis f.nabeshimana (Muroi) Chao et Renv.], Q [P. edulis
f.obliquinoda (Z.P.Wang et N.X.Ma) Ohrnberger.], HB [P. edulis f.pachyloen (G.Y.Yang et al.)
Y.L.Ding ex G.H.Lai.], SY [P. edulis f.tubaeformis (S.Y.Wang) Ohrnberger], and GJ [P. edulis
"Kikko-chiku’,G.H.Lai]. The characteristics of their cell structures were compared, and the
differences were analyzed from a genetic perspective. The purpose of this study was to
explore the genetic variation patterns of various cell structure indicators among M and its
varieties, as well as to develop a strategy of bamboo growing and lumbering based on the
local conditions, providing reference data for the utilization of non-woody forest resources.

2. Materials and Methods
2.1. Plant Materials

In mid-August 2019, Moso bamboo (M) and nine bamboo varieties were selected to lay
out in sampling plots in the bamboo germplasm resources storage bank of Anhui Taiping
Experimental Station of ICBR (118°02" E, 30°20" N) (Table 1). The area of each sample plot
was 10 meters by 10 meters. The bamboo samples were chosen from areas with similar site
conditions, such as slope position and slope direction. Three healthy bamboo plants were
selected with the same size, growth, and crown width in each variety. The intact bamboo
tube at 1.3 m DBH was selected as the experimental material [37-39].

Table 1. The varieties of Moso bamboo.

Abbreviation Species and Variety
M Phyllostachys edulis (Carr.) H.de Lehaie
HC Phyllostachys edulis (Carr.) H.de Lehaie £. luteosulcata (Wen) Chao et Renv.
LC Phyllostachys edulis (Carr.) H.de Lehaie {. bicolor (Nakai) G.H.Lai
JS Phyllostachys edulis (Carr.) H.de Lehaie f. gracilis (Hsiung) Chao et Renv.
HPH Phyllostachys edulis (Carr.) H.de Lehaie f. huamozhu (Wen) Chao et Renv.
LPH Phyllostachys edulis (Carr.) H.de Lehaie f. nabeshimana (Muroi) Chao et Renv.
Phyllostachys edulis (Carr.) H.de Lehaie f. obliquinoda (Z.P.Wang et N.X.Ma)
Q Ohrnberger
HB Phyllostachys edulis (Carr.) H.de Lehaie f. pachyloen (G.Y.Yang et al.)
Y.L.Ding ex G.H.Lai
SY Phyllostachys edulis (Carr.) H.de Lehaie f. tubaeformis (5.Y.Wang) Ohrnberger
GJ Phyllostachys edulis (Carr.) H.de Lehaie 'Kikko-chiku’,G.H.Lai

2.2. Detection of Cell Structure Properties
2.2.1. Determination of Vascular Bundle Sizes

Sample size was 10 mm x 10 mm x t mm (bamboo wall thickness). The samples in
the middle of the internodes were harvested as the test materials. After the samples were
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boiled and softened for 2-3 h, they were cut into 3040 pm-thick slices by sliding microtome,
which was followed by air-drying into permanent slices. Then the slices were imaged
under a stereoscopic microscope (Stemi 305, Zeiss, Germany). Image analysis software
(Zen lite 2.3, Zeiss, Germany) was used to radially divide the bamboo walls into three equal
parts along the bamboo wall, which were respectively recorded as Bamboo Yellow, Bamboo
Middle, and Bamboo Green. The vascular bundle outside bamboo culm is small, densely
distributed, and is called Bamboo Green. Close to the inside part of bamboo culm, the
vascular bundle is large with sparse distribution, which is known as Bamboo Yellow. The
transitional part between the two is called Bamboo Middle. The radial/tangential ratios
of vascular bundles were determined by measuring the length of vascular bundles in the
radial and tangential circumference directions [39,40].

2.2.2. Determination of the Length and Width of Fiber Cells and Parenchyma Cells

The matchstick-like sample of Bamboo Middle, about 2 cm long, was put into a
test tube. Via the segregation process [39,41], the samples were immersed in segregation
solution (Jeffrey, 10% chromic acid: 10% nitric acid = 1:1). Then the samples were put in
a water bath and isolated for 1-2 h at a constant temperature of 55 °C. After the sample
was completely segregated, the segregation solution was poured out, and the sample was
washed with distilled water and prepared into a temporary slice. The length and width of
30 fiber cells and 30 parenchyma cells randomly selected from each part were measured
using a digital display measuring projector (50x) [39,41,42].

2.2.3. Determination of Wall Thickness and Lumen Diameters of Fiber Cells and
Parenchyma Cells

In this study, a permanent slice of a cross section of bamboo was made, and the wall
thickness of fiber cells and parenchyma cells referred to the single wall thickness of cells.
Using the microscopic imaging system (400x), the wall thickness and lumen diameters of
fiber cells and parenchyma cells in the prepared permanent slices were measured with the
software (Zen lite 2.3, Zeiss, Germany). Measurements were conducted on 30 fiber cells
and 30 parenchyma cells randomly selected from each part [39,43].

2.3. Data Processing and Analysis

Ten anatomical traits were measured in the stems of Moso bamboo, including the
tangential length of vascular bundle, radial length of vascular bundle, radial / tangential
ratio of vascular bundle, fiber length, fiber width, fiber cell wall thickness, fiber lumen
diameter, parenchyma length, parenchyma width, and parenchyma wall thickness. The
data were processed and analyzed using R statistical software (version 3.6.3) [44]. The
normality test was conducted using the shapiro.test function in the stats package, and
normal distribution fitting diagrams were drawn. The bartlett.test function was used
to detect the homogeneity of variance. The Im function in the stats package was used
for regression equation fitting. The aov function was adopted for conducting a one-way
analysis of variance (ANOVA). The glht function in the multicomp package was used
for multiple comparison analyses. The prcomp function in the stats package was used
for principal component analyses (PCAs). The analyses could obtain the eigenvalue and
contribution rate. The scree plots of PCAs were drawn by the fa.parallel function in the
psych package [44,45].

3. Results
3.1. Genetic Variation of The Vascular Bundle-Related Indexes
Vascular Bundle Size

In this study, the vascular bundle size was determined by measuring the tangential
length, radial length, and radial/tangential ratio of vascular bundles. According to the
results (Tables 2 and 3), there were extremely significant differences (p = 1.66 x 10~%°) in
the tangential length of vascular bundles among M and its nine varieties, with a change
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range of 279.23-627.11 um. In detail, the tangential length of the vascular bundle of M
was 377.50 um, shorter than that of the nine varieties, but it had no significant difference
from that of GJ and LC. JS presented the longest tangential length of vascular bundles
(526.04 pm), showing an extremely significant difference from M and other varieties.

Table 2. Variation in vascular bundle traits among Moso bamboo (Phyllostachys edulis) and nine

varieties.

Traits Site Mean Std DeV. CV /% Max Min Range
M 377.50a 44.16 11.70 476.95 279.23 197.72
HC 458.45d 33.91 7.40 540.35 408.36 131.99
LC 393.18a 30.14 7.67 448.66 331.53 117.13
IS 526.04f 47.13 8.96 627.11 426.97 200.14
Tangential length of vascular HPH 432.00bc 37.69 8.73 500.35 356.79 14356
bundle/um LPH 495 87e 25.91 522 533.27 442 86 90.41
Q 463.77d 42.82 9.23 581.61 400.28 181.33
HB 419.72b 41.78 9.95 535.91 340.63 195.28
Sy 444.78¢d 29.23 6.57 489.90 383.12 106.78
GJ 379.98a 38.12 10.03 495.63 324.07 171.56
M 421.6ab 54.25 12.87 519.98 317.58 202.40
HC 532.99¢ 31.22 5.86 619.27 480.33 138.94
LC 406.54a 46.92 11.54 601.77 360.97 240.80
IS 527.05¢ 44.88 8.51 621.33 448.53 172.80

Radial length of vascular HPH 526.59¢ 26.95 5.12 578.63 478.93 99.70
bundle/pum LPH 576.67¢ 39.54 6.86 659.67 476.89 182.78
Q 567.38de 42.86 7.55 653.55 482.44 171.11
HB 550.22cd 57.93 10.53 650.07 42225 227.82

Sy 442 46b 24.63 5.57 500.50 406.92 93.58
GJ 399.31a 28.76 7.20 47321 345.62 127.59

M 1.13bc 0.17 15.34 1.56 0.88 0.68

HC 1.17cd 0.12 10.22 1.43 1.00 0.42

LC 1.04a 0.12 11.92 1.44 0.87 0.57

IS 1.01a 0.14 13.38 1.20 0.79 0.41

Radial/tangential ratio of vascular HPH 1.23d 0.11 9.22 147 0.99 0.48

bundle/% LPH 1.17cd 0.09 7.82 1.35 1.04 0.32

Q 1.24d 0.16 13.12 1.53 0.93 0.60

HB 1.33e 0.24 17.74 1.87 0.86 1.01

SY 1.00a 0.09 9.11 1.18 0.86 0.32

GJ 1.06ab 0.09 8.68 1.23 0.86 0.36

Note: Simple is the total number of the individuals in a group. Mean values with the same letter are not
significantly different. The probability level was 0.05. CV /% is the coefficient of variation.

The radial length of vascular bundles of M and its nine varieties demonstrated an
extremely significant difference (p = 6.04 x 10~77), with a change range of 317.58-659.67 pum.
GJ had the shortest radial length of vascular bundles (399.31 pm), and it presented extremely
significant differences from other varieties, except for LC and M. LPH showed the longest
radial length of vascular bundles (526.04 pm).

The radial/tangential ratios of vascular bundles of M and its nine varieties showed
extremely significant differences (p = 4.82 x 1072%), with a change range of 0.79-1.87.
The radial/tangential ratio of vascular bundles of SYZ was the lowest (1.00), presenting
extremely significant differences from that of M, LPH, HC, HPH, Q, and HB. HB possessed
the highest radial/tangential ratio of vascular bundles (1.33), demonstrating extremely
significant differences from that of M and other varieties.

The coefficients of variation for the tangential and radial length of vascular bundles
of M were the highest (11.70% and 12.87%, respectively). The coefficients of variation for
the tangential and radial length of vascular bundles of the nine varieties were apparently
lower (5.22%-10.03% and 5.12%-11.54%, respectively) than those of M. The coefficient of
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variation for the radial/tangential ratio of vascular bundles of M was 15.34%, second only
to that of HP, while it ranged from 7.82% to 13.38% among the other eight varieties. The
results showed that the variations in tangential length, radial length, and radial/tangential
ratio of vascular bundles were relatively low among M and its nine varieties.

Table 3. Square variance analysis for vascular bundle traits of Moso bamboo (Phyllostachys edulis)
and nine varieties.

Table Source df MS F Value p-Value
Tangential length ~ Between Groups 9 73,776.550 51.622 1.66 x 10755 **x
of vascular Within Groups 295 1429.164
bundle/pum Total 304
Radial length of 9 147,911.805 85.635 6.04 x 10777 #xxx
vascular 295 1727.239
bundle/pum 304
Radial/tangential Between Groups 9 0.365 18.223 4.82 x 10724 weex
ratio of vascular Within Groups 295 0.020
bundle/% Total 304
Notes: df is the degrees of freedom. MS is the mean square. **** stands for 0.01% level prominent.
3.2. Genetic Variation of Fiber Cell Morphology
3.2.1. Fiber Cell Length and Width
Based on genetic variation analysis of the fiber cell length and width of M and its
nine varieties (Tables 4 and 5), it was found that fiber cell length ranged from 1008.68 pm
to 3482.49 um, showing extremely significant differences (p = 8.70 X 10732). Among
them, the fiber cell length of SY was the shortest (1282.30 pm), presenting extremely
significant differences from that of M and other varieties. The fiber cell length of M was
the longest (2411.27 um), showing extremely significant differences from that of the other
seven varieties (except HC and HPH).
Table 4. Variation in fiber cell trait among Moso bamboo (Phyllostachys edulis) and nine varieties.
Traits Species Mean Std DeV. CV /% Max Min Range
M 2411.27e 143.98 5.97 2662.02 2166.81 495.21
HC 2241.66de 346.71 15.47 2750.63 1722.90 1027.73
LC 1962.37bc 341.48 17.40 2463.80 1360.91 1102.89
JS 1940.25bc 493.87 25.45 3079.47 1279.60 1799.87
Fiber length/um HPH 2305.85de 561.78 24.36 3482.49 1147.26 2335.23
i LPH 2133.10cd 277.72 13.02 2991.63 1668.24 1323.39
Q 2089.40cd 530.89 2541 3325.26 1156.91 2168.35
HB 1923.98bc 412.73 21.45 2520.58 1168.42 1352.16
SY 1282.30a 143.46 11.19 1531.01 1008.68 522.33
GJ 1766.72b 275.79 15.61 2332.18 1221.45 1110.73
M 23.10d 1.99 8.63 27.03 19.48 7.55
HC 20.16¢ 3.17 15.74 27.75 13.71 14.04
LC 14.57a 2.93 20.13 24.53 8.29 16.24
JS 14.74a 2.72 18.45 22.29 10.11 12.18
Fib idth/ HPH 17.81b 3.56 19.97 25.66 11.55 14.11
er WIdE/Hm LPH 18.20b 454 24.94 27.40 10.13 17.27
Q 15.06a 3.04 20.17 20.38 8.46 11.92
HB 14.23a 242 16.99 21.32 8.70 12.62
SY 13.21a 1.94 14.67 16.71 7.64 9.07

GJ 14.12a 3.06 21.67 18.94 7.15 11.79




Forests 2023, 14, 235

6 of 14

Table 4. Cont.

Traits Species Mean Std DeV. CV /% Max Min Range

M 7.26b 0.70 9.64 8.66 5.84 2.82

HC 8.67bcd 2.03 23.47 12.49 3.26 9.24

LC 8.36bc 1.85 22.15 11.77 5.21 6.56

Js 7.80bc 2.06 26.40 12.64 4.16 8.48

s G M2 BD bmoo
Q 2.96a 1.86 62.61 12.54 1.67 10.87

HB 8.26bc 2.70 32.73 14.24 3.14 11.10

SY 9.74d 2.26 23.19 14.45 5.93 8.52

GJ 8.01bc 1.57 19.54 12.98 5.26 7.72

M 3.36b 0.34 10.15 4.30 2.57 1.73

HC 2.44a 0.42 17.14 3.51 1.67 1.84

LC 2.35a 0.44 18.84 3.28 1.12 2.16

IS 2.30a 0.57 24.72 3.07 1.16 191

Fiber lumen diameter /m HPH 2.17a 0.57 26.21 3.50 1.12 2.39
LPH 2.51a 0.49 19.65 3.35 1.07 2.28

Q 4.79¢c 1.60 33.45 6.96 123 5.73

HB 2.64a 0.63 23.68 3.72 1.53 2.19

SY 2.40a 0.64 26.65 3.42 1.10 2.32

GJ 2.32a 0.68 29.18 5.01 1.14 3.87

Note: Simple is the total number of the individuals in a group. Mean values with the same letter are not
significantly different. The probability level was 0.05. CV /% is the coefficient of variation.

Table 5. Square variance analysis for fiber cell trait of Moso bamboo (Phyllostachys edulis) and nine

varieties.
Traits Source df MS F Value p-Value
Between Groups 9 3,501,009.571 24.262 8.70 x 10732 ###x
Fiber length/pm Within Groups 330 144,300.619
Total 339
Between Groups 9 348.208 38.058 4.82 x 10746 weex
Fiber width /pm Within Groups 330 9.149
Total 339
) Between Groups 9 101.432 26.520 2.46 x 10733 et
Fiber cell wall 1
thickness,/ um Within Groups 294 3.825
Total 303
Fiber lumen Between Groups 9 19.164 37.210 1.12 x 10743 w2
diameter / m Within Groups 294 0.515
" Total 303

Notes: df is the degrees of freedom. MS is the mean square. **** stands for 0.01% level prominent.

Fiber cell width appeared to display a similar trend to fiber cell length. Specifically, the
fiber cell width of SY was the shortest (13.21 um), while the fiber cell width of M was the
longest (23.10 um), demonstrating extremely significant differences from that of the nine
varieties. The change range of fiber cell width was 7.15-27.75 um, displaying extremely

significant differences among M and its nine varieties (p = 4.82 x 10

—46).

The coefficients of variation for the fiber cell length and width of M were the lowest
(5.97% and 8.63%, respectively). The coefficients of variation for the fiber cell length and
width of the nine varieties were considerably higher (11.19%-25.45% and 14.67%-24.94%,
respectively) than those of M. The coefficient of variation for the fiber cell length of Q was
25.41%, which was second only to that of JS (25.45%). The above results showed that little
variation was present in the fiber cell length and width of M in the internodes, while strong
variation was observed in the fiber cell length and width among the nine varieties of M.
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3.2.2. Fiber Cell Wall Thickness and Lumen Diameter

Genetic variation analysis of the fiber cell wall thickness and lumen diameter of M
and its nine varieties (Tables 4 and 5) showed that the fiber cell wall thickness of M and its
nine varieties varied between 1.67 um and 14.45 um, demonstrating extremely significant
differences (p = 3.91 x 1072°). Among them, the fiber cell wall thickness of SY was the
largest (9.74 um), followed by that of M (7.26 pm), and the fiber cell wall thickness of Q
was the smallest (2.96 um), presenting extremely significant differences from that of M and
other varieties.

The fiber lumen diameters of M and its nine varieties ranged from 1.07 to 6.96 pm, and
there were extremely significant differences among them (p = 1.45 x 10~%°). Unlike with
fiber cell wall thickness, the fiber lumen diameter of Q was the longest (4.79 um), followed
by that of M (3.36 um), showing extremely significant differences from that of M and other
varieties. HPH had the shortest fiber lumen diameter (2.17 um), only presenting extremely
significant differences from that of M and Q.

M possessed the lowest coefficients of variation for both fiber cell wall thickness and
lumen diameter (9.64% and 10.15%, respectively). The coefficients of variation for fiber
cell wall thickness of the nine varieties were obviously higher than that of M, especially
that of Q (62.61%), and the coefficients of variation for the remaining eight varieties of M
ranged from 19.54% to 32.73%. The coefficients of variation for the lumen diameters of
the nine varieties were apparently higher (17.14%-33.45%) than that of M, and Q had the
maximum value of 33.45%. The results showed that the genetic variation of fiber cell wall
thickness and lumen diameter for M was strong, and its nine varieties showed relatively
strong variation, with QQ’s variation being the strongest.

3.3. Genetic Variation of Parenchyma Cell Morphology
3.3.1. Parenchyma Cell Length and Width

Through genetic variation analysis of the parenchyma cell length and width of M
and its nine varieties (Tables 6 and 7), it was found that the parenchyma cell length of
M was the largest (135.45 pm), showing extremely significant differences from that of
the nine varieties. The parenchyma cell length of GJ was the smallest (65.48 pm), merely
presenting extremely significant differences from that of LC, HC, HPH, and M. Parenchyma
cell lengths ranged from 33.45 to 170.87 pum, generally showing extremely significant
differences (p = 2.09 x 10~4).

The parenchyma cell width of M and its nine varieties varied from 19.13 um to
75.05 um, showing extremely significant differences (p = 1.45 x 107%°). Similar to the
parenchyma cell length, the parenchyma cell width of GJ was the smallest (30.70 um),
presenting extremely significant differences from that of M and its varieties, except for HP
and SY. The parenchyma cell width of HPH was the largest (54.05 um), followed by that
of M (51.63 um). There was no significant difference between HPH and M, but they were
extremely and significantly different from that of the other eight varieties, suggesting that
parenchyma cell length and width follow a similar variation trend.

M had the lowest coefficients of variation for parenchyma cell length and width (7.70%
and 8.47%, respectively), while the nine varieties possessed much higher coefficients of
variation for both (19.94%-33.67% and 17.46%—-28.38%, respectively) than M. The results
showed different degrees of genetic variation in the parenchyma cell length and width
among M and its nine varieties; genetic variation of the parenchyma cell length and width
of M was relatively low, while the coefficients of variation for those of the nine varieties
were high, with JS’s variation being the greatest.
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Table 6. Variation in parenchyma trait among Moso bamboo (Phyllostachys edulis) and nine varieties.

Traits Site Mean Std DeV. CV /% Max Min Range
M 135.45e 10.43 7.70 154.05 113.79 40.26
HC 91.06¢ 18.16 19.94 146.58 61.60 84.98
LC 85.00bc 2341 27.54 126.96 44.05 8291
]S 76.56ab 21.75 28.41 129.72 42.52 87.20
Parenchyma length/pm HPH 104.67d 26.49 25.31 170.87 64.34 106.53
LPH 69.56a 20.58 29.58 128.86 40.10 88.76
Q 67.97a 16.18 23.80 103.06 42.19 60.87
HB 72.27a 18.47 25.55 116.72 44.78 71.94
SY 69.53a 23.41 33.67 116.86 35.02 81.84
GJ 65.48a 20.21 30.87 106.71 33.45 73.26
M 51.63cd 4.37 8.47 58.99 43.77 15.22
HC 48.21c 8.42 17.46 70.26 32,57 37.69
LC 42.34b 7.45 17.59 59.38 24.44 34.94
IE] 38.73b 10.99 28.38 69.55 2211 47.44
Parenchyma width /pm HPH 54.05d 11.92 22.05 75.05 31.67 43.38
LPH 39.16b 8.06 20.59 61.52 23.87 37.65
Q 39.58b 7.40 18.69 53.60 21.03 32.57
HB 32.86a 7.37 22.42 43.97 20.73 23.24
SY 33.20a 7.53 22.69 53.19 19.13 34.06
GJ 30.70a 5.95 19.37 44.65 21.31 23.34
M 5.64de 0.95 16.88 8.22 342 4.80
HC 5.14cde 1.36 26.57 8.05 2.63 5.42
LC 4.57bc 0.89 19.50 6.81 3.16 3.66
IS 5.73e 1.03 17.88 7.80 3.50 4.29
Parenchyma wall thickness /pm HPH 4.39bc 0.80 18.16 5.76 2.94 2.82
LPH 5.01cd 0.93 18.58 8.33 3.16 5.18
Q 2.69a 1.80 67.05 9.15 1.00 8.15
HB 4.18b 0.75 17.98 6.32 2.77 3.55
SY 4.48bc 0.95 21.25 6.58 2.80 3.78
GJ 4.08b 1.04 25.58 6.84 2.36 4.48
M 25.39b 3.22 12.69 34.04 20.08 13.96
HC 33.98¢ 9.57 28.16 53.52 16.83 36.69
LC 26.35bc 11.53 43.74 46.07 0.00 46.07
IE] 25.77b 10.93 42.41 45.60 10.23 35.37
Parenchyma lumen diameter/pm HPH 28.67bc 9.31 3247 48.37 11.05 37.32
LPH 33.69¢ 10.33 30.64 49.70 14.59 35.11
Q 10.73a 10.12 94.30 41.19 3.07 38.12
HB 27.23bc 9.60 35.27 49.99 10.08 39.90
SY 33.17¢c 12.54 37.79 57.64 13.68 43.95
GJ 23.33b 9.16 39.25 46.15 10.55 35.60

Note: Simple is the total number of the individuals in a group. Mean values with the same letter are not
significantly different. The probability level was 0.05. CV /% is the coefficient of variation.

Table 7. Square variance analysis for parenchyma trait of Moso bamboo (Phyllostachys edulis) and
nine varieties.

Traits Source df MS F Value p-Value
Parenchvma Between Groups 9 16,378.346 39.523 2.09 x 10747 s+
e /y o Within Groups 330 414.403
e Total 339
Parenchvma Between Groups 9 2081.207 27.665 1.45 x 10 35 **#
i /ym Within Groups 330 75.228
K Total 339
Parenchvma wall  Between Groups 9 23.756 20.003 3.91 x 10726 #xs+
thickng’ss o Within Groups 294 1.188
K Total 303
Parenchyma Between Groups 9 1390.235 14.634 1.45 x 10719 %
lumen Within Groups 293 95.001
diameter/pum Total 302

Notes: df is the degrees of freedom. MS is the mean square. **** stands for 0.01% level prominent.
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3.3.2. Parenchyma Cell Wall Thickness and Lumen Diameter

Genetic variation analysis of the parenchyma cell wall thickness and lumen diameter
of M and its nine varieties (Tables 6 and 7) revealed that the parenchyma cell wall thickness
of Q was the smallest (2.69 um), demonstrating extremely significant differences from that
of M and the other eight varieties. The parenchyma cell wall thickness of JS was the largest
(5.73 um), followed by that of M (5.64 um), with no significant difference between the
two. Parenchyma cell wall thicknesses ranged from 1.00 to 9.15 um, generally displaying
significant differences (p = 3.91 x 10729).

The parenchyma lumen diameters of M and its nine varieties ranged from 3.07
to 57.64 um, with extremely significant differences (p = 1.45 x 1071%). Similar to the
parenchyma cell wall thickness, the parenchyma lumen diameter of Q was the smallest
(10.73 pum), showing extremely significant differences from that of M and its other eight
varieties. The parenchyma lumen diameter of HC was the largest (33.98 um), showing an
extremely significant difference from that of M (25.39 pm).

M had the lowest coefficients of variation for parenchyma cell wall thickness and
lumen diameter (16.88% and 12.69%, respectively). The coefficients of variation for the nine
varieties were higher than those of M. The coefficients of variation for the parenchyma
cell wall thickness and lumen diameter of Q reached 67.05% and 94.30%, respectively.
Meanwhile, the coefficients of variation for the parenchyma cell wall thickness and lu-
men diameter of the other eight varieties of M ranged from 17.88% to 26.57% and from
28.16% to 43.74%, respectively. The above results revealed that there was great variation in
parenchyma cell wall thickness and lumen diameter among M and its nine varieties, and
the variation of Q was particularly high.

3.4. Principal Component Analysis (PCA)

PCA was performed on 11 cell structural traits of Moso bamboo and its nine varieties.
Figure 1 shows the lithoclast test based on observed eigenvalues. The horizontal line shows
the eigenvalues of the principal components of 11 traits. The dashed line is the mean
parallel analysis of 100 simulations. When the principal components of the traits both
satisfy that the eigenvalue was greater than one and above the dotted line, they could be
preserved. In this study, four principal components could preserve most of the information
in the dataset. Meanwhile, according to the proportion of variance, cumulative proportions,
and standard deviations of the PCA of cell structure (Table 8), PC1 explained 22.18% of
the variance of cell structure traits on Moso bamboo and its nine varieties. while PC2,
PC3, and PC4 explained 19.45%, 13.68%, and 11.85% variance, respectively, and a total of
67.16% of the variance was explained. Further observation on the proportion of variance
showed that the difference in the contribution rates of each adjacent principal component
was not high, which may be due to the relatively balanced contribution of these 11 traits to
the overall cell structure information. After comprehensive consideration, although the
cumulative proportions of PC1-PC4 were less 80%, their eigenvalues were all greater than
one. Therefore, it was determined that these four principal components could basically
represent the variation of 11 cell structural traits on Moso bamboo and its nine varieties.

According to the proportion of variance of the PCA of each cell structure trait (Table 9),
the first principal component was negatively correlated with tangential vascular bundle
length, fiber lumen diameter, and parenchyma cell wall thickness and positively correlated
with the other eight traits, among which fiber cell width contributed the most. In the second,
third, and fourth principal components, the greatest contributions were made by radial
vascular bundle length, tangential vascular bundle length, and radial/tangential vascular
bundle ratio, which explained that they were closely related to the traits of the vascular
bundle. Combined with the proportion of variance of each principal component and the
proportion of variance of 11 cell structural traits from each principal component, fiber cells
and vascular bundles represented the main cell structural traits in the investigated traits to
varying degrees.
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Figure 1. Scree plot of the PCA of cell structure. Red dotted line indicates the simulation line of eigen
value, and blue intersections represent eight different principal components.

Table 8. PCA of cell structure properties of Moso bamboo (Phyllostachys edulis) and nine varieties.

Principal Component
PC1 PC2 PC3 PC4 PC5 PCe PC7 PC8 PC9 PC10 PC11

Proportion of Variance 22.18 19.45 13.68 11.85 7.65 6.13 6.00 5.46 4.081 3.46 0.06
Cumulative Proportion 2218  41.62  55.30 67.16 74.80 80.94 86.94 9240 96.48 99.94 100
Standard Deviations 15618 1.4626 1.2268 1.1418 09172 0.8215 0.8125 0.7751 0.6700 0.6167 0.0835

Table 9. Proportion of variance of cell structure traits of Moso bamboo (Phyllostachys edulis) and nine

varieties.
Trait PC1 PC2 PC3 PC4

Tangential length of vascular bundle/um —0.1133 0.0744 —0.6133 —0.5205

Radial length of vascular bundle/pum 0.0862 0.4308 —0.5861 0.1771

Radial/tangential ratio of vascular bundle/% 0.1874 0.3864 —0.0786 0.6528
Fiber length/um 0.4545 0.0634 —0.0905 —0.1345
Fiber width/pm 0.5062 —0.1030 —0.0360 —0.0815
Fiber cell wall thickness/pum 0.1025 0.4203 0.1862 —0.1649

Fiber lumen diameter/um —0.0739 —0.4157 —0.1681 0.2871
Parenchyma length/um 0.4685 —0.1713 0.1728 —0.0172
Parenchyma width/um 0.4751 —0.0595 —0.0617 —0.0653

Parenchyma wall thickness/pum —0.0271 —0.3520 —0.3177 0.3605
Parenchyma lumen diameter/pm 0.1413 —0.3724 —0.2591 —0.0511

4. Discussion

In this study, the genetic variation in the cell structure traits of M and its nine varieties
was analyzed. The results showed that 11 cell structure traits had significant differences
among populations. M had the highest length and width of fiber cells and parenchyma cells,
and GJ had the lowest. Q had the smallest wall thickness and the biggest lumen diameter of
the fiber cell, and the smallest wall thickness and lumen diameter of the parenchyma cell.

The genetic variation in the cell structure traits of M and its nine varieties was analyzed.
The results showed that there were significant differences in 11 cell structure traits of M
and its nine varieties among populations. Among the morphological traits of fiber cells,
the lengths and widths of fiber cells were the highest (2411.27 pm and 23.10 um) in M,
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and the lowest in SY and GJ. This may be directly related to their appearance, and the
shorter longest internode lengths of SY and GJ might lead to shorter fiber lengths and
widths [46,47]. With regard to fiber cell wall thickness and lumen diameter, Q and M, with
the smallest fiber cell wall thicknesses (2.96 um and 7.26 pum, respectively), had the largest
fiber cell lumen diameters (4.79 um and 3.36 um, respectively). The larger lumen diameter
and thinner fiber cell wall thickness of M and Q indicated that their fiber cells have better
flexibility. This is conducive to improving the tensile strength, break resistance, and folding
resistance of paper. SY and GJ may be more suitable for ornamental items because of their
special appearances. HPH had the shortest fiber lumen diameter (2.17 um), only presenting
extremely significant differences from that of M and Q, which suggested an opposite
variation trend between the fiber cell wall thickness and the fiber lumen diameter of Q,
which is similar to Abd’s conclusion that fiber cell wall thickness is positively correlated
with the compressive strength [16]. However, fiber lumen diameter is negatively correlated
with compressive strength.

Among the morphological traits of parenchyma cells, parenchyma length was also
the highest (135.45 um) in M, although the thickness of its parenchyma cells was the
second highest (51.63 pm), but there was no significant difference from the highest value
(54.05 um) in M. The lengths and widths of parenchyma cells were the smallest (65.48 um
and 30.70 um) in GJ [46,48]. Parenchyma wall thickness and lumen diameter were the
smallest in Q: 2.69 um and 10.73 um, respectively. Above all, the parenchyma cells of GJ
were shorter and narrower, and those of Q was thinner and had small lumen diameters.
Therefore, the sections of the bearing elements were relatively small. This may not provide
good tensile and interlaminar shear properties. There were no significant correlation traits
for M [46,48]. There was no obvious rule regarding the traits of the vascular bundle. The
tangential length of vascular bundle of M was the smallest (377.50 um), which was smaller
than that of the other nine varieties.

From the results of the coefficients of variation, the degree of variation for tangential
length and radial length of the vascular bundle were small: all less than 15%. However,
the radial/tangential ratio of the vascular bundle was relatively small: only the coefficient
of variation for M and HB were 15.34% and 17.74%, and the others were less than 15%.
Among the four traits of the fiber cell, the coefficient of variation for M was the smallest, and
almost all of them were less than 10%, indicating that the degree of variation for fiber cell
morphology was the smallest among populations. Among the four traits of parenchyma,
the coefficient of variation for M was also the smallest. Except for the coefficient of variation
for parenchyma wall thickness, which was 16.88%, the other three traits were all less than
15%, indicating that the degree of variation for parenchyma traits among populations was
relatively small [46,48,49]. The overall variations for traits of the fiber cell and parenchyma
cell were relatively large. This indicated that they may be easily affected by environmental
and genetic factors; thus, it is appropriate to study environmental factors and genotypes.
The coefficient of variation for vascular bundle traits was smaller, indicating that these
traits were relatively stable and may not be easily affected by other factors.

Genetic variation in plants is the basis of genetic improvement: the greater the vari-
ation, the better the improvement effect. In this study, a large sample size was used to
analyze the cell structure of M and its varieties, which was the result of long-term natural
and artificial selection [50-52]. However, due to the changes in terrain, climate, soil, and
other conditions, through long-term natural selection and artificial selection, M has pro-
duced intraspecific variation [53,54], which is the result of the joint action of genetic factors
and environmental factors. Therefore, the variation in cell structure must contain genetic
variation. Through conventional and new technological breeding methods, it is possible to
develop new strains desired by different breeding objectives.

5. Conclusions

In this study, the genetic variation of the cell structure traits of M and its nine varieties
was analyzed. The results showed that 11 cell structure traits had significant differences
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among populations. M had the longest length and width of fiber cells and parenchyma
cells, and GJ had the lowest. Q had the smallest wall thickness and the biggest lumen
diameter of fiber cells, and the smallest wall thickness and lumen diameter of parenchyma
cells. The fiber cells of M and Q had better flexibility, which is conducive to improving the
tensile strength, break resistance, and folding resistance of paper. SY and GJ may be more
suitable for ornamental items because of their special appearances. The overall variation in
the traits of fiber cells and parenchyma cells was relatively large, which indicated that they
may be easily affected by environmental and genetic factors; therefore, it is appropriate to
study environmental factors and genotypes.
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