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Abstract: The vascular bundle is an important structural unit that determines the growth and prop-
erties of bamboo. A high-resolution X-ray microtomography (uCT) was used to observe and recon-
struct a three-dimensional (3D) morphometry model of the vascular bundle of the Qiongzhuea tu-
midinoda node due to its advantages of quick, nondestructive, and accurate testing of plant internal
structure. The results showed that the morphology of vascular bundles varied significantly in the
axial direction. In the cross-section, the number of axial vascular bundles reached a maximum at the
lower end of the sheath scar, and the minimum of it was at the middle of the diaphragm. The fre-
quency of axial vascular bundles decreased from the lower end of the node to the nodal ridge, and
subsequently increased until the upper end of the bamboo node. The proportion of parenchyma,
fibers, and conducting tissue was 65.7%, 30.5%, and 3.8%, respectively. The conducting tissues were
intertwined to form a complex 3D network structure, with a connectivity of 94.77%. The conducting
tissue with the largest volume accounted for 60.26% of the total volume of the conducting tissue.
The 3D-distribution pattern of the conducting tissue of the node and that of the fibers were similar,
but their thickness changed in the opposite pattern. This study revealed the 3D morphometry of the
conducting tissue and fibers of the bamboo node, the reconstruction of the skeleton made the mor-
phology more intuitive. Quantitative indicators such as the 3D volume, proportion, and connectiv-
ity of each type of tissue was obtained, the bamboo node was enlarged mainly caused by the par-
ticularly developed fibers. This work laid the foundation for a better understanding of the mechan-
ical properties and water transportation of bamboo and revealed the mystery of bamboo node shed-
ding of Q. tumidinoda.

Keywords: Qiongzhuea tumidinoda; structure of bamboo node; three-dimensional reconstruction;
vascular bundle; X-ray microtomography

1. Introduction

The node is the basic characteristic of bamboo plants and plays a key role in the over-
all performance of the hollow structure of bamboo culms [1,2]. The vascular bundle serves
as a mechanical support to improve the mechanical properties of bamboo [2,3] and per-
form the function of transporting water and nutrients [4]. Numerous reports are available
on the microstructure of the bamboo culm, mainly on the internodes [5-7]. However, the
research concerning the structure of bamboo nodes due to its disordered and relatively
complicated arrangement of vascular bundles is limited. The research on the structure of
bamboo nodes began in the 1960s [8] and mainly relied on optical microscopes. In the late
20th century, the researches related to the anatomy of bamboo nodes gradually increased
[4,9-11]. Grossor and Liese [11] studied the characteristics of vascular bundles of bamboo
nodes through enlarged and spliced images of microsections. Xiong et al. studied the
shape of bamboo nodes and conducted a preliminary discussion on the 3D characteristics
of vascular bundles [10,12]. Ding and Liese [4] reconstructed a complex 3D structure of
vascular bundles of bamboo nodes by observing continuous longitudinal and transverse
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slices. Currently, the research of the bamboo microstructure mainly relies on two-dimen-
sional (2D) image characterization techniques such as optical microscope and field emis-
sion scanning electron microscope. However, the aforementioned methods damaged the
samples, leading to the inaccurate results. The complexity and fragility of sample prepa-
ration with traditional techniques make it difficult to meet the requirements of nonde-
structive, high-efficiency visualization. Therefore, a higher-resolution nondestructive test-
ing method is needed.

With the continuous development of research methods, X-ray microscopy has strong
penetrating power, high resolution, and nondestructive property, resulting in fast detec-
tion and intuitive results, and indicating advantages of bamboo node analysis. Peng et al.
[13] and Xiang et al. [14] used X-ray microtomography (uCT) as a tool for 2D and 3D
complex network structures of the vascular bundle in the bamboo node. Huang et al.
quantified the difference in the density distribution and the porosity of bamboo nodes
based on 2D images [15,16]. Palombinifl et al. [17-19] analyzed the relative density and
cell shape of different tissues of a cutting region of bamboo nodes, evaluated the mechan-
ical behavior of parenchyma by finite element analysis, and first obtained the 3D recon-
struction model of the complex vascular bundle system of monocot nodes. The volume,
porosity, relative density, and distribution of nodes were also characterized. The afore-
mentioned research by X-ray technique had two limitations: (1) The conducting tissue and
the fibers of the completed node’s vascular bundle were not separated to separately ob-
serve the morphology of them. (2) The complex distribution of transverse vascular bun-
dles in the diaphragm was neglected.

Qiongzhuea tumidinoda Hsueh et T.P.Yi. belongs to the genus Qiongzhuea in the Gra-
mineae family, with an enlarged node and a peculiar-shaped culm. The species reaches
approximately 2.5-6 m in height, and its culm reaches 1-3 cm in diameter. Q. tumidinoda,
only found in a restricted area in S.W. Sichuan and N.E. Yunnan, is a rare and endangered
bamboo species, which is a Class 3 protected plant on the national key protection list in
China. Among them, especially in Daguan County, Yunnan province, this bamboo ac-
counts for more than 50% of the total global resources, with 0.014 million hectares. The
bamboo culm is mainly used for crafts and production of round bamboo furniture with
extremely high economic and ornamental value. However, this bamboo at more than 5-
years of age will gradually begin to wither and die. The most obvious feature is that the
node automatically disconnects. Furthermore, the culm is more prone to regular fracture
at the nodal ridge of the node, even less than 5-year-old bamboo. The presence of the
bamboo node makes it possible for the lateral transport of water and nutrients [4], and
there is little research on what happened to its structure before the node fell off. This study
aims to obtain the complete Q. tumidinoda node internal structure quickly, nondestruc-
tively, and accurately by high-resolution uCT, to reconstruct the 3D model of conducting
tissue and fibers of the node and to explore complex distribution of transverse vascular
bundles in the diaphragm of the node. The study results will provide the basis for reveal-
ing the mystery of bamboo node shedding of Q. tumidinoda.

2. Materials and Methods
2.1. Materials

Five 2-year-old Q. tumidinoda bamboo plants with good growth and straight stems
were collected from Yinji Village, Daguan County, Yunnan Province (103°99' N, 28°13' E).
The culm was cut every 2 m from the base to the top of it, marked, and transported to the
laboratory. After natural air drying, complete bamboo nodes with 5.74% moisture content
from the middle of the culm were selected (Figure 1b) and were ready to be used for the
subsequent experiments. The selected node was approximately 1.83 m of the culm, which
was 3.7 m in height and 1.2 cm in diameter.
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Figure 1. Preparation of uCT sample. (a) Bamboo. (b) Sampling location (white wireframe area).

2.2. CT Scanning

The samples were scanned by the X-ray high-resolution imaging system (Sky-
scan2214, Bruker, MA, USA). The test parameters were set as follows: the X-ray source
voltage of 50 kV, tube current of 90 pA, power of 1.14 W, and resolution of 10 um after
binning the source-sample distance of 42.8 mm and source-detector distance of 320.5 mm.
The sample was placed vertically on the sample table, the scanning position was 8.56 mm.
A total of 3601 projections with an angular step size of 0.1° were obtained with exposure
time of 750 ms, resulting in a total acquisition time of 10 h 6 min.

2.3. Image Processing and 3D Reconstruction

Images were processed and analyzed with the open-source Fiji software (National
Institutes of Health, Bethesda, MD, USA) and the AVIZO software (FEI Hillsboro, OR,
USA), the processing steps are shown in Figure 2. The slices were combined and recon-
structed from the projections with a noniterative filtered backprojection algorithm in
NRecon software and then exported as a stack of TIFF images. A total of 1290 slices with
serial numbers 329-1618 were obtained. The original TIFF stack (Figure 2a) was first de-
noised with the adaptive median filtering technique combined with the non-local mean
filtering algorithm (Figure 2b), and the contrast was adjusted (Figure 2c). Figure 2al,b1,c1
demonstrates details of the same slice before and after noise reduction and contrast ad-
justment, respectively. The denoised intensity images had clear boundaries for easy seg-
mentation.



Forests 2021, 12, 1799

4 of 17

Figure 2. Image processing of uCT. (a) Original uCT slice and its details (al). (b) Filter processing and its details (b1). (c)
Contrast adjusting and its details (c1). (d) Segmentation of the conducting tissue (yellow), fibers (purple), parenchyma
(green), and air (red). (e) Binary images of fibers. (f) Binary images of conducting tissue.

For a better visualization in addition to automatic recognition of different tissues in the
nodal region using the machine learning segmentation plug-in [20] in Image] (FIJI is just Im-
age]), the mask of each tissue type with threshold segmentation were corrected manually to
obtain binarized images of fibers and conducting tissues (Figure 2e,f). At last, the AVIZO soft-
ware was used to generate the skeleton and the surface mesh of fibers and conducting tissue.
The skeleton was obtained by calculating a distance map of the segmented image and then by
thinning the binary image such that a final string of connected voxels remained. The voxel
skeleton was then converted into a Spatial Graph object. The distance to the nearest boundary
was stored at every point in the Spatial Graph object as a thickness attribute [21]. The surface
mesh model was used to generate a smoother surface to compensate for the information loss
caused by the resampling process [22]. Some slices (slice 339, slice 387, slice 579, slice 669, slice
849, slice 944, slice 1129, slice 1429) appeared as new and particular features relative to its bot-
tom slice, which were used for observing the morphology of them.
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2.4. Statistical Analysis

The size of axial vascular bundles was acquired through ImageJ] by measuring the axial
vascular bundles in the marquees (1.5 x 28 mm?, 28 x 1.5 mm?), which was in the shape of a
cross and was created on each slice and used for morphological observation. The statistical
number of vascular bundle sizes ranged from 74 to 142, and the significant analysis of variance
axial vascular bundle’s size was carried out with Duncan’s test, which was measured by the
software IBM SPSS Statistics 19. The number of axial vascular bundles was determined by
counting one slice out of every 85 slices from the bottom to the top of samples, and 16 sets of
data were collected using cell counter of Image] software. The area, proportion, and volume
of each type of tissue in the bamboo node were obtained by the AVIZO software. The results
were statistically analyzed and graphed by Origin 2018.

3. Results and Discussion
3.1. Morphology of the Bamboo Node

The morphological diagram of the node of Q. tumidinoda is shown in Figure 3a, which
consists of a sheath scar, nodal ridge, diaphragm, and the intra-node between the nodal ridge
and sheath scar. The rare swollen node was seen in Q. fumidinoda bamboo, the nodal ridge
was more swollen than the sheath scar. This might be related to the different speeds of cell
division and growth around the intercalary meristem [12].

medullary cavity
diaphragm
= sheath scar

outer layer
“conducting tissue - phloem with sieve tubes
middle layer L metaxylem vessels

. b ] 4 [
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nner layer |8 i . ——pi 3 44
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Figure 3. Morphology of the node in Q. fumidinoda. (a) Longitudinal section view. (b) Cross-section and details.

The cross-section of bamboo was divided into the following three parts according to the
position in the bamboo culm: outer layer, middle layer, and inner layer (Figure 3b). It was also
classified into parenchyma, fibers, and conducting tissue (metaxylem vessels, phloem with
sieve tubes, protoxylem) by tissue type. The vascular bundle was mainly composed of con-
ducting tissue and fibers. The conducting tissue transported water and nutrients from the
roots to different parts of the bamboo. The fibers were relatively hard and provided mechan-
ical support, while the parenchyma with a thin cell wall served as a reservoir and a buffer,
they cooperated to enhance the elasticity of the bamboo culm [23].

No other solid part was observed in the nodal area except in the diaphragm from the
cross-sectional view of a bamboo node with different heights (Figure 4al-h1). Only the dia-
phragm was solid in the node, indicating disagreement with the previous results [24] and that
the solid area appeared repeatedly in the node of Q. tumidinoda. This might be caused by the
difference in the environment and position of the culm.
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Figure 4. X-ray microtomography slices of the Q. tumidinoda node. The sequence number of the transversal slices is
329-1618 from the lower end to the upper end (details of a-h present in al-h1). (al) Slice 339, end of the node. (b1) Slice
387, lower end of the node. (c1) Slice 579, lower end of the sheath scar. (d1) Slice 669, middle of the diaphragm. (el) Slice
849, upper end of the diaphragm. (f1) Slice 944, lower end of the nodal ridge. (g1) Slice 1129, middle of the nodal ridge,
and (h1) Slice 1429, upper end of the nodal ridge.
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3.2. Anatomical Characteristics of Vascular Bundles in Bamboo Nodes
3.2.1. Morphological Changes in Vascular Bundles

The images of slices showing anatomical features at different heights (Figure 4al-h1)
were enlarged to obtain Figure 5A-H, in order to determine the structural changes in the vas-
cular bundles in bamboo nodes along the axial direction. The morphology of the vascular bun-
dle changed obviously in the axial direction. The lateral and inner fiber sheath of the vascular
bundle was connected in the lower slice, called as semi-open type [23] (Figure 5A, green ar-
row; Figure 5B, green arrow). Along the axial height direction to slice 387, the morphology of
the vascular bundle changed, and the conducting tissue enlarged and deformed (Figure 5 A,
red arrow; Figure 5B, red arrow).
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Figure 5. Specific picture of the cross-section of the bamboo node. Pictures (A-H) show partially
enlarged illustrations of Pictures (al-hl), respectively (picture (B,C), the size of the white
wireframes of Pictures (B,C) was 0.35 x 0.8 mm?). (A,B) Semi-open type vascular bundle (green ar-
row); conducting tissue before and after enlarged and deformed (red arrow). (C) Diaphragm (red
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arrow), irregularly shaped conducting tissue (green arrow), vascular bundles in the cortex (blue
arrow). (D) Axial vascular bundles which changed orientation (yellow arrow). (E) Medullary cavity
(blue arrow), transverse tubules (yellow arrow). (F) High-density materials (yellow arrow), trans-
verse vascular bundle almost disappeared (blue arrow). (G) A large amount of high-density mate-
rial (blue arrow). (H) Semi-open type vascular bundle (blue arrow), open type vascular bundle (yel-
low arrow).

At the lower end of the sheath scar, the diaphragm appeared (Figure 5C, red arrow),
with a large amount of irregularly shaped conducting tissue around the diaphragm (Fig-
ure 5C, green arrow). The outer fiber sheath of the axial vascular bundle was enlarged at
the lower end of the diaphragm, with a large number of undifferentiated vascular bundles
into the cortex (Figure 5C, blue arrow). The transverse vascular bundles were concen-
trated in the middle of the diaphragm (Figure 5D), which was consistent with the results
of the study by Peng and Ding [4,13]. The lateral fiber sheaths of the axial vascular bundles
were weakly developed or even disappeared, while the inner and outer fiber sheaths were
extremely developed. The orientation of the long axis of the axial vascular bundles
changed near the diaphragm, and the inner and outer fiber sheaths of the vascular bundle
were distributed in a tangential direction (Figure 5D, yellow arrow). In previous studies,
it was believed that the incorrect expression of gene transcription factors would cause the
reversed polarity of the vascular bundles [25].

At the upper end of the diaphragm, the medullary cavity appeared again (Figure 5E,
blue arrow), with many transverse vascular bundles. This result was different from the
conclusion of Peng [13], which revealed no transverse tubules when the medullary cavity
of the node of Pleioblastus gozadakensis appeared (Figure 5E, yellow arrow). At the lower
end of the nodal ridge, the transverse vascular bundle within the node almost disappeared
(Figure 5F, blue arrow). This result was inconsistent with Ding’s previous research, in
which the transverse vascular bundles disappeared above the nodal ridge [4]. No vascular
bundles were present in the nodal ridge, and some high-density materials appeared (Fig-
ure 5F, yellow arrow), which might be highly lignified sclereid layers [10].

In the middle of the nodal ridge, the transverse vascular bundles completely disap-
peared, the conducting tissue became smaller, the inner fiber sheath was enlarged, and
the outer fiber sheath was significantly smaller than the inner fiber sheath. A large amount
of high-density material (increased whiteness) appeared in the nodal ridge (5G, blue ar-
row). At the upper end of the nodal ridge, the type of vascular bundle ranged from semi-
open (Figure 5H, blue arrow) to open (Figure 5H, yellow arrow).

3.2.2. Size and Quantity of Axial Vascular Bundles

Table 1 shows the analysis of variance of the axial vascular bundle in the uCT trans-
versal slice of the node with different heights in Q. tumidinoda. There was a significant
difference between the average length and the mean width of axial vascular bundle. The
average length of axial vascular bundles gradually increased from the lower end of the
node to the middle of the nodal ridge and decreased toward the upper end of the nodal
ridge. There was no significant difference of the mean length of axial vascular bundles in
those slices which were between the end of the node and the lower end of the node and
between the lower end of the sheath scar the upper end of the diaphragm. The maximum
mean width of the axial vascular bundles presented in the middle of the nodal ridge. There
was no significant difference of the mean width of axial vascular bundles in those slices
which were between the end of the node and the middle of the diaphragm and between
the upper end of the diaphragm and the lower end of the nodal ridge and between the
middle of the nodal ridge and the upper end of the nodal ridge. The mean aspect ratio of
the axial vascular bundle gradually increased from the lower end of the node to the lower
end of the nodal ridge, and then decreased toward the upper end of the nodal ridge.
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Table 1. The analysis of variance of the axial vascular bundles at different heights.
A Ra-
Sample Slice Position Mean Length (mm) Mean Width (mm) Mean tis;)ect a
Slice 339 the end of the node 0.41+0.12¢ 0.26 +0.09 i 1.70 £ 0.44
Slice 387 the lower end of the node 044 +0.13 ¢ 0.27 £0.09 hg 1.73£0.46
Slice 579 the lower end of the sheath scar 0.55+0.144 0.28 £0.06Ms 2.00+0.34
Slice 669 the middle of the diaphragm 0.56 +0.124 0.27 £0.05%s 2.11+0.36
Slice 849 the upper end of the diaphragm 0.59+0.164 0.22+0.041 2.67+0.76
Slice 944 the lower end of the nodal ridge 0.75+0.14" 0.24+0.04 i 3.13+0.63
Slice 1129 the middle of the nodal ridge 0.85+0.302 032+0.11f 2.71+0.86
Slice 1429 the upper end of the nodal ridge 0.70+0.30 ¢ 0.31+0.11 #f 2.25+0.76

Note: there was no significant difference between the groups with the same alphabet in the table, and there was significant
difference between the groups without the same alphabet (Duncan’s test, at 5% level).

The variations in the number and frequency of axial vascular bundles in each slice of
the bamboo node are shown in Figure 6. The changes in the number of axial vascular
bundles in the cross-section of bamboo nodes were mainly caused by the branching of the
vascular bundles into the diaphragm. The number of axial vascular bundles peaked at the
lower end of the sheath scar and then decreased rapidly from the lower end of the sheath
scar to the middle of the diaphragm, which was caused by the branching of the vascular
bundles into the sheath scar [4]. The number of axial vascular bundles increased from the
middle of the diaphragm to the upper end of the nodal ridge, which was related to the re-
bending into the axial orientation of the transverse vascular bundles. No obvious changes
were observed in the number of axial vascular bundles from the upper end of the nodal
ridge to the upper end of the node. This was due to the lack of branching of the axial
vascular bundles in the nodal ridge. The maximum and minimum frequencies of the axial
vascular bundles at different heights of the node, respectively, appeared at the lower end
of the node and in the middle of the nodal ridge, which was closely related to the size of
the vascular bundles.
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Figure 6. Variations of the number and frequency of axial vascular bundles at different heights of
the bamboo node.
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3.2.3. Tissue Proportion

The proportion of various tissues of the bamboo node and the variation trend of the
number of vascular bundles were studied to better understand the structure of the bam-
boo node. The proportion of parenchyma, fibers, and conducting tissue in the node of Q.
tumidinoda was 65.7%, 30.5%, and 3.8%, respectively (Figure 7). More parenchyma and
less fibers and conducting tissues were present in the node than in the internode [11,18,26].
The proportion of different tissues changed with culm heights [17]. The proportion of the
fibers was within the range of 19.7-40.1%, and the maximum and minimum appeared in
the slices 1185 and 898, which were located near the nodal ridge and at the upper end of
the diaphragm, respectively. The parenchyma proportion ranged from 55.2% to 77.3%,
and the maximum and minimum appeared in the slices 949 and 535, which were located
at the lower end of the nodal ridge and the lower end of the sheath scar, respectively. The
proportion of conducting tissue was within 1-12.4%, and the maximum and minimum
appeared in the slices 549 and 1085, which were located at the lower end of the sheath scar
and near the nodal ridge, respectively. The proportion of conducting tissues increased
from the lower end of the node to the sheath scar, decreased toward the nodal ridge, and
then leveled off until the upper end of the node. The fibers proportion showed the same
changing trend as the conducting tissue from the lower end of the node to the lower end
of the nodal ridge. The fibers proportion first increased and then decreased from the lower
end of the nodal ridge to the top of the node, while the conducting tissue proportion
showed no marked change.
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Figure 7. Tissue proportion of the bamboo node. (a) Proportions of different tissues in the node. (b) Distributions of tissue

proportions in the node.

3.3. Three-Dimensional Reconstruction of the Bamboo Node
3.3.1. Three-Dimensional Morphometry of the Conducting Tissue

A topological and morphometrical study of the conducting tissue network of bamboo
node is crucial to understand the anatomical features. It turns out that providing a skele-
ton of the conducting tissue is an efficient method to realize this target. A 3D skeleton of
conducting tissue was obtained according to the method of Fouard et al. [21]. The gener-
ated color of the skeleton represented the relative thickness, which was obtained by com-
puting the distance from the central axis to the nearest boundary, red indicated a larger
thickness while blue meant a smaller thickness. In this way, it was possible for an observer
to quantify the changes in regional conducting tissue thickness at a glance and throughout
the entire node.

In the radial direction, the thickness of conducting tissue increased gradually from
the outer layer to the inner layer of the node. The transverse conducting tissue with a
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higher thickness was distributed radially and entered into the diaphragm, where it was
relatively concentrated and disordered. The conducting tissue with a smaller thickness
was more widely distributed in the node (Figure 8a,c,e). In the tangential direction, the
thickness of the conducting tissue of the node on the inflated side was smaller than that
on the other side (Figure 8a,d). In the axial direction, the thickness of the conducting tissue
in the node changed significantly. The thickness decreased from the lower end of node to
the diaphragm and then gradually increased from the nodal ridge until a stable value was
achieved (Figure 8b,f).

Figure 8. Three-dimensional skeleton conducting tissue in the node. (a) Top view. (b) Side view. (c) Bottom view. (d) 3D
skeleton. (e) View of the transverse section. (f) View of the longitudinal section.

The 3D view of the conducting tissue of the node revealed a slightly helical structure
(Figure 8d), which was similar to the 3D microstructural reconstructions of the vascular
bundle [17]. The axial conducting tissue curved outward in the outer layer of the bamboo
culm from the upper end of the diaphragm to the nodal ridge, while it curved inward in
the inner layer, which was similar to previous conclusions [4]. However, the orientation
of the conducting tissue from the nodal ridge was opposite to that between the top of
diaphragm and the nodal ridge (Figure 8f).

The volume of the conducting tissue in the diaphragm was approximately 144.38
mm? (Figure 9a). This study screened the conducting tissue with the largest volume to
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clarify the volume of a single one. The maximum volume of the conducting tissue was 87
mm?, which accounted for 60.26% of the total volume of the conducting tissue. Most con-
ducting tissues at the diaphragm were connected with each other (Figure 9b), while only
few of them were not connected to the conducting tissue with the largest volume (Figure
9¢). The highly connective conducting tissue made it impossible to trace its origin.

Figure 9. Conducting tissue in the diaphragm. (a) Three-dimensional model of the conducting tis-
sue. (b) Conducting tissue with the largest volume. (c) Area except the conducting tissue with the
largest volume. (d) Connected conducting tissue. (e) Unconnected conducting tissue.

This study respectively identified connected conducting tissues (Figure 9d) and the
isolated one (Figure 9e) according to the pixel connectivity in digital uCT slices to evaluate
the connectivity of the conducting tissues. The volume of the connected conducting tissue
was 136.83 mm?, which accounted for 94.77% of the total conducting tissue volume. How-
ever, this connectivity value might be smaller than the actual value, which was due to the
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small pixels of the conducting tissue on the outer layer of the bamboo culm. This highly
connected network structure improved resistance to embolism diffusion, reduced water
flow resistance [27], and facilitated the tangential and axial transport of water and nutri-
ents [13].

3.3.2. Three-Dimensional Morphometry of the Fibers

A 3D skeleton of the fibers in the node, as shown in Figure 10. The generated color of
fibers was associated with the thickness of fibers, red indicates a larger thickness, while
blue means thin. The thickness of the fibers at the bulge of the node was larger than that
on the other side, the particularly developed fibers caused the enlarged node (Figure 10a).
In addition, the bent fibers were thicker (Figure 10b), which was conducive to the storage
of elastic energy [28]. In the radial direction, the thickness of the axial fibers gradually
increased from the outer layer to the inner layer of the bamboo culm (Figure 10c). The
transverse fibers were distributed radially and entangled with each other at the dia-
phragm (Figure 10e). This structure could improve the mechanical properties such as
bending strength and splitting resistance [2,16].

Figure 10. Three-dimensional skeleton of the fibers of the bamboo node (red indicates that the dis-
tance from the central axis of the fibers to the nearest boundary was relatively large, and blue indi-
cates that the distance was relatively small). (a) Top view. (b) Side view. (c) Bottom view. (d) 3D
skeleton. (e)View of the transverse section. (f) View of the longitudinal section.
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The 3D distribution pattern of the fibers was similar to that of the conducting tissue.
However, the fibers on the outer layer of the bamboo culm generated a large number of
branches at the lower end of the sheath scar. After branching, some fibers continued to
grow, while others stopped growing at the sheath scar (Figure 10b,d). This might be due
to the closure of the vascular bundle when the intercalary meristem ceased its divisional
activity and subsequent separation of the bamboo sheath from the culm [10]. The chang-
ing trend of fibers thickness was opposite to that of the conducting tissue. The thickness
of the fibers increased from the diaphragm and reached the largest near the nodal ridge.
The fibers thickness gradually decreased from the nodal ridge to stability (Figure 10d,f).

4. Discussion

In this study, X-ray microtomography combined with digital image processing tech-
nology was used to segment the complex nodal vascular system of monocots and present
the 3D microstructural reconstructions of conducting tissue and fibers. The volume of
connected conducting tissue accounted for 94.77%, and the conducting tissues with the
largest volume accounted for 60.26% of the total conducting tissue volume. Taken to-
gether, the results indicated that pCT was a proper tool to visualize and quantize the com-
plex bamboo structure.

High-resolution puCT, as a rapidly developing imaging technology, is being widely
used in the research on the internal structure of plants [29-31]. Brodersen et al. [29] intro-
duced microtomography (micro-CT) to quantitatively analyze the connectivity of the ves-
sel network. Page et al. [30] obtained the connectivity of the branched xylem of Acacia
using micro-CT. Previous published studies obtained insufficient information due to their
small sample size. The inevitable problem of uCT application was that the resolution of
the slice decreased as the sample size increased. In this study, in order to place the com-
plete bamboo node within the scanning field of view, pCT slices were in low resolution,
which caused suboptimal segmentation of the conducting tissues in the outer layer of the
culm and resulted in the connectivity of this study being smaller than the actual value.

For Q. tumidinoda bamboo, the conducting tissue might be a whole network. The low
connectivity of conducting tissue might be due to some characteristics not identified in
the tissue segmentation process, or the seemingly separated conducting tissue in the node
was connected with that in other bamboo nodes. To verify this hypothesis, systematic
studies would require complete bamboo culm and higher-resolution equipment. Alterna-
tively, micro-CT application in combination with other high-precision imaging technolo-
gies should be used, such that larger samples can be scanned at a higher resolution to
improve the accuracy of structure recognition.

X-ray microtomography could also provide a new approach for bamboo penetration
and mechanical analysis by obtaining 2D projections to transform volumetric data and
performing numerical simulation or digital volume correlation analysis to visualize the
corresponding displacement and strain field.

5. Conclusions

(1) X-ray microtomography was an ideal tool for visualizing and quantitatively analyz-
ing the internal structure of the bamboo node. Furthermore, a large quantity of data
of the quantitative indicators such as volume, area, tissue ratio, and connectivity of
the bamboo node could be obtained with high speed by segmentation of uCT images
combined with 3D visualization software such as AVIZO and Image].

(2) The anatomical structure of Q. tumidinoda with enlarged node was acquired. It was
the first time that the conducting tissue and the fibers from the completed node’s
vascular bundle were separated to observe its morphology, and the reconstruction of
the skeleton made the morphology more intuitive. The 3D distribution patterns of
the conducting tissue of the bamboo and those of the fibers were similar, but their
thickness changed in the opposite pattern. The curved and branched conducting tis-
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sues in the bamboo node formed an intricate and highly connected 3D network struc-
ture, which was efficient at the transportation and circulation of nutrients inside the
bamboo.
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