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Abstract: With the promotion of eco-friendly initiatives
such as “replacing plastic with bamboo,” bamboo rhi-
zomes – traditionally discarded as underground byprod-
ucts – have recently gained increasing attention as
renewable and sustainable materials. To better understand
their characteristics and potential applications, this study
systematically investigated the anatomical structures and
chemical compositions of five representative bamboo rhi-
zomes (Moso, Golden, Water, Purple, and Spotted bamboo)
through microscopic observation and chemical analysis,
using bamboo culms as a reference. Results showed that
rhizomes shared similar structural frameworks with culms
but exhibited unique internal features. Their vessel di-
ameters (120–150 µm) were located toward the higher end of
the typical range for bamboo culms (50–200 µm), and the
proportion of vascular tissues (13.6–19.7 %) was also higher,
reflecting stronger functions in water conduction and stor-
age. Fibers in rhizomes were shorter, thicker, and contained
lower cellulose but higher lignin contents, resulting in
reduced mechanical strength yet enhanced durability.
Species-specific differences were evident: Water bamboo
and Moso bamboo rhizomes had longer, thicker-walled fi-
bers with higher cellulose content. Spotted bamboo rhizome
contained more vessels, while Purple bamboo and Golden
bamboo rhizomes had shorter, thinner-walled fibers. These
findings clarify the structural diversity and structure–
property relationships of bamboo rhizomes, providing a

scientific basis for their high-value utilization in sustainable
material development.
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1 Introduction

The bamboo rhizome, or underground stem, works with the
culm, or above-ground stem, to create the plant’s complex
biological structure (Figure 1a) (Guo et al. 2020; Wang 2024).
Bamboo rhizomes possess strong reproductive capabilities.
While underground rhizomes root and sprout into new
rhizomes and bamboo shoots, those growing on the surface
do not produce shoots. Instead, they consume nutrients and
negatively impact the growth of the bamboo forest. During
forest harvesting and renewal, a large number of rhizomes
are abandoned due to aging or mechanical damage. Besides,
the rapid growth of bamboo and its tendency to encroach
upon neighboring ecosystems pose a threat to agricultural
land and can lead to a decrease in biodiversity and an in-
crease in landslides (Ai et al. 2024; Ito et al. 2014). Therefore,
the regular removal of bamboo rhizomes is crucial for
maintaining ecological safety. Unfortunately, discarded
rhizomes are often left to decay or are incinerated, which
not only wastes valuable resources but also contributes to
environmental burden by releasing greenhouse gases and
pollutants (Wu et al. 2019). In recent years, with the
increasing severity of plastic pollution, the International
Bamboo and Rattan Organization has issued the “bamboo
for plastic” initiative. This call has accelerated the trans-
formation of bamboo utilization from extensive to holistic
and high-value utilization. Against this backdrop, bamboo
rhizomes, as an important part of bamboo, have gradually
attracted attention due to their similar biological structure
to bamboo culms and their unique morphology and prop-
erties. Currently, bamboo rhizomes are used to produce
certain handicrafts and decorative materials, such as
handbag handles, tea sets, and round fans (Figure 1c). The
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rawmaterials for these products are primarily sourced from
Phyllostachys aurea Rivière & C. Rivière (Golden bamboo,
GB), Phyllostachys bambusoides Siebold & Zucc. (Purple
bamboo, PB), Phyllostachys nigra (Lodd. ex Lindl.) Munro
(Spotted bamboo, SB), Phyllostachys edulis (Carrière) J. Houz.
(Moso bamboo, MB), Phyllostachys heteroclada Oliv. (Water
bamboo, WB) rhizomes (Figure 1d). Despite the growing
utilization of bamboo rhizomes, research on their structure
and properties remains relatively limited. Most existing
studies focus on bamboo forest cultivation and ecological
applications. However, the anatomical structure and chem-
ical composition of bamboo rhizomes are crucial factors that
determine their material properties and applications. These
two aspects collectively define their mechanical properties,
durability, processability, and application potential. A
deeper understanding of the anatomical and chemical
properties of bamboo rhizomes will not only enrich funda-
mental data but also provide theoretical support for their

refined utilization, thereby enhancing the added value of the
bamboo industry.

Existing research on the structure and composition of
bamboo rhizomes has largely focused on Moso bamboo.
Studies have shown that Moso bamboo rhizomes have the
same basic composition asMoso bamboo culms, including the
epidermis, pith, and vascular tissue (Ito et al. 2015). Their
vascular bundles are also composed of vessels, sieve tubes,
andfiber sheaths. Furthermore, thefibermorphology ofMoso
bamboo rhizomes was similar to that of the culm, with a
fusiform shape. However, according to Liu (2015), the fiber
length of the rhizomes ranged from approximately 620–
920 µm, which was notably shorter than that of mature Moso
bamboo culms (almost all ofwhich are greater than 2000 µm).
The fiber width (about 20–25 µm) is similar to the culm, but
the lumen diameter (about 11–16 µm) is slightly larger. The
cell wall to lumen ratio is 0.67–1.08, which is smaller than that
of the culm (about 1.18–2.98). These indicated that thefibers in

Figure 1: Bamboo rhizome and its application and sample preparation. (a) Bamboo forest system, (b) rhizome sample preparation, (c) bamboo rhizome
application, (d) bamboo rhizome and their cross-section. SB: spotted bamboo, MB: moso bamboo, GB: golden bamboo, WB: water bamboo, PB: purple
bamboo.
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Moso bamboo rhizomes were shorter, with thinner walls and
larger lumens, compared to those in the culm (Liu 2015; Ming
et al. 2018). In addition, the chemical composition of Moso
bamboo rhizomes is similar to that of the culms, mainly
consisting of cellulose and lignin (Ito et al. 2015). Xuet al. (2024)
reported that the lignin content of Moso bamboo rhizomes is
around 24.70 %, with holocellulose ranging from 66.7 % to
68.3 % and cellulose from 37.8 % to 38.4%. The content of
these components is comparable to that of Moso bamboo
culms (Liu 2015; Xu et al. 2024). In general, the interpretation
of the structure and chemical composition of Moso bamboo
rhizomes has essentially clarified the similarities between
bamboo rhizomes and bamboo culms, which undoubtedly
lays the foundation for understanding and developing
bamboo rhizome resources. However, with the vast diversity
of bamboo species, whether there are differences in structure
and composition among the rhizomes of different bamboo
species, and how these differences affect their utilization,
remain scientific questions that need to be further explored
in depth.

To address this gap, this study has comprehensively
characterized the anatomical and chemical properties offive
commonly used bamboo rhizome species – Golden, Spotted,
Purple, Moso, and Water bamboo – aged 2–3 years. These
species are widely utilized as raw materials for handicrafts.
A detailed analysis has been presented on their structural
features, including vascular bundle morphology and distri-
bution, tissue proportions, vessel size distribution, fiber cell
parameters, and chemical composition. Furthermore, the
shared anatomical and chemical characteristics among
these bamboo rhizomes have been summarized, while
distinct interspecies differences have also been highlighted
through comparative analysis with common bamboo culms.
These findings provide valuable insights for developing
targeted applications and maximizing the comprehensive
utilization of bamboo resources.

2 Materials and methods

2.1 Sample preparation

Five types of bamboo rhizome samples (Golden, Spotted,
Purple, Moso, and Water bamboo) were all collected from
disease-free and pest-free 2–3 year-old healthy bamboo
rhizome in Sichuan, China (107.20°E, 30.74°N). Two types of
inter node bamboo blocks, B1 (8 mm) and B2 (20 mm), were
respectively cut from the middle section of the bamboo
rhizome (Figure 1b). It was used for testing after standard-
ized pretreatment at a constant temperature of 20 ± 1 °C and

a equilibrium moisture content of 65 ± 5 % (Li et al. 2023). In
all experiments, 6 replicates were used to ensure statistical
reliability.

2.2 Observation of vascular bundle
morphology and distribution

The B1 sample was sliced and made into 8 mm high samples
(Figure 1b). After drying at 103 °C, the samples were placed in
the bell jar of the vacuum coating machine and gold films
were sprayed respectively by sputtering coating method
(Wang and Cheng 2020). Photographs were taken using a
scanning electron microscope (Quanta 200, FEI, US) at an
acceleration voltage of 7.5 kV (Lian et al. 2022). The
morphology and distribution of the vascular bundles were
observed.

2.3 Measurement of radial distribution of
tissue proportions

A SEM image depicting bamboo cortex (BC), bamboo middle
(BM), and bamboo pith ring (BP) was chosen for statistical
analysis. Initially, a representative arc slices was selected
from each of the three regions.

Following this, the measurement tools in Digimizer
were employed to measure the areas of fiber cells, paren-
chyma cells, and conducting tissue within the selected slices,
as well as the total area of each slice. Moreover, the pro-
portion of each tissue was calculated, and the variation of
these parameters in the radial direction was analyzed.

All fiber and parenchyma cell data were analyzed and
processed using Origin 2024 and IBM SPSS Statistics 30
software. The double-wall thickness, aspect ratio, and wall-
to-lumen ratio of fiber cells were calculated.

2.4 Separation and morphological
measurement of fiber cells

Sample preparation was carried out by the Franklin
impregnation method (Lian et al. 2022a, b). The 20mm
segment from the middle part of each bamboo rhizome
internode (B2) (Figure 1b) was taken and soaked in a 1:1 (v/v)
mixture of glacial acetic acid and 30%hydrogen peroxide. Six
samples were collected from each type of bamboo rhizome.
The samples were then heated in a constant-temperature
water bath at 60 °C until they softened and could be separated
into individual fibers (Niu et al. 2023). After rinsing with
deionizedwater 5 to 8 times,mechanically break up thefibers

N. Su et al.: Anatomy and chemistry of bamboo rhizomes 3



with a glass rod. Draw the fiber impregnation solution and
place it on a glass slide. Observe under an optical microscope
and randomly select 100 fibers to measure their length, wall
width and cell diameter parameters.

2.5 Determination of vessel size and
distribution

The cross-sections of the samples were scanned in 64-bit
color mode using a scanner (V850 PRO, EPSON, Japan) with a
resolution of 12,800 ppi. The obtained images were used for
the extraction of vessels features. Subsequently, a digital
vessels detectionmodelwas used to extract the positions and
dimensions of all vessels in the rhizome samples. The
wrongly identified vessels (foreign substances such as dust
and particles in the scanned images) were manually
removed. Then, the Matpoltlib model was used to draw the
vessels scatter plot. Finally, the axial and radial distribution
of the vessels was characterized based on the curve fitting
technique of Numpy (Xu et al. 2024).

2.6 Determination of cellulose,
hemicellulose, and lignin in bamboo
rhizome

After cleaning, drying and crushing the B2 sample, pass it
through a 60-mesh sieve (Figure 1b). Weigh 0.3000± 0.001 g of
the completely dried sample andplace it in ahydrolysis bottle.
Add 3.00 ± 0.01 mL of 72% sulfuric acid and keep it in a water
bath at 30± 3 °C for 60± 5min. Then, 84±0.04mLofdeionized
water was added to dilute it to 4 % sulfuric acid, and it was
placed in a 121 °C sterilizer and kept for 1 h. At the same time,
prepare the sugar recovery standard solution (SRS) and treat
it together with the sample. The samples after acid hydrolysis
were vacuum filtered. 50mL of the filtrate was taken to
determine the contents of acid-soluble lignin, cellulose and
xylan. The residue was washed, dried and weighed. Finally,
the lignin content was calculated according to the formula for
acid-insoluble lignin content, and the sugar loss during the
acid hydrolysis process was corrected by using the sugar re-
covery standard solution (Sluter et al. 2012).

3 Results and discussion

3.1 Tissue proportions of bamboo rhizomes

The cross-section of the bamboo rhizoms internodes is
irregularly elliptical (Figure 1d), with a smaller central

cavity, contrasting sharply with the hollow structure of
bamboo culms. In comparison, WB-rhizome exhibits the
largest cavities, while GB -rhizome, SB-rhizome, and PB-
rhizome have smaller ones. MB-rhizomes lack cavities alto-
gether. Furthermore, Figure 2a reveals the microscopic
structure of the bamboo rhizome cross-section, which is
mainly composed of thin-walled basic tissue and vascular
bundles (Ji 2024). The vascular bundles are distributed
within the thin-walled basic tissue and mainly consist of
fiber tissue and vascular tissue (vessels and sieve tubes). The
tissue composition of bamboo material refers to the pro-
portions of fiber tissue, basic tissue, and vascular tissue
within the entire structure (Xiang et al. 2019). As shown, the
tissue proportions of fiber, thin-walled, and vascular tissue
in different radial regions of several bamboo rhizomes were
calculated (Figure 2b and c).

Overall, except for SB-rhizome, the area ratio of fiber
cell in several bamboo rhizomes is the highest, followed by
parenchyma cells, andfinally, vascular tissue. Thefiber ratio
is approximately between 42.0 and 49.4 %, parenchyma cells
between 35.5 and 39.2 %, and vascular tissue between 13.6
and 18.9 % (Figure 2b and c). This differs from previous
studies on mature bamboo culms, where the content of thin-
walled cells exceeds that of fiber cells (Liese and Köhl 2015).
Parenchyma cells, also known as basic tissue, play storage
and support roles in bamboo material. They are the most
abundant cell type in bamboo, typically occupying 40 %–

60 % of the cross-sectional area of bamboo culms (Sun et al.
2022; Wu et al. 2021). Fiber cells, which are structural cells,
provide strength and toughness, and they occupy 30 %–50 %
of the cross-sectional area of bamboo (Li et al. 2013). The
differing proportion of these two cell types in bamboo rhi-
zomes is influenced by the content of vascular tissue. As
shown in Figure 2b and c, the area ratio of vascular tissue in
bamboo rhizomes is significantly higher than in common
bamboo culms (about 8–10 %) (Kamthai andVaivudh 2012). It
is the increase in conducting tissue that results in a decrease
in the proportion of thin-walled cells. Bamboo rhizomes, as
underground stems of bamboo, play a crucial role in the
transport and distribution of nutrients andwater (Kotangale
et al. 2025). They are responsible for transporting organic
nutrients (mainly sucrose) produced through photosyn-
thesis from the leaves downward and storing them for the
growth of bamboo shoots in the following year. At the same
time, they absorbwater and inorganic salts from the soil and
transport them to the above-ground bamboo culms and
leaves (Hu et al. 2024; Luo et al. 2020; Pan et al. 2025). To
efficiently perform these functions, bamboo rhizomes
require a well-developed conducting system. This phenom-
enon applies even to SB-rhizome, which has a lower fiber
content. Thus, the higher content of conducting tissue in
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bamboo rhizomes is a major distinguishing feature from
bamboo culms.

After comparing and analyzing the tissue composition of
the five bamboo rhizomes, it can be observed that the SB-
rhizome has the highest proportions of vascular tissue
(19.7 %) and parenchyma cells (51.8 %),while itsfiber content
is the lowest (28.5 %) (Figure 2b). This characteristic suggests
that the SB-rhizome is more specialized for water transport
and storage functions, but relatively lacks in mechanical
support (Liese and Köhl 2015). In contrast, the MB-rhizome
exhibits a completely different pattern, with the highest

fiber proportion (49.3 %) and the lowest parenchyma cell
proportion (35.5 %), along with a relatively low proportion of
vascular tissue (15.2 %) (Figure 2b). This indicates that its
structure ismore suited formechanical loading and stability,
but may have limitations in transport efficiency and storage
capacity (Li et al. 2013). Both the GB-rhizome and WB-
rhizome show relatively high fiber contents (48.6 % and
49.9 %, respectively) (Figure 2c), but there are significant
differences in their vascular tissue proportions. The GB-
rhizome has the lowest vascular tissue proportion (13.6 %)
(Figure 2c), which may lead to weaker transport functions,

Figure 2: Cell proportions. (a) Cross-section appearance of bamboo rhizome; (b, c) area ratio of each tissue. SB: spotted bamboo,MB:moso bamboo, GB:
golden bamboo, WB: water bamboo, PB: purple bamboo.
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while the WB-rhizome has a higher vascular tissue propor-
tion (18.9 %)(Figure 2c), maintaining a good balance between
mechanical support and water transport, resulting in more
coordinated overall performance (Kamthai and Vaivudh
2012). The PB-rhizome has a relatively balanced distribution
of the three tissue types, with vascular tissue accounting for
16.6 %, fibers 44.5 %, and parenchyma cells 38.9 %. (Amada
and Untao 2001).

Next, the tissue composition across different radial re-
gions (BP, BM, BC) from the center to the outer side of the
bamboo rhizomes was analyzed. It was found that, except
for the SB-rhizome, where no significant variation in tissue
proportions was observed across the three regions from the
pith to the outer layer, the tissue proportions in the other
four bamboo rhizomes exhibited a distinct gradient change.
Specifically, the fiber tissue proportion increased gradually
from the pith to the outer layer in all four bamboo rhizomes.
On the other hand, the proportion of vascular tissue was
significantly smaller on the outer layer side than in the pith
and middle regions. No clear trend was observed in the
distribution of parenchyma cells. These trends are generally
consistent with the radial variation of tissue proportions in
bamboo culms. Chaowana et al. (2015) used digital image
analysis to examine the changes infiber volume fraction and
microstructure in the cross-section of Dendrocalamus asper
bamboo culms. They found that the fiber distribution fol-
lowed a specific pattern, decreasing from the outer to the
inner layers, while parenchyma and vascular tissues were
more prevalent in the inner third of the bamboo wall. They
suggested that this distribution effectively disperses and
resists bending stress caused by wind load. Similarly, Ray
et al. (2005) observed a gradient in fiber distribution in
bamboo culms: in the outermost layer, there are approxi-
mately 8 fibers per square millimeter, while in the inner-
most layer, only 2 fibers are present in the same area.
Furthermore, regarding vascular tissues, Li et al. (2024)
demonstrated that the cross-sectional area of vascular
bundles decreases exponentially from the inner to the outer
layers. Although the total number of vascular bundles is
greater in the outer layers, the individual vascular bundles
in the inner layers are larger, particularly with larger con-
duits in the post-formed xylem. This also supports the
finding that vascular tissue occupies a larger area in the
inner layers, gradually decreasing towards the outer layers.

A comparison of the radial tissue composition gradients
in the bamboo rhizomes reveals that the SB-rhizome exhibits
the smallest gradient, followed by the PB-rhizome. The WB-
rhizome,MB-rhizome, and GB-rhizome show amore distinct
gradient, especially the GB-rhizome. This pronounced fiber

gradient structure may suggest the excellent bending
strength of the bamboo rhizomes.

3.2 The morphology and distribution of
vascular bundles of bamboo rhizome

Figure 3 shows the morphology and distribution of vascular
bundles in the five bamboo rhizomes from the outer layer to
the pith. The vascular bundles in bamboo culms are pri-
marily composed of vessels, sieve tubes, fiber sheaths, and a
small amount of parenchyma cells (Abdul-Latif, 1992). The
vascular bundles are classified into several types, including
undifferentiated, semi-differentiated, double-belted, belt-
shaped, tightly-belted, open, and semi-open types (Wen
and Chou 1984). Figure 3c–l compare the types and sizes of
vascular bundles in different radial regions (BC, BM, and BP)
of the bamboo rhizomes and mature moso bamboo culms
across their cross-sections. The five bamboo rhizomes
contain four types of vascular bundles: undifferentiated,
semi-differentiated (Figure 3g and h), semi-open (Figure 3i
and j), and opentypes (Figure 3k and l). Specifically, the
vascular bundles closest to the outer layer are mostly un-
differentiated and semi-differentiated. Most of the vessels
and sieve tubes within these vascular bundles are not fully
developed (Li et al. 2018), and the vascular bundles are
mainly composed of fiber cells (Figure 3g). As the distance
from the bamboo wall increases, the vascular bundles in the
BC region gradually transition to a semi-open structure, and
the area occupied by the vascular bundles steadily increases
(Figure 3i). From the BC to BM regions, the number of semi-
open vascular bundles slightly decreases, while the number
of open vascular bundles gradually increases. Meanwhile,
the vascular bundle area at the BM region increases slowly
(Figure 3a). At the BP region, the vascular bundles are pre-
dominantly of the open type, with a small amount of semi-
open vascular bundles. The area of the vascular bundles
here increases slowly, stabilizes, and even slightly decreases.

Additionally, as shown in Figure 3g–l, the vascular
bundles in the bamboo rhizomes are significantly smaller
than those in mature moso bamboo culms. For the bamboo
rhizomes, the size of the vascular bundles increases initially
and then stabilizes as one moves from the outer layer to
the pith.

As shown in Figure 3f, the total vascular bundle area
ratio in the cross-section of the bamboo rhizomes is similar
to that in common bamboo culms, ranging from approxi-
mately 50 %–70 %. However, the vascular bundle area ratio
in bamboo rhizomes does not show a clear radial gradient,
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Figure 3: Vascular bundles in the rhizome of (a) BZ, (b) MZ, (c) GZ, (d) WZ, and (e) PZ. (f) Radial changesin vascular bundle ratio of bamboo rhizome; (g, h)
undifferentiated and semi-differentiated vascular bundles; (i, j) semi-open vascular bundles; (k, l) open vascular bundles. SB: spotted bamboo, MB: moso
bamboo, GB: golden bamboo, WB: water bamboo, PB: purple bamboo.
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which contrasts with the distinct gradient distribution seen
in bamboo culms. Li et al. (2024) found that the cross-
sectional area of vascular bundles in bamboo culms de-
creases exponentially from the inner to the outer layers.
Although the total number of vascular bundles is greater in
the outer layers, the individual vascular bundles in the inner
layers are larger. As shown in Figure 3a–g, i, and k, it can be
observed that in the bamboo rhizomes, the vascular bundles
are significantly smaller near the bamboo wall. The size
difference between the middle and pith regions is much
smaller (Figure 3i and k). The vascular bundles are primarily
composed of fibers and vascular tissues, with a small num-
ber of parenchyma cells. According to the data in Figure 2,
the fiber tissue proportion increases gradually from the in-
ner to the outer side. In contrast, the vascular tissue show an
almost opposite trend. For bamboo culms, the vessel content
is relatively low, only 5 %–10 %. Therefore, the gradient of
vascular bundles in bamboo culms is primarily determined
by the proportion of fiber tissue (Latif and Mohd 1992).
However, bamboo rhizomes have a higher proportion of
vessel cells, ranging from 13 % to 20 % (Li et al. 2011). This
means that the vascular bundles in bamboo rhizomes are
influenced by both fiber and vessel tissue. In other words,
bamboo rhizomes achieve a balanced state between con-
duction and mechanical support. This differs from bamboo
culms, which mainly need to resist bending stress caused by
wind load, where the pronounced gradient of vascular
bundles aids in their growth (Wen and Chou 1984). Bamboo
rhizomes, on the other hand, focus more on nutrient con-
duction and transfer (Ray et al. 2005).

Several unique phenomena were observed in some
bamboo rhizomes. The SB-rhizome has a very thick bamboo
wall, with evenly distributed circular structures (orange
circles in Figure 4a, a2 and a3). This observation is consistent
with the findings of Li et al. (2019), who noted the presence of
ventilation pores in the underground stems of P. hetero-
clada. Gong and Zhao (1990) also found the existence of
lenticels in the bamboo culms of P. heteroclada. They
believed the development of these gas channels was related
to the growth of underground buds. Bamboo species
growing in high-humidity conditions tend to have more
prominent lenticels and higher densities (Gong and Zhao
1990). Additionally, the vascular bundles near the bamboo
wall of theWB-rhizome are very tightly arranged, forming a
fiber cell band (red box in Figure 4a).

The PB-rhizome shows distinct anatomical features. Its
vascular bundles and parenchyma cells contain a large
amount of starch granules (Figure 4b). Starch granules are
the main storage form of substances and energy in plants.
Their content and distribution closely relate to plant devel-
opment (Hu et al. 2021). No similar phenomenon was

observed in PB-culms, but Ito Ito et al. (2014) found starch
granules in the MB-rhizome. Unlike PB-rhizome, which has
starch granules in almost all fiber and parenchyma cells, the
starch in MB-rhizome is only found in some vascular bundle
sheath cells and the cells near the pith.

Additionally, the GB-rhizome has some unusual
vascular bundles. These bundles consist of three vessels, two
sieve tubes, one primary xylem vessel, fiber sheaths, and
parenchyma cells (Figure 4c). While no similar phenomena
were observed in other bamboo species, Ito et al. (2015)
found some vascular bundles in the MB-rhizome containing
two pairs of secondary xylem vessels.

3.3 Fiber parameters of bamboo rhizomes

The box plots in Figure 5 show the fiber parameters of five
bamboo rhizomes, including length (Figure 5a), width
(Figure 5a), lumen diameter (Figure 5a), double wall thick-
ness (Figure 5a), aspect ratio (Figure 5c), and wall-to-lumen
ratio (Figure 5c), as well as a scatter plot for length
(Figure 5b). It is clear that the average fiber length of the five
bamboo rhizomes is approximately between 600 and
900 µm, and the fiber width is around 15 µm, indicating that
the fiber widths of the five bamboo rhizomes are similar. In
contrast, the fiber length of bamboo rhizomes is much
shorter than that of typical bamboo culms (usually 1,500–
4,500 µm), but the fiber width is similar to that of bamboo
culms (10–30 µm) (Liese and Köhl 2015).

Figure 5a shows that the double wall thickness of the
fibers in the five bamboo rhizomes range from 7.7 µm to
9.3 µm, similar to that of typical bamboo culms. Additionally,
the wall-to-lumen ratio in Figure 5c, which is the ratio of the
fiber cell wall thickness to the lumen diameter, is a key in-
dicator of bamboo hardness, density, and strength. The wall-
to-lumen ratio of the five bamboo rhizomes is around 1.3–2.0
(Figure 5c), slightly higher than that of Moso bamboo (0.5–
1.5) and Ci bamboo (0.5–1.2) (Kamthai and Vaivudh 2012). The
aspect ratio of the fibers in the five bamboo rhizomes is
approximately 43.2–64.0 (Figure 5c), much smaller than that
of typical bamboo culms, which range from 100-300 (Moso
bamboo: 150–250, Ci bamboo: 100–200) (Amada and Untao
2001).

In conclusion, compared to bamboo culms, the fibers in
bamboo rhizomes exhibit distinctly different characteristics.
Their length and aspect ratio are much smaller, but their
width and wall thickness are similar, with a slightly larger
wall-to-lumen ratio. It can be summarized that bamboo culm
fibers are long and thin, while bamboo rhizome fibers are
short and thick. This difference significantly reduces the
adhesive force and load-bearing capacity between bamboo
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Figure 4: Special phenomena. (a) Culm wall of water bamboo rhizome; (b) starch granules in purple bamboo rhizome; (c) distinctive vascular bundles in
golden bamboo rhizome.

Figure 5: Fiber parameters. (a) The length, width, lumen diameter and double wall thickness; (b) scatter plot of fiber length and width; (c) the aspect
ratio, and wall-to-lumen ratio parameters. SB: spotted bamboo, MB: moso bamboo, GB: golden bamboo, WB: water bamboo, PB: purple bamboo.
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rhizome fibers, leading to lower overall strength and stiff-
ness. Under bending or stretching forces, the fibers aremore
likely to detach. Moreover, the slightly larger wall-to-lumen
ratio suggests that the fiber cell walls in bamboo rhizomes
are relatively thicker, providing better structural support to
withstand pressure.

Fiber length directly affects paper quality, such as fold
endurance, burst strength, and tensile strength. Generally,
the longer the fiber and the larger the fiber aspect ratio, the
better the paper-making performance. Typically, fibers used
for papermaking range from 0.4 to 5.0 mm in length (Zhu
et al. 2018). Within this range, the longer the fiber, the
greater the contact points, resulting in better paper quality
after formation. Furthermore, Zhu et al. (2019) believed that
a aspect ratio of fiber greater than 100 is necessary for high-
quality papermaking materials, while a ratio less than 45 is
unsuitable for papermaking. It is clear that the five bamboo
rhizomes studied do not possess the advantages required for
papermaking raw materials. However, shorter fibers
contribute to better paper formation. In their study on
aramid paper, Fan et al. (2020) found that when the short
fibers content reached 20 %, not only did the paper achieve
optimal tensile performance, but its tensile strength and
Young’s modulus also improved. Therefore, although the
bamboo rhizomes studied are not ideal raw materials for
papermaking, adding them in appropriate amounts to
longerfibers could potentially result in paperwith improved
performance.

Additionally, a comparison of the fiber parameters of
different bamboo rhizomes reveals that theWB-rhizome has
the longest fibers (917.7 ± 264.7 µm) (Figure 5a), with the
highest aspect ratio (66.0 ± 70.0) and wall-to-lumen ratio
(2.0 ± 1.5) (Figure 5c). This indicates that its fibers are the
longest and the cell walls are the thickest. Such a structure
not only enhances the fibers’ reinforcing role in composite
systems but also improves their overall stiffness and load-
bearing capacity, giving the WB-rhizome a significant
advantage in mechanical properties. The MB-rhizome has
fiber length (873.1 ± 278.7 µm) (Figure 5a), aspect ratio
(57.7 ± 16.1) (Figure 5c), and wall-to-lumen ratio (1.9 ± 1.5)
(Figure 5c) that are all relatively high, making its perfor-
mance second only to that of the WB-rhizome, demon-
strating excellent mechanical support and stability. In
contrast, the SB-rhizome has medium fiber length
(783.2 ± 189.8 µm) (Figure 5a), a moderate aspect ratio
(54.1 ± 16.2) (Figure 5c), and a relatively high wall-to-lumen
ratio (1.8 ± 1.0) (Figure 5c), indicating some advantages in
stiffness, but due to the shorter fiber length, its reinforcing
effect is limited. The PB-rhizome has lower fiber length
(707.8 ± 247.3 µm) (Figure 5a), a lower aspect ratio
(48.9 ± 15.9) (Figure 5c), and a lower wall-to-lumen ratio

(1.3 ± 0.6) (Figure 5c), suggesting that its fiber walls are
relatively thin, emphasizing flexibility over stiffness and
strength. The GB-rhizome has the lowest fiber parameters
overall (fiber length 595.9 ± 169.7 µm, aspect ratio 43.2 ± 12.5,
wall-to-lumen ratio 1.5 ± 1.2) (Figure 5a–c), indicating that its
fibers contribute the least to mechanical performance,
showing weak overall load-bearing capacity.

3.4 Radial distribution of vessels of bamboo
rhizome

Figure 6a–c show high-resolution cross-sectional images of
bamboo rhizomes (12,800 dpi). Using a self-developed vessel
detection model, these images were processed to extract
detailed vessel characteristics, including the total number,
density (number per unit area), average diameter, and area
of single vessel. The different colored dots of the catheter are
plotted out, as shown in Figure 6d. The color bar on the right
side of Figure 6d further illustrates the size relationship:
yellow dots for larger vessels and dark green dots for smaller
ones. At the same time, the parameter of rhizomes vessels
are summarized in Table 1. It reveals that the five bamboo
rhizomes exhibit distinct differences in vessel number,
density, and diameter. These structural features not only
influence their material performance but also determine
their potential suitability in different applications (Liese and
Köhl 2015). First, regarding vessel diameter, the MB-rhizome
and SB-rhizome exhibit the largest values, at 150.1 µm and
146.6 µm, respectively, significantly larger than those of the
GB-rhizome (127.9 µm) andWB-rhizome (136.6 µm) (Table 1).
According to the Hagen–Poiseuille law, the water transport
capacity of a single vessel is proportional to the fourth power
of its radius (Tyree and Zimmermann 2002). This indicates
that MB-rhizome and SB-rhizome possess higher transport
potential per vessel. However, an increase in vessel diameter
is often associated with reduced mechanical strength, since
larger vessels usually compromise tissue compactness
(Hacke et al. 2006). Second, regarding vessel density, theWB-
rhizome (16 vessels/mm2) and GB-rhizome (15 vessels/mm2)
exhibit relatively high densities, whereas the MB-rhizome
shows the lowest (10 vessels/mm2) (Table 1). High-density
vessel distribution contributes to conductive safety, as even
if some vessels are blocked, redundant pathways can
maintain transport function (Carlquist 2012). Furthermore,
high-density, small-diameter vessels often indicate more
compact microstructures, which enhance crack resistance
and durability. Finally, in terms of vessel number, the MB-
rhizome (1,410) and SB-rhizome (1,249) contain significantly
more vessels compared with the PB-rhizome (931) and WB-
rhizome (985) (Table 1). Although a greater number of vessels
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can increase overall permeability, insufficient density or
excessively large diameters may diminish mechanical effi-
ciency. Thus, the MB-rhizome, with large number and
diameter but low density, is more suited for permeability-
related functions rather than load-bearing applications. In
contrast, the GB-rhizome, with fewer vessels and smaller
diameter but high density, shows greater potential for
structural durability applications.

Compared with the vessel characteristics of common
bamboo culms, the vessels in bamboo rhizomes generally
fall into a larger diameter range (127.9–150.1 µm) and exhibit
medium-to-high densities (10.2–16.3 vessels/mm2) (Table 1).
Previous studies have shown that vessel diameters in
bamboo culms typically range from 50 to 200 µm, with
densities mostly between 5 and 20 vessels/mm2 (Liese 1998;
Grosser and Liese 1971). Therefore, the distribution of vessel
number, density, and diameter in bamboo rhizomes is
largely comparable to that of culms. This suggests that

bamboo rhizomes may hold greater potential for modifica-
tion and functional applications, such as adsorption, flame
retardancy, or composite fabrication, while their perfor-
mance in load-bearing applications may be less stable than
that of bamboo culms (Sharma et al. 2015).

To further examine the radial variation in vessel shape
and size within the cross-section of bamboo rhizomes,
scanning electron microscopy (SEM) was employed. The
results are presented in Figure 6b, where distinct differences
in vessel dimensions and distribution along the radial di-
rection can be clearly observed. Furthermore, based on
prior work (Xu et al. 2024) that vessel distribution in bamboo
culm cross-sections follows a radial exponential function,
the radial distribution of vessel area in bamboo rhizomes
was fitted accordingly, as described in Equation (1). The
fitted curves are shown as red lines in Figure 6e, with the
coefficient of determination (R2) and the significance level
(P-value) also provided. It can be observed that the vessel

Figure 6: Vessel morphology and distribution. (a) Extraction of vascular features; (b) vessel size variation; (c) vessel radial changes; (d) vessel scatter plot;
(e) curve fitting of blood vessel area; (f) change in parameter A; (g) change in parameter t; (h) change in parameter y0. SB: spotted bamboo, MB: moso
bamboo, GB: golden bamboo, WB: water bamboo, PB: purple bamboo.
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areas in bamboo rhizomes exhibit a radial distribution
trend, gradually decreasing from the pith outward. The
fitted model reveals a significant negative correlation,
consistent with the distribution patterns reported for
bamboo culms (Grosser and Liese 1971; Liese 1998). The
parameter A portion reflects the average vessel diameter for
each sample, while the magnitude of t indicates the rate of
change. Among the studied rhizomes, GB-rhizome shows the
fastest decline in vessel diameter, followed by PB-rhizome
andWB-rhizome,while SB-rhizome andMB-rhizome display
the slowest trends (Figure 6g). However, the explanatory
power of themodel remains limited (R2< 0.5), suggesting that,
in addition to radial position, other factors such as devel-
opmental stage or local structural variations may also in-
fluence vessel dimensions (Zhang et al. 2017). In previous
studies, the correlation models between vessel areas and
radial position in bamboo culms showed R2 values greater
than 0.9, indicating strong explanatory power. The differ-
ence between the bamboo rhizomes and culms may be
attributed to the incomplete evolutionary development of
vascular bundles in bamboo rhizomes, where their distri-
bution and size randomness are much higher than in
bamboo culms (Xu et al. 2024). Nevertheless, to adapt to the
underground environment, bamboo rhizomes retain the
feature of larger inner vessels and smaller outer ones. The
radial extent of the region containing large vessels is influ-
enced by external factors such as temperature, humidity,
and precipitation, and this distribution, ensures safe and
efficient water transport.

y = Ae
−x
t + y0 (1)

where, y represents the vessel area, and x denotes the dis-
tance between the vessel and the geometric center of the
rhizome. A is the constant term of the function, and a larger
A generally indicates a greater average vessel diameter for
the sample. e is the base of the natural logarithm. t is the
constant in the exponent of x, which directly affects the

curvature of the function and essentially determines the rate
of change in vessel diameter. y0 can be regarded as a
correction factor. All the parameters of the 5 types of
bamboo rhizomes have been calculated and are presented in
Figure 6f.

3.5 The main chemical composition of
bamboo rhizomes

Table 2 presents the main chemical composition of the five
bamboo rhizomes, including cellulose, hemicellulose, and
lignin, which are the same as those of bamboo culms. These
three macromolecules jointly constitute the fundamental
framework of the cell wall. Cellulose, the primary structural
polysaccharide, exists in the form of microfibrils and pro-
vides the essential strength and stiffness of bamboo (Li et al.
2018). Hemicellulose fills the space between cellulose and
lignin. Its strong hydrophilicity imparts flexibility and
plasticity to the material, but also increases hygroscopicity.
Lignin, a three-dimensional cross-linked aromatic polymer,
enhances hardness and compressive resistance while
improving durability against decay and biological degrada-
tion (He et al. 2016; Huang et al. 2019). Variations in the
relative proportions of these three components directly
determine the mechanical performance, durability, and
environmental adaptability of different bamboo species.

From the perspective of cellulose content, PB-rhizome
exhibits the highest proportion (39.4 %), suggesting strong
load-bearing potential and structural rigidity. By contrast,
SB-rhizome shows the lowest cellulose content (29.7 %),
implying lower mechanical strength and stiffness. However,
this weakness is partly compensated by its higher lignin
content, which contributes to hardness and resistance. MB-
rhizome and GB-rhizome show similar cellulose levels
(35.7 % and 35.3 %, respectively), both in the medium-to-high

Table : Parameters of vessels of five bamboo rhizomes.

Number (pcs) Density (pcs/mm) Diameter (μm) Area (μm) A t y

SB ,  Average . ,. −,. −. ,.
SD . ,. ,. . ,.

MB ,  Average . ,. −,. −. ,.
SD . ,. ,. . ,.

GB   Average . ,. −,. −. ,.
SD . ,. ,. . ,.

WB   Average . ,. −,. −. ,.
SD . ,. ,. . ,.

PB   Average . ,. −,. −. ,.
SD . ,. ,. . ,.

SB: spotted bamboo, MB: moso bamboo, GB: golden bamboo, WB: water bamboo, PB: purple bamboo.
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range, indicating generally favorable mechanical
performance.

Besides, the variation in hemicellulose content also
carries significant implications. The SB-rhizome exhibits the
highest hemicellulose proportion (26.6 %), suggesting
greater sensitivity to moisture changes and stronger hy-
groscopicity, which provides certain flexibility but may
compromise dimensional stability and durability (Hill and
Callum 2006; Rowell 2012). In contrast, the PB-rhizome shows
the lowest hemicellulose content (20.1 %), resulting in better
dimensional stability and resistance to humid environ-
ments, albeit with reduced flexibility. The other rhizomes
(MB-rhizome, WB-rhizome, and GB-rhizome) fall within an
intermediate range, reflecting a relatively balanced
performance.

Furthermore, in terms of lignin, both SB-rhizome and
WB-rhizome demonstrate higher proportions (31.6 % and
31.0 %, respectively) (Table 2), which provide superior
hardness and resistance to microbial degradation. This
characteristic enhances their ability to adapt to under-
ground environments that are moist and rich in microor-
ganisms (Boerjan et al. 2003). In contrast, PB-rhizome shows
the lowest lignin content (26.4 %) (Table 2), which may favor
toughness and mechanical performance but limits its dura-
bility and environmental adaptability. MB-rhizome and GB-
rhizome remain at intermediate levels (30.0 % and 30.2 %)
(Table 2), thereby balancing mechanical strength and long-
term stability.

Overall, the compositional characteristics of the three
major constituents clearly reveal the functional differences
among the bamboo rhizomes. The PB-rhizome, with its high
cellulose content, demonstrates favorable mechanical per-
formance; however, its relatively low lignin and hemicellu-
lose proportions limit its durability. The MB-rhizome shows
the highest total content of the three components (91.9 %)
(Table 2), indicating themost balanced composition and thus
providing stable and comprehensive performance. Simi-
larly, the GB-rhizome, with compositional ratios close to
those of MB-rhizome, also exhibits advantageous overall
performance. The WB-rhizome, due to its higher lignin
content, possesses enhanced durability and resistance to

biodegradation. In contrast, the SB-rhizome, characterized
by the highest proportions of both lignin and hemicellulose,
presents superior hardness and corrosion resistance, but its
limited cellulose content constrains its mechanical
performance.

In addition, noteworthy differences are observed be-
tween the chemical composition of bamboo rhizomes and
that of common bamboo culms. Bamboo culms typically
contain a higher proportion of cellulose (40–55 %), which
provides excellent strength and elasticity (Hossain et al.
2022). In contrast, the cellulose content of bamboo rhizomes
is considerably lower (29.7–39.4 %) (Table 2), indicating their
relatively weaker mechanical strength. Conversely, the
lignin content of bamboo rhizomes is generally higher (26.4–
31.6 %) (Table 2), endowing them with greater hardness,
durability, and resistance to microbial degradation, which
facilitates adaptation to underground environments that are
moist and microorganism-rich. Hemicellulose contents
show smaller differences between rhizomes and culms.
Overall, the chemical composition of bamboo rhizomes
suggests that they are more oriented toward durability and
resistance to degradation.

4 Conclusions

This study conducted a systematic and in-depth analysis of
the anatomical structures and chemical compositions of five
common bamboo rhizomes, with conventional bamboo
culms serving as a reference. Furthermore, a comparative
evaluation among the five rhizome types was carried out,
through which their common characteristics and distinctive
differences were summarized. Overall, bamboo rhizomes
and culms shared a similar macroscopic framework, both
consisting of parenchyma tissues and vascular bundles, with
cellulose, hemicellulose, and lignin as their primary chemi-
cal constituents. However, rhizomes exhibited a higher
proportion of vascular tissues, with vessel diameters falling
within the upper range of those in bamboo culms and with
higher vessel density, highlighting their stronger roles in
water conduction and storage. In terms of fiber

Table : The main chemical compositions of five bamboo rhizomes.

Cellulose (%) Hemicellulose (%) Acid-insoluble lignin (%) Acid-soluble lignin (%) Lignin (%) The three major substances (%)

SB . . . . . .
MB . . . . . .
GB . . . . . .
WB . . . . . .
PB . . . . . .

SB: spotted bamboo, MB: moso bamboo, GB: golden bamboo, WB: water bamboo, PB: purple bamboo.
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characteristics, rhizome fibers were generally short and
thick. Although thismorphology provided a certain degree of
stiffness, their strength and toughness were inferior to those
of fibers of culms. Moreover, vascular bundles in rhizomes
did not display the distinct radial gradient commonly
observed in culm cross-sections. Chemically, rhizomes con-
tained less cellulose but a higher proportion of lignin. This
composition partly compromised their mechanical strength
but enhanced durability and resistance. Differences also
existed among species: WB-rhizome and MB-rhizome
possessed longer fibers with thicker walls, combined with
relatively high fiber proportions and cellulose contents,
resulting in superior mechanical performance. In contrast,
SB-rhizome showed a higher proportion of vessels, which
favors conduction but providedweaker support. PB-rhizome
andGB-rhizome had shorterfiberswith lowerwall-to-lumen
ratios, offering limited reinforcement and weaker overall
mechanical potential.

These findings indicated that the performance of
bamboo rhizomes was not solely determined by chemical
composition but also regulated by the interplay of fiber
morphology and tissue proportions. In summary, the
anatomical and chemical features of rhizomes defined a
functional specialization distinct from culms, which in turn
shaped their performance characteristics and potential ap-
plications. This study provided systematic data to elucidate
rhizome structural traits and laid a foundation for their
further exploration in high-value utilization and functional
development.
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