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of parenchyma cell wall in moso bamboo was firstly 
constructed. The study provides insight into the ana-
tomical structure of the parenchyma cell wall in the 
bamboo plant. Moreover, it provides a structural basis 
for further analysis of the mechanical properties of 
parenchyma cells.
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Sub-layers · Pit · Microfibril orientation · Microfibril 
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Introduction

Moso bamboo (Phyllostachys edulis) known for its 
high-speed growth and excellent mechanical perfor-
mance (Jiang 2007; Wang et  al. 2014), is economi-
cally the most important bamboo species globally 
in the bamboo industry (Liese and Köhl 2015). The 
anatomical structure of bamboo culm determines 
its properties (Liese 1998). All cells, including the 
parenchyma cells of internodes in bamboo culm, are 
strongly oriented axially. Parenchyma cells account 
for 52% of the total bamboo tissue and are the main 
contributors to the excellent flexibility of bamboo 
(Jiang 2007; Chen et al. 2020). The complex bamboo 
secondary cell wall structure is the critical determi-
nant of bamboo’s physical and mechanical perfor-
mance. The cell wall is microfibril-based (Maleki 
et  al. 2016). Chen et  al. (2016) found that cellulose 
microfibril aggregates determine the mechanical 

Abstract  The secondary cell wall of bamboo paren-
chyma cells is microfibril-based. However, under-
standing of the microfibril orientation of secondary 
cell walls in bamboo parenchyma cells is lacking. 
This study characterized the microfibril orientation of 
the sub-layers of the secondary cell wall in the paren-
chyma cells by field-emission environmental scan-
ning electron microscopy and the microfibril angle of 
the ground parenchyma cell wall with X-ray diffrac-
tion. The microfibril orientation of tight-loose alter-
nating layers of the secondary cell wall was in the 
opposite direction along the longitudinal axis. Near 
the parenchyma cells’ pit aperture, the microfibril 
orientation generally bypassed the pits and contin-
ued in a flow-like pattern. The mean microfibril angle 
of ground parenchyma cells was 63.3°. The average 
microfibril angle of adjacent sub-layers of the second-
ary cell wall was 60° and − 65° in ground parenchyma 
cells, and 54° and − 52° in vascular parenchyma 
cells. A structure model of microfibril orientation 
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properties of the cell wall of fibers and parenchyma 
cells. Thus, it is necessary to fully characterize micro-
fibril orientation and microfibril angle (MFA) for 
more efficient use of bamboo parenchyma cells.

Microfibrils are formed by elementary fibrils com-
posed of a regular aggregation of cellulose molecular 
chains, and they are aggregated into different grades 
of fibrils, gradually forming the cell wall layers (Li 
1983). The microfibril angle (MFA) is the angle 
between the cellulose fibrils and the cell’s longitudi-
nal axis in the secondary cell wall layer. The MFA in 
each layer determines the cell wall architecture and 
plant mechanical properties (Sultana and Rahman 
2014). Recent studies of microfibrils in bamboo cell 
walls focused primarily on fibers. The microfibril ori-
entation models of broad and narrow lamellae in fiber 
cell walls have been proposed successively (Preston 
and Singh 1950; Parameswaran and Liese 1976; Wai 
et  al. 1985; Liu 2008; An 2013). Almost all studies 
focus on the average MFA for the microfibril orienta-
tion of bamboo parenchyma cells. Liese (1998) found 
that the fibrillar orientation of the parenchyma sec-
ondary cell wall has an ascending angle of 30° to 40° 
and forms a V-shape with the next lamella. An (2013) 
used SR-SAXS and postulate parenchyma cells with 
an MFA of 60°. Ahvenainen et  al. (2017) demon-
strated that parenchyma cells show a significantly 
lower degree of orientation with a maximum at larger 
angles (mean MFA 65°). Hu et al. (2017) showed that 
the average MFA of parenchyma cells is 36.59° in the 
odd-layer and 46.98° in the even-layer as measured 
by an LC-PolScope imaging system.

Microfibril orientation in parenchyma cells of 
bamboo has received less attention than that in the 
fibers. To our knowledge, only one research has stud-
ied the MFA in the secondary cell wall layers, which 
was indirectly calculated with an LC-PolScope imag-
ing system (Hu et  al. 2017). Therefore, since the 

microfibril orientation of parenchyma cell wall lay-
ers is rarely studied, the microfibril orientation model 
of the parenchyma cell wall is not yet available. In 
this study, the microfibril orientation of parenchyma 
(ground and vascular parenchyma cells (Lian et  al. 
2019)) secondary cell walls was directly observed 
using a field emission scanning electron microscope 
(FESEM). The microfibril angle was measured by 
ImageJ software based on the SEM images. The accu-
racy of the microfibril orientation measured by SEM 
was verified by X-ray diffraction (XRD) measure-
ments of the average MFA of parenchyma cells. The 
in-depth study of microfibril orientation of secondary 
cell wall layers in parenchyma cells of moso bamboo 
provides insight into the anatomical structure of bam-
boo, which has theoretical and practical significance 
for the potentially high value-added bamboo utiliza-
tion and bionic materials design.

Materials and methods

Samples preparation

4-year old mature culms of moso bamboo (average 
15  cm diameter at breast height DBH, cut in 2018) 
were collected from the Taiping Experimental Base 
in Huangshan City, Anhui Province, China (118° 
13′ E, 30° 3′ N). The section containing the bamboo 
internode just above the ground was considered to 
be the first section. Moso bamboo samples obtained 
from the center of the bamboo culm in the middle of 
the tenth section were prepared, as shown in Fig. 1.

Scanning electron microscopy (SEM)

The SEM method used is based on Lian et al. (2020). 
Hand-torn samples of longitudinal sections were 

Fig. 1   Schematic illustrat-
ing sample preparation
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observed by SEM, as it is relatively easy to observe 
microfibril orientation on cell wall surface after 
mechanical tearing. SEM samples were sputter-
coated with 8  nm of gold (Bal-Tec, Herrenwyker, 
Germany) for 90 s, and then observed using FESEM 
(XL30 ESEM FEG; FEI Co., Hillsboro, OR, USA) at 
an accelerating voltage of 7–10 kV.

The distribution of ground and vascular paren-
chyma cells in the bamboo tissue is shown in Fig. 2b. 
The microfibril angles of 100 ground parenchyma 
cells (Fig. 2d) and vascular parenchyma cells (Fig. 2f) 
were measured using SEM images. The MFA of adja-
cent sub-layers of the secondary wall were obtained 
in each cell using ImageJ software (available at http://​
rsb.​info.​nih.​gov/​ij). The measurement schematic is 
shown in Fig. 2b.

X‑ray diffraction (XRD)

Due to the small proportion of vascular parenchyma 
cells (VPCs) distributed in the vascular bundle, it is 
challenging to prepare VPCs XRD samples. There-
fore, the XRD only measured the MFA of ground 
parenchyma cells (GPCs).

The XRD method is based on the approach adopted 
by Wang et al. (2010) and Cave (1997). Thin bamboo 

strips (1  mm × 2  mm × 20  mm, R × T × L) with only 
GPCs were glued on a rectangular opening in one 
side of the cardboard to prepare the XRD samples 
(Fig.  1). The chinks between the strips were elimi-
nated by stacking multiple layers of bamboo strips. 
The X-ray patterns of the samples were collected 
using an X’Pert Pro-30X diffractometer (PHILIPS 
Ltd.) with a Cu Ka radiation (λ = 0.1541  nm), an 
operating voltage of 40  kV, a 40  mA current, and 
a 0.5° scanning step. The 2θ value of the scan was 
22.4°. The incident beam radius was 240 mm. A full 
scan of the sample was made by rotating it through 
360° about the X-axis. MFA measurement was per-
formed in the symmetrical transmission mode. The 
scan intensity curve was processed by Origin17 soft-
ware for Gaussian fitting, and the fitting equation 
(Eq. 1) was as follows,

where a is the baseline constant, b is the peak height 
of fitting, μ and μ + 180 are the weighted average 
center, σ is the full width at half maximum (FWHM). 
The MFA was calculated using the 0.6  T method, 

(1)

y = a + b1 ⋅ exp

[

−(x − μ)2

2σ2
1

]

+ b2 ⋅ exp

[

−(x − μ − 180)2

2σ2
2

]

Fig. 2   Location of two kinds of parenchyma cells and sche-
matic image of microfibril angle in parenchyma cells. a micro-
fibril orientation of the secondary cell wall in GPCs. b the 

location of GPCs and VPCs. c microfibril orientation of the 
secondary cell wall in VPCs. d enlarged view of a. e the meas-
urement schematic of MFA. f enlarged view of c 

http://rsb.info.nih.gov/ij
http://rsb.info.nih.gov/ij
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where T is equal to σ1 plus σ2, which were obtained 
by the fitting formula.

Results and discussion

Microfibril orientation (MO) of secondary cell walls 
in parenchyma cells

SEM images show that the microfibrils of adjacent 
sub-layers in the secondary cell wall of parenchyma 
cells are arranged in opposite directions along the 
vertical axis (Fig. 3a, i). Thus, if the MO of a sub-
layer of the secondary cell wall is in a clockwise 
direction, the adjacent layer is arranged counter-
clockwise (Fig. 3b). Moreover, the MO of adjacent 
lateral walls of parenchyma cells were in the same 
direction (Fig.  3c, d, k), allowing the microfibrils 
to be arranged helically in the secondary cell wall. 
A previous study proposed that the secondary cell 
walls of parenchyma cells exhibited tight-loosely 

alternating layers (Lian et  al. 2020). SEM micro-
graphs show that the MO of the tight (T) and the 
loose (L) layers are almost perpendicular (Fig.  3e, 
f), while the MO of the two tight layers are in the 
same direction. Furthermore, the MA on the inner 
cell wall closer to the cell lumen was disordered 
and reticular (Fig.  3g, l). The microfibrils on the 
primary cell wall were also in a disorderly network 
arrangement (Fig.  3h), consistent with a previous 
report (Chen et  al. 2014). As with most plant cell 
walls, the primary cell wall in parenchyma cells of 
bamboo is between the middle lamella and second-
ary cell wall. Some parenchyma cells, such as short 
parenchyma cell (Fig.  3h′), only undergo primary 
cell wall thickening (Lian et  al. 2020). The micro-
fibrils on the adjacent cell wall layers of bamboo 
parenchyma cells are arranged approximately verti-
cally, which may be because the microtubules depo-
lymerized and repolymerized in opposite directions 
between the adjacent layers (Heath 1974; Green 
1980; Li 1983).

Fig. 3   Microfibril orientation of secondary cell walls in paren-
chyma cells. a–h MO of GPCs: a MO of three adjacent sub-
layers in the secondary cell wall. b MO of adjacent sub-layers. 
c MO of lateral walls. d enlarged image of c. e tight-loose 
alternating layers. f enlarged view of e. g MO of the inner wall 

adjacent to cell lumen. h MO of the primary cell wall. h′ only 
primary cell wall thickening of parenchyma cell. i–l MO of 
VPCs: i MO of multiple adjacent sub-layers. j MO of any sub-
layer. k MA of lateral walls. l MO of the inner wall adjacent to 
cell lumen. Arrow, MO; T tight-layer, L loose-layer
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It is well known that there are significant varia-
tions in the MO in the adjacent layers of the second-
ary cell wall of wood tracheid (Donaldson and Xu 
2005) and bamboo fiber (Parameswaran and Liese 
1976), which directly contributes to their higher stiff-
ness. Therefore, we speculated that the approximate 
orientation of microfibers in the adjacent layers of 
secondary cell wall of bamboo parenchyma cells was 
the one reason for the low stiffness of parenchyma 
cells. Interestingly, the microfibril orientation of the 
inner cell wall and the primary cell wall is comprised 
of reticular structures. Our previous study (Lian et al. 
2020) proposed tight-loose alternating layers for the 
secondary cell wall. So, we hypothesized that these 
structures make it easier for parenchyma cells to slip 
between layers under stress, resulting in the high duc-
tility of parenchyma cells.

Microfibril orientation near the pit aperture

Analog to water flowing over an obstacle, the orien-
tation of microfibrils near the pit aperture of GPCs 
and VPCs, generally bypassed the pits and contin-
ued in a flow-like pattern (Fig. 4a, b, d, e). Although 
MO deflected around the pit aperture, the main axis 
of microfibril orientation is maintained across the 
cell wall. Moreover, the MO of the secondary cell 
wall was similar to the long axis of the pit aperture 
(Fig.  4a, e, f). The result is similar to that given by 
Liu (2008). Figure 4c shows that the MO near the pri-
mary pit field presented a disordered network struc-
ture as the MO of the primary cell wall. Thus, it is 
concluded that the MO near the pit aperture was con-
sistent with that on the cell wall.

Savidge (2014) proposed that the formation of bor-
dered pits was associated with the bordered pit orga-
nelle (BPO). Moreover, the plasma membrane was 
involved in forming the cell wall (He et al. 2002; Yu 
2008). Since BPO prevented the overgrowth of the 
plasma membrane, it facilitated the formation of pits. 
When the plasma membrane degenerated, it inhibited 
the cell wall formation at the pit aperture (Savidge 
2014). Hence, degenerating of the plasma membrane 
inhibited the formation of microfibrils at the pit aper-
ture. Additionally, the microfibril orientation may be 
controlled by microtubules or genetic factors of the 
cell wall. The orientation of microfibrils in the same 
sub-layer of the cell wall remains unaltered as long 
as the microtubules’ orientation and the genetic fac-
tors of the cell wall remain unchanged. Therefore, the 
microfibrils on the same cell wall of parenchyma cells 
can bypass the pits and remain in the same direction 
(Fig. 4a, b, d, e).

Microfibril angle (MFA)

SEM—through the quantitative analysis of MFA SEM 
images, the results of MFA are shown in Fig. 5. As 
shown in table (Fig. 5), the MFA of the sub-layer of 
the secondary cell wall ranged from 35° to 80° in 
GPCs. On the longitudinal axis, the average MFA 
of each sub-layer of the secondary cell wall in GPCs 
arranged clockwise was 60°, while the mean MFA in 
the counterclockwise direction was 65°. In VPCs, the 
MFA of sub-layer of secondary cell wall ranged from 
40° to 70°, and the average MFA was 54° and − 52°. 
From the boxplot (Fig.  5), the MFA of the second-
ary wall of GPCs mainly ranged between 50° and 

Fig. 4   Microfibrils orienta-
tion near the pit aperture. 
a, b that near the simple 
pit of GPCs. c that near the 
primary pit field of GPC, 
enlarge view of c′. c′ only 
primary wall thickening 
of parenchyma cell with 
primary pit field. d, e that 
near the simple pit of VPCs. 
f the schematic of MO near 
pit aperture
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70°, and that of VPCs mainly ranged from 45° to 60°. 
The MFA medians of the GPCs were greater than that 
of the VPCs. In general, analysis of the SEM images 
revealed that the MFA of the secondary wall of most 
GPCs was larger than that of most VPCs.

MFA greatly influences the physical and mechani-
cal properties of the cell and even stem as a whole 
(Sultana and Rahman 2014); the small MFA can 
enhance the mechanical properties of bamboo (An 
2013). Previous studies have shown that bamboo 
fiber cells have the characteristics of strong rigidity 
and high toughness (Wang et  al. 2014). The MFA 
of parenchyma cells was larger than that of fib-
ers, with an MFA of 0° to 15° (An 2013). However, 
some scholars proposed that bamboo parenchyma 
cells are highly elastic, ductile, and have relatively 
low mechanical properties (Chen and Fei 2018; 
Wang et al. 2020a, b; Chen et al. 2021), which may 
be due to their larger MFA compared to fibers (Wang 
et  al. 2014). It has been proposed that the deforma-
tion capability of the layers with the larger MFA in 
the secondary cell wall is greater than that of the 
layers with the smaller MFA (Wang et  al. 2020a, 
b). Sultana and Rahman (2014) proposed that the 
large MFA shows low stiffness and flexibility in the 
juvenile wood. So, compared with fibers, we specu-
lated that parenchyma cells have great flexibility and 
lower stiffness. In addition, the MFA of the adjacent 
sub-layer secondary cell wall in fibers of bamboo 
is highly variable (Preston and Singh 1950; Para-
meswaran and Liese 1976; An 2013), while that in 
parenchyma cell is similar, which may also be one of 

the reasons for great flexible and ductility of paren-
chyma cells. In this study, the larger MFA of GPCs 
than VPCs indicated that GPCs are more flexible and 
ductile than VPCs. Moreover, cell morphology vali-
date the results. Previous study showed that the larger 
the cell lumen of parenchyma cells, the greater the 
deformation and the better the ductility (Chen et  al. 
2020). The cell lumen of GPCs is significantly larger 
than that of VPCs (Lian et al. 2019), and the ductility 
of GPCs is better than that of VPCs. Moreover, two 
different MFAs of parenchyma cells also indicate two 
independent parenchyma cell structures in bamboo to 
meet different mechanical requirements.

XRD—X-ray diffraction (XRD) is a well-estab-
lished method for determining the average MFA 
(Sarén and Sarimma 2006). The method is easy to 
perform, representative, reproducible, and does not 
require pretreatment of the samples (Wang et  al. 
2020a, b). In this study, the mean MFA of GPCs was 
calculated from the peak fitting of the intensity pro-
file obtained by XRD using the 0.6 T method. Since 
gaussian fitting removes the noise of diffraction peak 
effectively, the above fitting formula was used to fit 
the angle-intensity data to a Gaussian curve shown in 
Fig. 6. MFA was determined from the intensity that 
has the strongest peak (Wang et al. 2020a, b).

Through fitting curve analysis, the FWHMs of 
intensity peaks at 1 and 2 have been used to calcu-
late the parameter T. Figure 6 shows that the average 
MFA of GPCs was 63.3°. The calculation process of 
MFA was shown in the supplementary materials. The 
result was consistent to a certain extent with the SEM 
measurement of the mean MFA, which was 60° or 
65°, and also consistent with that given by An (2013, 

Fig. 5   The result of the MFA of the secondary cell wall in 
parenchyma cells and the boxplot of cellulose microfibril angle 
of sub-layer cell wall

Fig. 6   The XRD fitting curve of MFA in GPCs; linear back-
grounds were subtracted from raw data
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mean θ = 60°) and Ahvenainen et  al. (2017, mean 
θ = 65°). So, the method of measuring MFA by SEM 
was practicable. The results suggested that SEM can 
measure the MFA of the sub-layer of the secondary 
cell wall. However, it is still challenging to obtain 
the MFA of the directional sub-layer of the second-
ary cell wall in parenchyma cells. Therefore, further 
research on the MFA of the parenchyma cell wall is 
required.

Model of parenchyma cell wall

Our previous study showed that the secondary cell 
wall of parenchyma cells in moso bamboo was tight-
loose alternating layers and contained seven or five 
sub-layers (Lian et  al. 2020). Based on the cross-
sectional morphology characteristics of parenchyma 
cells (Fig.  7a), the structural parameters of the cell 
wall in GPCs (Fig. 7b), and the MO of the cell walls 
(Fig. 7c, d,e), a structure model of microfibril orien-
tation of parenchyma cell wall of moso bamboo was 
constructed, as shown in Fig. 7f.

Conclusions

Microfibrils are the most important framework of cell 
walls, and their orientation influences the mechanical 

properties of cell walls, reflecting the patterns of cells 
morphogenesis. This study characterized the MO and 
MFA of the secondary cell walls in moso bamboo 
parenchyma cells. The relationship between MFA 
and mechanical properties was analyzed. SEM obser-
vation revealed that the microfibrils of adjacent sub-
layers are arranged in opposite directions along the 
vertical axis in the secondary cell wall of parenchyma 
cells. The MO of adjacent lateral walls with the same 
direction suggested that the microfibril in the second-
ary cell wall have a spiral arrangement. Moreover, the 
MO of the cell wall closer to the cell lumen and on 
the primary cell wall were disordered and reticular. 
MO of the secondary cell wall was in the flow-like 
patterns bypassing the pit aperture, and its direction 
was the same as the long axis of the pit aperture. 
SEM quantification showed that the average MFA of 
the secondary wall of most ground parenchyma cells 
was larger than that of most vascular parenchyma 
cells. Additionally, XRD analysis revealed that the 
mean MFA (63.3°) measured by the 0.6  T method 
agrees to some extent with the SEM results (average 
MFA of either sub-layer is 65° or 60°). Thus, SEM 
was a viable method to measure the MFA of sub-lay-
ers of the secondary cell wall. Furthermore, an MA 
model of the parenchyma cell wall is proposed. These 
results increased our understanding of the microfibril 
orientation of the parenchyma secondary cell wall 

Fig. 7   The structure of parenchyma cells and the structure 
model of microfibril orientation of parenchyma cell wall. a 
the morphology of parenchyma cells in cross section. b the 
cell wall structure of parenchyma cells. c MA of the primary 
cell wall in parenchyma cell. d MA of the adjacent sub-layers 

in secondary cell wall of parenchyma cell. e MA of the inner 
cell wall in parenchyma cell. f the structure model of microfi-
bril orientation of parenchyma cell wall. ML middle lamella, P 
primary cell wall, S secondary cell wall, T tight layer, L loose 
layer
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suggesting that MFA had a larger effect on flexibil-
ity and ductility. Altogether, these results provide the 
theoretical and data basis for future improvements 
of bamboo production and utilization applied to the 
design of novel bionic nanostructure.
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