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Abstract: Lodging is one of the major constraints in attaining high yield in crop production. Major
factors associated with stalk lodging involve morphological traits and anatomical features along
with the chemical composition of the stem. However, little relevant research has been carried out in
sorghum, particularly on the anatomical aspects. In this study, with a high-throughput procedure
newly developed by our research group, the nine parameters related to stem regions and vascular
bundles were generated in 58 sorghum germplasm accessions grown in two successive seasons.
Correlation analysis and principal component analysis were conducted to investigate the relationship
between anatomical aspects and stalk mechanical traits (breaking force, stalk strength and lodging
index). It was found that most vascular parameters were positively associated with breaking force
and lodging index with the correlation coefficient r varying from −0.46 to 0.64, whereas stalk strength
was only associated with rind area with the r = 0.38. The germplasm resources can be divided into
two contrasting categories (classes I with 23 accessions and II with 30 accessions). Compared to class
II, the class I was characterized by a larger number (+40.7%) and bigger vascular bundle (+30%),
thicker stem (+19.6%) and thicker rind (+36.0%) but shorter internode (plant) (−91.0%). This study
provides the methodology and information for the studies of the stem anatomical parameters in crops
and facilitates the selective breeding of sorghum.

Keywords: sorghum; plant genetic resources; landraces; characterization; lodging resistance

1. Introduction

Lodging is defined as the permanent displacement of plant shoots from an upright
position due to internal and external factors [1]. Crop lodging reduces grain yield and
deteriorates grain quality [2–4]. Sorghum (Sorghum bicolor L.) is a staple food source
and the fifth most important major cereal, with end-uses as diverse as food, feed, fuel
and forage [5,6]. In forage sorghum, yield losses of about 40% have been reported due
to stalk lodging [7]. The severity of lodging depends upon both plant characteristics
and environmental factors. Studies have shown that crop lodging mainly depends on
plant morphology and stalk characteristics [8–11]. Genetic studies have further indicated
that the improvement in the stem or root properties provides a promising strategy for
lodging resistance [12–14]. It is of great significance to assess the risks of lodging and stem
characteristics for breeding new varieties of sorghum.

Studies on the relationship between the culm characteristics and lodging resistance
have mainly been focused on some staple crops such as wheat (Triticum aestivum L.), maize
(Zea mays L.) and rice (Oryza sativa L.) [15–18]. Previous studies have clearly indicated
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that stalk strength is a complex trait which includes the mechanical elasticity and rigidity
of the stalk and is closely associated with stem morphological, cell wall chemical and
anatomical traits [19–23]. The thickness of sclerenchyma, the quantity, the shape and even
the distribution of vascular bundles could affect the lodging resistance of a stalk [18,24,25].
Several previous studies have focused on the anatomical features associated with lodg-
ing resistance in maize [26,27]. The cross-sectional morphology of stalks including rind
thickness and diameter were reported as the key determinants of stalk bending strength
and lodging resistance in maize [19,28–30]. The thickness of sclerenchyma is positively
correlated with lodging resistance [31–33]. A larger proportion of fiber bundle area to stem
area will benefit the higher lodging resistance. In addition, the importance of chemical com-
position and fine anatomical structure in determining stem mechanical properties has been
recognized [34–36]. However, it should be noted that most results were based on C3 plants
such as wheat and rice which have hollow stems differing with C4 plants [18]. Few studies
have been reported on the analysis of lodging resistance from the stem structure in sorghum
due to the lack of simple techniques for cross-sectional phenotyping on a large scale. For-
tunately, a simple and cost-effective method for measuring cross-sectional morphology
has recently been developed and applied to several plant samples including sorghum
(Sorghum bicolor) [37]. However, only three parameters were investigated in the study and
relationship of these parameters and stalk mechanical properties remains unexplored.

In this study, 58 sorghum germplasm accessions with rich genetic diversity assess-
ing two different planting seasons were selected. Three stalk traits, including breaking
force, stalk strength and lodging index, were used to evaluate the mechanical properties
of the sorghum stalks. In addition, facilitated with a novel method, the parameters associ-
ated with vascular bundles and sclerenchyma of stem slices were generated. Thereafter,
the relationship between stalk mechanical properties and the anatomical parameters of
stems was explored, which provides the reference for selecting lodging resistance superior
germplasm resources.

2. Materials and Methods
2.1. Plant Materials

A total of 58 sorghum germplasm accessions collected from China (Sichuan, Guizhou,
Hunan, Jilin and Liaoning), United States of America and India were used in this study
(Table 1). The materials were planted at the experimental farm on the campus of Guangxi
University for two successive growing seasons in 2021. In the first season, the sorghum
germplasm accessions were direct-seeded in the field on 17 March 2021 and were harvested
on 1 August 2021. In the second season, the seeds of germplasm accessions were sowed
in plots at green house first, then 15 days later the seedlings were transplanted into the
field on 12 September 2021 and were harvested on 10 January 2022. Twenty individuals
from each genotype were grown in two rows with a distance of 30 cm between plants
in each row and 60 cm between rows. Field management essentially followed the local
sorghum cropping practices. The lines were harvested individually at maturity to prevent
seed contamination among lines.

Table 1. Germplasm resources used in this study.

No. Genotype Source No. Genotype Source No. Genotype Source

1 Chuannuoliang 1 Sichuan 21 43# Guizhou 41 1791# Liaoning
2 Chuannuoliang 2 Sichuan 22 44# Guizhou 42 LR622 Liaoning
3 Guojiao 1 Sichuan 23 92-2V-50 Guizhou 43 LR625 Liaoning
4 Hongyingzi Sichuan 24 G2 Guizhou 44 Jian LR Liaoning
5 Jinuoliang 2 Sichuan 25 G216 Guizhou 45 Zheng♂1 North China
6 Jinnuoliang 2 Sichuan 26 G752 Guizhou 46 Early sumac Sorgo America
7 Jinnuoliang 5 Sichuan 27 G8 Guizhou 47 HAGEENDYRA America
8 Jinnuoliang 9 Sichuan 28 RH7.1 Guizhou 48 Hegari #750 America
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Table 1. Cont.

No. Genotype Source No. Genotype Source No. Genotype Source

9 Jinza 34 Sichuan 29 RH28.2 Guizhou 49 IS-0508 America
10 Qingkeyang Sichuan 30 V-9 Guizhou 50 IS-0829 America
11 Yinuohong 5 Sichuan 31 Q1 Guizhou 51 IS-1166C America
12 10098 Sichuan 32 Q4-1 Guizhou 52 IS-1291 America
13 Hongkenuo Guizhou 33 Q14-3 Guizhou 53 IS-1461 America
14 Qingxuan 2 Guizhou 34 Q15 Guizhou 54 ICSB55 India
15 Qiangao 7 Guizhou 35 Q24 Guizhou 55 ICSB56 India
16 Qiangao 8 Guizhou 36 Q27 Guizhou 56 ICSH11 India
17 8039 Guizhou 37 K1781 Jilin 57 ICSH12 India
18 125# Guizhou 38 Xiangnuo R Jilin 58 ICSH15 India
19 260# Guizhou 39 Nuo 3 Jilin
20 2V-29 Guizhou 40 1269R Liaoning

2.2. The Measurement of Plant Morphological Traits and Stem Mechanical Properties

At the stage of the wax ripening, 10 whole plants of each sorghum germplasm ac-
cessions were harvested and measured for stalk traits, including plant height, plant fresh
weight, sixth internode length and sixth internode diameter (Figure 1). Plant height (cm)
was measured as the length from the ground to the apex of the plant panicle. The fresh
weight per plant (g) was measured as the weight of aerial part of a whole plant including
the weight of the panicle, stalk and seeds. Stem breaking force refers to the force (N) when
the indenter is pressed against the middle of the internode at a slow and uniform speed
perpendicular to the stalk axis direction until it breaks. The sixth internodes of three plants
from each sorghum germplasm accessions were subjected to a three-point bending test
(3PBT) according to previous studies measuring the breaking force (BF) by using a prostrate
tester (YYD-1, China) [38–40]. In detail, the distance between the two fulcra was set to the
distance of two nodes of the sixth stem segments and the breaking site was arranged at the
center of the sixth internode.
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The following formula was used to calculate the stalk strength (STR, reported in MPa).
STR was considered as the maximum stress required to break the structural integrity of
the stem [41] and is given by σmax = (F2)Lin

4I ∗ γ, where F2 is the force required to induce
breakage (N, breaking force), Lin is internode length (mm), γ is internode radius (mm)
and I is the second moment of an area (with units of mm4) quantifies the resistance to
bending provided by cross-sectional geometry and size. For beams with a solid circular
cross-sectional geometry, I was given by the formula I = πD4/64, where D is the diameter
of the internode. Since precondition of the formula of STR is that the ratio of the length to
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the diameter should be above 10, the population size of the first season and second season
were reduced to 27 and 40, respectively.

The lodging index (LI) was proposed to measure the lodging susceptibility of the
lower culm internodes [23,37,42,43]. LI has been defined by calculating the moment of
bending divided by the breaking resistance (here calculated as plant height × plant fresh
weight/breaking force) according to a previous study [44].

2.3. Microscopy of Anatomical Features

A total of 116 images of stem cross-section slices were collected from the sorghum at
booting stage (Figure 1). The middle parts of the second internodes were cut into slices
with 0.2 to 0.4 mm thickness by hand. Subsequently, the fresh slice samples were dipped
into a solution of 5% phloroglucinol [ethyl alcohol: water = 95:5, (v/v)] and concentrated
hydrochloric acid for 15 s for staining. All slices were photographed with an OLYMPUS
SZ61 stereoscopic microscope with the magnification is 6.7× to 15×, The resolution is
1790 pixels × 1370 pixels, and the images were saved as BMP files.

2.4. Annotating the Images of Stem Slices from Sorghum Stalks

We used the software “Labelme” to draw contours and to label the classes of vascular
bundles and functional zones as annotations in digital images (Figure 1). The images
are annotated by “Labelme” to form corresponding json format files. This file holds the
attributes associated with each labeled object, including the object label, the object shape
and the object contour points. In this study, the object labels included five categories: large
vascular bundle, small vascular bundle, stem, rind and cavity. Two kinds of object shapes,
polygon and circle, were adopted. The object contour point is the coordinate point set
corresponding to the manual annotation point. Each object is a closed curve.

2.5. “Python” Code Processing to Extract Stem Anatomical Parameters

After importing data with “Python”, the scale of the image was firstly identified and
the number of pixels in scale was counted in horizontal direction. The fixed physical length
of the scale was divided by the number of pixels to obtain the ratio of the physical size
of the picture to the pixel size, which will be used for subsequent unit conversion. After
that, OpenCV was called to process the json file. The functions in OpenCV library were
used to get the parameters of the objects. The perimeter of an object was calculated with
cv2.arclength () in pixel scale, the area of an object was calculated with cv2.contourArea().
Cv2.minenclosingcircle () was used to fit the minimum enclosing circle of an object to
calculate the center and radius of the shape. The primary traits of vascular bundle were
obtained, and then the traits including the number, area and distance of vascular bun-
dle were obtained by unit conversion (Figure 1). The Python codes were provided as
Supplementary Material in PDF format (Figure S1).

2.6. Statistical Analysis and Visualization Methods

Python (version 3.9.12) and Excel were used for data collation and statistical analysis
(Figure 1). Thermal maps and boxplots were drawn with Matplotlib (version 3.5.1) and
the Seaborn (version 0.11.2) loaded in Python. Principal components were calculated with
the PRCOMP loaded in R (version 4.1.0). FactoMineR (version 2.4) was used to extract the
variance contribution rates of the principal component and the variable contribution rate to
each principal component. Ape (version 5.6–2) was used to draw circular cluster maps.

3. Results
3.1. Statistics of the Stem Mechanical Properties of Sorghum Germplasm Resources

The average diameter of the sixth internode was 12.6 mm in the first season (S1), and
11.5 mm in the second season (S2) (Table 2). The average length of the sixth internode was
132.8 mm (S1) and 151.1 mm (S2). The average breaking force was 99.2 N (S1) and 76.4 (S2).
The average stalk strength was 17 MPa (S1) and 16 MPa (S2). The average lodging index (LI)
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was 620.0 cm·g·N−1 (S1) and 886.9 cm·g·N−1 (S2). The diameter and strength had relatively
small variation, while the other traits had larger variation with the coefficients of variation
(CV) ranging from 20% to 63% (S1) and from 18% to 77% (S2) in two seasons, respectively
(Table 2). Despite some slight differences in the values of the traits between two seasons,
the correlations of the same traits were all highly significant (r = 0.48 * to 0.86 **), indicating
the similarity in the phenotypes of plants in two seasons (Table 2). Most traits were in
normal distribution except the average area of small vascular bundles in the first season
(Table 2).

Table 2. Statistics of mechanical properties and relevant stalk traits of sorghum germplasm resources.

Traits
First Season of 2021 Second Season of 2021 r between

Two SeasonsMean Min Max CV (%) Skew Kurt Mean Min Max CV (%) Skew Kurt

Plant height (cm) 177.6 98.0 261.8 25.2 0.0 −1.0 165.3 87.7 262.3 25.3 0.3 −0.4 0.86 **
Plant fresh weight (g) 253 125.3 607.0 40.5 1.6 2.4 257.8 146.7 556.7 34.1 1.7 3.0 0.54 **

Sixth internode
length (cm) 132.8 38.0 297.5 42.9 0.7 0.4 151.1 25.0 307.3 44.5 0.5 0.2 0.85 **

Sixth internode
diameter (cm) 12.6 9.2 20.8 19.9 1.1 0.9 11.5 8.2 19.4 18.4 1.3 2.6 0.78 **

Breaking force (N) 99.2 25.8 316.2 62.1 1.2 1.6 76.4 15.9 271.4 76.8 1.5 1.8 0.82 **
Stalk strength (MPa) 17.0 10.0 27.6 24.4 0.6 0.6 16.0 8.3 33.5 36.0 1.2 1.2 0.8 **

Lodging index
(cm·g·N−1) 620.0 129 1644.1 63.0 0.7 −0.1 886.8 87.9 2260.5 68.8 0.7 −0.4 0.48 *

* and ** significant at p ≤ 0.05 and ≤0.01.

3.2. Statistics of Stem Cross-Sectional Parameters of Sorghum Germplasm Resources

The number of large vascular bundle (LVB) ranged from 56–349 in the first season (S1),
and 89–390 in the second season (S2) (Table 3). The number of small vascular bundle (SVB)
was ranged at 64–274 in S1 and at 78–282 in S2. Obviously, the number of LVB was much
higher than SVL. The total number of vascular bundles (TVB) was ranged at 120–570 in S1
and at 167–672 in S2. The average area of LVB and SVB was 0.015 mm2 in S1 (0.023 mm2 in
S2) and was 0.006 mm2 in S1 (0.009 mm2 in S2), respectively. The stem area was 33.7 mm2

in S1 and 66.9 mm2 in S2. The average rind area was 4.3 mm2 in S1 and 7.6 mm2 in S2.
With the exception of stem diameter (CV = 20.8% in S1 and CV = 18.6% in S2), significant
phenotypic variation was detected in the vascular bundle traits among accessions with the
CVs ranging from 30% to 50% in S1 and 24% to 47.4% in S2 (Table 3).

Table 3. Statistics of stem cross-sectional parameters of sorghum germplasm resources.

Traits
First Season of 2021 Second Season of 2021 r between

Two SeasonsMean Min Max CV (%) Skew Kurt Mean Min Max CV (%) Skew Kurt

Number of large
vascular bundles (No.) 143.0 56.0 349.0 49.4 1.3 1.1 204.0 89.0 390.0 33.4 0.6 −0.2 0.47 **

Number of small
vascular bundles (No.) 132.0 64.0 274.0 30.7 1.3 2.8 182.0 78.0 282.0 24.7 0.2 −0.1 0.36 **

Total number of
vascular bundles (No.) 275.0 120.0 570.0 37.7 1.0 0.7 386.0 167.0 672.0 27.4 0.5 0.0 0.55 **

Area of large vascular
bundles (mm2) 0.015 0.006 0.038 39.4 1.7 3.4 0.023 0.013 0.043 25.9 1.2 2.0 0.48 **

Area of small vascular
bundles (mm2) 0.006 0.002 0.021 47.4 2.5 10.2 0.009 0.004 0.020 47.4 1.2 1.1 0.57 **

Stem diameter (mm) 6.7 4.1 9.3 20.8 0.0 −1.0 9.6 6.3 14.6 18.6 0.6 0.6 0.47 **
Stem area (mm2) 33.7 11.9 60.7 39.5 0.2 −1.0 66.9 28.4 159.8 39.5 1.4 2.5 0.52 **
Rind area (mm2) 4.3 1.2 9.9 48.9 0.7 0.1 7.6 4.2 14.9 28.8 1.2 2.2 0.31 *

Percentage of TALVB to
SA-CA (%) 6.4 3.2 15.3 41.0 1.8 2.6 7.1 4.0 11.5 24.8 0.5 −0.1 0.37 **

TALVB: total area of large vascular bundles; SA-CA: stem area minus cavity area; * and ** significant at p ≤ 0.05
and ≤0.01.
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Compared with the mean values of all vascular bundle parameters in the first season,
the parameters in second were larger, whereas the CV of the second season was slightly
smaller. The correlation of the same cross-sectional parameters between two seasons was
significant (r values mostly about 0.5), essentially indicating the data from the two seasons
had the same tendency (Table 3). The average area of large (small) vascular bundle was
right-skewed distribution, and the others were normal (Table 3).

3.3. Correlation of Stalk Mechanical Properties with the Stem Cross-Sectional Parameters in
Sorghum Germplasm

The relationship of stalk mechanical properties with multiple stem-related traits is
of great interest. Here, in the first season, it was found that the breaking force (BF) was
positively associated with most vascular bundle parameters, especially significant was
the number of LVB, TVB and SVB, but not significantly correlated with the average area
of vascular bundles (Figure 2). In addition, the BF was positively correlated with stalk
internode diameter (r = 0.75 in S1 and r = 0.71 in S2), but negatively correlated with
internode length. Stalk strength is a pressure per unit of cross-sectional geometry and
size. In contrast with the BF, the stalk strength is not significantly correlated with most
vascular bundle parameters. Interestingly, it was positively correlated with the rind area
in both seasons (r = 0.38 in S1 and r = 0.32 in S2) and negatively with the internode
diameter (r = −0.45 in S1 and r = −0.6 in S2). It can be preliminarily concluded that
increased number of vascular bundles will not increase the stem strength, but increased
rind (peripheral sclerenchyma) thickness will increase the stem strength. Lodging index
(LI) reflects the genotype being prone to lodging, which was negatively correlated with
most vascular indexes, but was positively correlated with internode length (r = 0.85). Since
internode length and height are significantly and positively correlated, it is understood that
higher plant height has a greater risk of lodging in sorghum germplasm. Stem diameter was
positively correlated with all vascular traits, indicating that the number and area of vascular
bundles increased with thicker stem. The thicker the stems were, the more vascular bundle
number and area were in sorghum germplasm. Internode length and LI were negatively
correlated with the number of vascular bundles and stem area. The correlation of traits
in two seasons was basically the same with each other, despite the r values being slightly
varied. Similarly, BF were positively correlated with all cross-sectional parameters in both
seasons. Salk strength was positively and significantly correlated with the sixth internode
length (r = 0.51 *) in the second season, and the positive correlation was also observed but
did not reach the significant level in the first season (r = 0.32). LI was negatively correlated
with all vascular traits, indicating that the increase in vascular bundle will decrease the
lodging risk (Figure 3).

3.4. The Principal Components Analysis of the Stalk Mechanical Properties and Stem
Cross-Sectional Parameters

The variance contributions of the top three principal components were 51.5%, 17.2%
and 11.8% (totaling 80.5%) in S1, and 60.4%, 13.6% and 9% (totaling 83%) in S2 (Table 4).
The stem area, the rind area, the sixth internode diameter and the number of vascular
bundles were the variables with high contributions to the first principal component (PC1)
in both seasons. It was speculated that the PC1 reflects the stem thickness and the resulting
changes in the number of vascular bundles. The sixth internode length, the average area of
large or small vascular bundles and the lodging index counted more than other traits to the
second principal component (PC2) in S1. It might reflect the correlation effect brought by
the internode length. The variables that contributed more to the third principal component
(PC3) in S1 were the number of vascular bundles, the average area of vascular bundles,
the sixth internode length and the mechanical traits including the breaking force and the
lodging index which depend on these aforesaid variables. The sixth internode length, the
breaking force and the lodging index weighed more to the PC2 in S2. The sixth internode
diameter and the average area of large or small vascular bundles contributed more to the
PC3 in S2. Compared with S1, the contribution of traits to the principal components in S2
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was clearer. The principal component analysis showed the differences among the sorghum
germplasm resources were firstly in the number of vascular bundles and stem thickness
and secondly by the internode length and the lodging index.
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Figure 3. Scatter plots to illustrate the significant correlation between the stem cross-sectional
parameters and stalk mechanical properties in sorghum (the subscript numbers “1” and “2” after the
traits indicated season 1 and season 2, respectively). * and ** significant at p ≤ 0.05 and ≤0.01.

Table 4. The variance contributions of sorghum germplasm resources.

First Season of 2021 Second Season of 2021

PC1 PC2 PC3 PC1 PC2 PC3

Number of large vascular bundles 11.6 0.2 7.4 10.5 1.4 1.5
Number of small vascular bundles 7.2 3.0 16.1 8.8 1.0 0.0
Total number of vascular bundles 11.4 0.9 11.7 11.2 1.4 0.6

Area of large vascular bundles 3.8 19.1 12.5 8.4 1.8 13.5
Area of small vascular bundles 2.0 18.6 10.1 3.9 0.3 36.8

Stem diameter 12.0 2.9 1.5 9.6 8.3 3.0
Stem area 12.2 2.3 1.4 10.4 4.5 3.2
Rind area 8.5 6.6 2.1 8.4 5.0 2.0

Percentage of TALVB to SA-CA 5.5 4.6 2.9 5.7 0.2 23.5
Sixth internode length 4.7 18.7 10.0 3.9 33.4 0.1

Sixth internode diameter 8.4 1.5 4.8 6.7 2.5 13.6
Breaking force 7.8 7.4 9.4 7.8 11.6 1.7
Stalk strength 5.0 14.2 10.0 4.8 28.6 0.3
Lodging index 51.5 17.2 11.8 60.4 13.6 9.0

the variance contribution rate of the PC 51.5 17.2 11.8 60.4 13.6 9.0

3.5. Two Contrast Categories Were Obtained and Compared

After normalization and integration of the traits and parameters from two seasons,
the sorghum germplasm resources can be divided into two contrasting categories. Class
I, consisting of 23 germplasm accessions, is characterized by a larger number of vascular
bundles (LVB, SVB and TVB), larger vascular bundle area, larger stem area, thicker stem,
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thicker rind but shorter internode, which is lodging resistant with both higher breaking
force and higher stalk strength (Figure 4). These materials were collected from India, North
China, Sichuan and Guizhou. Class II was contrary to class I in terms of the above traits and
parameters, with a total of 30 accessions, of which 24 (73%) were local varieties in Guizhou.
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from class I (left) and class II (right); (C) box-plots to illustrate the differences between class I and
class II (season 1 is in blue, season 2 is in purple).
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4. Discussion
4.1. The Development of a Novel Procedure Allowed the High-Throughput Extraction of the
Anatomical Parameters

Many studies have indicated that stem-related traits, such as basal internode length
and thickness, stem wall thickness, leaf sheath covering and thickness, contribute to
culm strength and lodging resistance [38,45]. In maize, it was reported that the cross-
sectional morphology of stalks, such as rind thickness and diameter are key determinants
of stalk bending strength and lodging resistance [19,28–30]. Efforts to understand the
mechanism of lodging and to improve stem strength and its related components should
be an important focus in future sorghum breeding for lodging resistance. However, few
studies have been reported in sorghum due to the lack of suitable analysis methods on a
large scale. Until recently, a new phenotyping methodology was developed to quantify
two-dimensional plant cross sections in a range of plant samples including sorghum
(Sorghum bicolor) (maize (Zea mays L.), wheat (Triticum aestivum L.) and Arabidopsis (Arabis
thaliana L.) [37]. The new methodology employs an inexpensive stereoscope and a semi-
automated image processing algorithm which can be used to produce specimen specific,
dimensionally accurate computational models of plant stalks. In this study, we reported
a novel procedure by integrating the image annotation software “Labelme” and code
processing language “Python” to produce the parameters of vascular bundles and regions
of stem slices. The technique is simple, cost-effective and in a high-throughput manner, can
be applied to a range of plant samples to investigate the relationship of the vascular bundles
and mechanical properties in a sorghum germplasm population. Moreover, compared
with the previous study which only generated three types of parameters (diameter, rind
thickness and number of vascular bundles), our procedure can generate more parameters
including the area of each region and the number, size, location, proportion and density of
vascular bundle. For example, our procedure can be extended to produce the distance of
each vascular bundles from the central point of a stem slice which might not differ much
among the plant species. Our procedure can accurately measure the circumference and the
areas of a stem even that the shape of stem circle is irregular. Using a common office laptop
(macOS version 10.14.6, processor 2.7 GHZ Intel Core i7), the method only needed 16 s to
calculate nine parameters for 58 samples in this study and took 4.7 min for 1000 samples to
export 26 parameters traits (simulation experiment). The speed of method mainly depends
on the number of plant samples (annotated images).

4.2. The Relationship of the Traits and Parameters of the Sorghum Stem and the Inspiration
for Breeding

One of the highlights in this study was that it adapted the three mechanics traits to
evaluate the lodging related properties, including breaking force (BF), stalk strength and
lodging index (LI). The differences in these indicators can be inferred from their calculation
formulas. The BF is intuitive, simple, with the mechanical factor being measured directly
with a dynamometer. BF as an index of lodging resistance was used in some previous
studies [18,22,46]. However, we know it is affected by many factors, as was found in this
study. These factors could include the morphological feature of a stalk as a whole (length,
diameter and area etc.) in addition to the chemical composition (material), texture and
inner structure (geometric) of a stalk [22,23,47–50]. It is of interest to investigate the per
unit force of a material or tissue (stalk strength here) which is independent of the size
(diameter and area) of items and is valuable in breeding programs. In this study, we
found that the variation of stalk strength is not large among the germplasm accessions,
indicating the homogeneous material properties of the sorghum stalk. This means that
the increased breaking force largely depends on the larger size of tissues and organs. It
is reasonable that the thicker stem together with the larger number of vascular bundles
benefits the stalk breaking force. The result was similar to the finding in maize, whereby
maximum stresses were much more sensitive to the changes in dimensions of the stalk
cross-section than they were to changes in material properties of stalk components [19].
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These results suggested that the breeding of bioenergy sorghum (or feed sorghum) varieties,
where the increased digestibility is typically associated with low structural strength and a
propensity for lodging, can be counterbalanced by the increases in stalk diameter. One of
the significant findings in this study was that stalk strength was significantly correlated
with the thickness of rind (peripheral sclerenchyma), composed of a thickened cell wall
with great mechanical strength. The result was similar with the findings in wheat [18,51]
and maize [25,37]. Therefore, these results suggested that the rind thickness is a critical trait
for preventing lodging in crops including grain sorghum. Since lodging is also considered
to result from the imbalance between the weight of the upper plant parts and the sturdiness
of the basal parts, a lodging index was proposed to measure the lodging susceptibility
of the lower culm internodes [23,37,42,43]. Compared to the breaking force and stalk
strength, the LI combined the effects of major internal forces of plants and was widely
used in both field crop production and academic research. The data of the LI obtained
in this study were effective for the evaluation of the lodging resistant performance of the
sorghum germplasm resources. As a result, we found that the resources in class I have
stronger lodging resistance and the in-depth investigation of these resources will benefit
the breeding of the elite sorghum varieties.

5. Conclusions

With the “LabelmeP1.1” method, which combined the image-annotation function of
a commercial software “Labelme” with popular coding language “Python“, this study
achieved a high-throughput extraction of nine parameters related to sorghum stalk regions
and vascular bundles. The diversity of vascular bundle parameters and their relationships
in 58 sorghum germplasm accessions grown in two seasons were evaluated. It is clear that
vascular traits (number, area and density) were closely related to stalk mechanical traits
(breaking force, stalk strength and lodging index) with the r values varying from −0.46 to
0.64. One of the striking findings was that stalk strength was significantly correlated with
the rind thickness, suggesting a new approach for preventing lodging in sorghum. Based
the morphology and vascular bundle parameters, sorghum germplasm accessions can
be divided into two contrasting categories, which will be helpful to understand the stem
properties of materials for breeding purpose. In conclusion, high-throughput phenotyping
of cross-sectional morphology developed in this study (16 s for 58 annotated images) will
increase our ability to investigate the stem anatomical parameters and thus will facilitate
the structural engineering of the stalk mechanical strength in crops.
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in this study to extract stem anatomical parameters.
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