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Integrated physiological and transcriptomic
analyses reveal that cell wall biosynthesis
and expansion play an important role in the
regulation of plant height in alfalfa’

Fang Jing', Shang-Li Shi'", Wen-Juan Kang', Bei Wu', Bao-Fu Lu' and Jian Guan'

Abstract

Background Alfalfa (Medicago sativa L) is a high-quality, high-protein forage, and the improvement and breeding
of key traits are important for enhancing the productivity of alfalfa. Plant height is an important trait that affects crop
yield, and its regulatory network mechanism has been widely reported in model plants, however, there are fewer
studies on the developmental regulatory of plant height in alfalfa.

Results In this study, we screened tall (WL525HQ) and short (WL343HQ) alfalfa materials through field experiments
and analyzed the regulatory mechanism of plant height based on the multidimensional joint analysis of phenotype,
cell, physiology, and molecular biology. The results showed that internode length was an important factor
determining plant height in alfalfa, and cell size affected the internode elongation to a certain extent, whereas

cell size was limited by cell wall. Moreover, changes in cell wall components play an important role in cell wall
expansion, especially lignin synthesis. Transcriptome analysis showed that the high expression of hydrolase activity
in T1 (initiation growth period) facilitates the expansion of the cell wall, the significant enrichment of the cellular
modification process in T3 (rapid growth period) increases the cell size, and the synthesis of cell wall structural
constituents and plant-type cell wall organization in T5 (growth stabilization) further improves and modifies the cell
wall structure. Differential genes involved in cell wall biosynthesis and expansion were mainly enriched in cellulose
synthesis, pectin cleavage, lignin formation, expansion protein (EXP), and xyloglucan endotransglycosidase (XTH).

Conclusions These findings elucidated the plant height regulation mechanisms throughout the alfalfa plant and
provided a theoretical basis for the generation of ideal alfalfa plant height germplasm.
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Background

Plant height is a key factor in the processes of photo-
synthesis and nutrient allocation in plants, a reasonable
plant height is the basis of a good plant shape [1-3]. The
elongation of plant stalks is often accompanied by the
expansion of meristematic tissues, and the corresponding
increase in cell volume, degree of cell wall elongation, and
the plant’s control of cell growth determine the length of
the internode and height of the plant [4]. The cell wall is a
three-dimensional network composed of cellulose, hemi-
cellulose, pectin, polysaccharides, and proteins [5]. Cel-
lulose plays an important role in regulating the volume
and determining the size of plant cells [6]. Furthermore,
the altered binding of pectin and cellulose microfibrils
may be a major factor in the regulation of internode
elongation [7]. Cells reach their final size and shape after
undergoing secondary cell wall development, and after
differentiation, they begin lignification [8]. Appropriate
levels of lignin deposition are essential for plant develop-
ment because a decrease in lignin content results in plant
dwarfism [9]. Most of the solar energy accumulated in
plants is converted to chemical energy through photo-
synthesis and then locked in the cell wall polymers lignin,
hemicellulose, and cellulose, which are important factors
directly affecting cell elongation and plant height [10].

Plant cell wall loosening is a physiological process that
is necessary for cell expansion and elongation through-
out plant growth and development [11]. The cell wall
provides rigid structural support for tissues and organs
both by stretching to provide the elasticity required for
cell expansion and by absorbing new polysaccharide
polymers to maintain its thickness and toughness [12].
Expansion proteins (EXPs) are a class of proteins found
within the plant cell wall and are mainly involved in cell
growth, elongation, and cell wall modification, thereby
promoting cell wall relaxation under acidic conditions
[13, 14]. Xyloglucan endotransglucosylase (XTH) is a key
enzyme that participates in plant cell wall remodeling, in
which it relaxes and degrades the cell wall as well as facil-
itates cell wall strengthening and synthesis [15].

Alfalfa (Medicago sativa L.) has wide adaptability, high-
stress tolerance, and high biological yield; its stems can
be used as bioenergy materials; its leaves can be used
for high-protein feed; and its root system can perform
nitrogen fixation, making it a perennial legume crop
with excellent development potential [16, 17]. The plant
height of alfalfa is affected by its biological characteris-
tics, and its growth pattern exhibits an “S” curve, i.e.,
the plant changes from slow growth to fast growth dur-
ing the nutrient accumulation stage, and then the growth
rate slows down or stops during the period from bud to
flower [18]. Plant height is a complex agronomic trait
that is regulated by genetic traits and environmental con-
ditions. With the rapid development of plant sequencing
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and analysis technologies, such as transcriptomics,
metabolomics, genomics, and genetics, plant height has
been analyzed in rice (Oryza sativa L.) [19], maize (Zea
mays L.) [20], tartary buckwheat (Fagopyrum tataricum
(L.) Gaertn.) [21], Sugarcane (Saccharum L.) [22], and
moso bamboo (Phyllostachys heterocycla) [23], among
other crops, and the network mechanism of plant height
regulation has been widely reported. However, only a
few studies have explored the mechanisms regulating
plant height development in alfalfa. Therefore, in this
study, from 12 alfalfa varieties, we selected those with
stable traits and substantial differences in their internode
lengths as test materials and jointly analyzed the inter-
node growth pattern of alfalfa based on phenotypic, cel-
lular, physiological, and molecular biology perspectives.
Furthermore, they were used to analyze the mechanisms
of plant height development and elucidate the regula-
tory network of alfalfa plant height to provide a theo-
retical basis for future genetic improvement research on
plant height traits of alfalfa and other leguminous forage
grasses.

Results

Selection of alfalfa test material

To screen for tall- and short-stalked alfalfa materials
with stable traits and substantial differences in inter-
node length, we determined the average plant height,
internode number, average internode length, and stem
thickness of 12 alfalfa varieties in different crops in 2
consecutive years of field trials (Fig. 1). The plant heights
of WL525HQ and Gannong No. 3 were not significantly
different but were higher than those of other variet-
ies for 2 consecutive years, whereas the plant heights of
WL343HQ and WL354HQ were relatively low (Fig. 1A).
There was some variation in the number of internodes in
2022 among the different alfalfa varieties, while the dif-
ference in the number of internodes in 2023 was not sig-
nificant (Fig. 1B). The 2-year average internode lengths
of WL525HQ and Gannong No. 3 were relatively high,
while the average internode length of WL343HQ was the
shortest for the 2 consecutive years (Fig. 1C). Through
the determination of the phenotypic trait indexes, one
tall- and short-stalked alfalfa materials with significant
differences in their internode lengths were screened out
as WL525HQ and WL343HQ, respectively. The average
plant height, internode number, internode length, and
stem thickness of WL525HQ in the 2 consecutive years
were 27.20%, 7.40%, 27.24%, and 5.30% higher than those
of WL343HQ, respectively (Fig. 1A-E).

Phenotypic traits of alfalfa materials

Changes in the phenotypic trait indexes of the test mate-
rials at 10-day intervals were analyzed using the short-
stalked material WL343HQ as the control (Fig. 2). The
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Fig. 1 Determination of phenotypic trait indexes in 12 alfalfa varieties. ‘401,319, ‘343’ 354, 501, 'G9, ‘525’ 'G3, 168, ‘601, 298, and 363’ represent re-
spectively 'SG401;"'WL319HQ;, ‘'WL343HQ, 'WL354HQ; 'SG501; ‘Gannong No.9;, 'WL525HQ; ‘Gannong No.3; 'WL168HQ; 'SG601, ‘'WL298HQ, and ‘WL363HQ
Different lowercase letters indicate significant (P< 0.05) differences among varieties for the same index. (A) Plant height. (B) Internode number. (C) Mean
internode length. (D) Stem thickness. (E) Plant height at first flowering. (F) Field growth charts of 12 alfalfa varieties
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Fig. 2 Phenotypic trait indexes of tall-stalked alfalfa material WL525HQ and short-stalked alfalfa material WL343HQ at different periods. * indicates sig-
nificant difference at the 0.05 level, ** indicates highly significant difference at the 0.01 level, *** indicates highly significant difference at the 0.001 level,
and *** indicates highly significant difference at the 0.0001 level. T1-T5 represent seedlings sampled at 10-d intervals. (A) Plant height. (B) Number of
internodes. (C) Mean internode length. (D) Growth rate. (E) Stem thickness. (F) Second internode length

number of internodes and internode length are two
important indicators that affect the plant height of alfalfa,
and the plant height (Fig. 2A) and number of internodes
(Fig. 2B) of the two materials exhibited an increasing
trend with the advancement of the reproductive period.
Among them, the plant height of the tall-stalked alfalfa

material WL525HQ was significantly higher than that
of WL343HQ at different periods, and although the dif-
ference in the number of internodes between the two
materials was not significant, it indicates that the inter-
node length was the main factor affecting plant height
in alfalfa. The average internode length (Fig. 2C) and
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growth rate (Fig. 2D) of the two materials showed a ten-
dency to increase and then decrease with plant growth
and development.

The second internode tissues of the test materials
were used in this study, in which the stem thickness of
the second internode tissues of the taller materials was
significantly higher than that of the control material at
different periods (Fig. 2E). In addition, the difference in
the length of the second internode of the two materials
was the largest during the T1 period, which reached a
significant level; this difference gradually decreased with
the growth and development of the internodes, and the
difference was not significant during the T4 and T5 peri-
ods (Fig. 2F). Finally, through the comprehensive analy-
sis of the growth rate and length trends of the second
internode at different periods, the T1, T3, and T5 peri-
ods were screened as important growth periods of alfalfa,
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which were named the initiation growth period (aver-
age growth rate of 1.01 cm/day), the rapid growth period
(average growth rate of 2.30 cm/day), and the growth sta-
bilization period (average growth rate of 1.06 cm/day).

Cytological analysis of alfalfa internodes

We observed paraffin section drawings of the sec-
ond internode tissue at the same magnification dur-
ing the important growth period of 2 alfalfa materials
(Fig. 3A-B). It was found that the area of longitudinally
cut cortical cells (Fig. 3C) of tall straw alfalfa material,
WL525HQ, was highly significantly higher than that of
short straw material, WL343HQ, while the area of trans-
versely cut cortical cells (Fig. 3D) of short straw material,
WL343HQ, was highly significantly higher than that of
tall straw material at both T1 and T3 periods. With the
growth and development of the plant, the cell area of the
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Fig. 3 Cytological analysis of tall-stalked alfalfa material WL525HQ (V1) and short-stalked alfalfa material WL343HQ (V2) at the T1, T3, and T5 periods.
(A) Paraffin transverse view of the second internode. ba, bark; ph, phloem; xy, xylem; pi, pith. (B) Longitudinal paraffin view of the cortical section of the
second internode. (C) Longitudinal cut cortical cell area. (D) Transverse cut cortical cell area. (E) Transverse cut phloem cell area. (F) Transverse cut xylem
cell area. (G) Transverse cut pith cell area. ** indicates highly significant differences at the 0.01 level, and **** indicates highly significant differences at the

0.0001 level
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two materials showed a tendency to increase and then
decrease in the phloem (Fig. 3E), a tendency to decrease
in the xylem (Fig. 3F), and a tendency to increase in the
pith (Fig. 3G). In addition, the cell area of transverse sec-
tioned phloem, xylem and pith of taller alfalfa material
was highly significant higher than that of shorter mate-
rial. By analyzing paraffin sections of internode tissues, it
can be hypothesized that the size of cell area is an impor-
tant factor influencing the length of alfalfa internodes,
especially the longitudinal cell area.

Cell wall composition of alfalfa material
Some differences in the cell wall compositions (Fig. 4A-
D) were observed between the tall- and short-stalked
alfalfa materials during the three important growth
periods; the lignin, cellulose, and protopectin con-
tents exhibited an increasing trend with plant growth
and development. The lignin and pectin contents of the
tall-stalked material were greater than that of the short-
stalked material at different periods, especially at T3. In
contrast, the cellulose content of the tall-stalked material
WL525HQ was significantly lower than that of the short-
stalked material at T3, but the difference was not signifi-
cant during the other periods. The hemicellulose content
of the two materials first increased and then decreased,
and it reached the maximum at T3. Notably, the cell wall
compositions of the tall- and short-stalked alfalfa materi-
als differed greatly during the rapid growth period (T3).
The soluble sugar content (Fig. 4E) and sucrose con-
tent (Fig. 4F) of the two materials did not have obvious
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patterns of change, and the soluble sugar content of the
tall-stalked material WL525HQ was significantly higher
than that of WL343HQ at T3 and T5, while the sucrose
content of the short-stalked material WL343HQ was sig-
nificantly higher than that of the tall-stalked material at
the T3 period, and both differences were not significant
at the T1 period. The starch content (Fig. 4G) of the two
materials showed the same trend of increasing with plant
growth and development, and the starch content of the
tall-stalked material was highly significant higher than
that of the short-stalked material at the T5 period.

Cell wall structure of alfalfa material

By staining the internodal tissues of alfalfa with resor-
cinol lignin (Fig. 5A-F), we found that the lignin of the
two materials was mainly distributed in the xylem and
both of them tended to increase with time. Among the
three periods, the difference in the extent of lignin depo-
sition was not significant at T1, but the thickness of lignin
deposition over time was greater in the tall-stalked mate-
rial than in the short-stalked material. The ultrastructure
of the alfalfa internode tissues was analyzed via SEM
(Fig. 5G-L), which revealed that the xylem area of the
two materials increased with the development of inter-
nodes and the xylem cells were more tightly arranged. It
was further observed that the xylem area was greater in
the tall-stalked material than in the short-stalked mate-
rial, whereas the xylem cells of the short-stalked material
were more tightly arranged.
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Fig. 4 Cell wall composition of tall-stalked alfalfa material WL525HQ (V1) and short-stalked alfalfa material WL343HQ (V2) at T1,T3 and T5 periods. * indi-
cates significant difference at the 0.05 level, ** indicates highly significant difference at the 0.01 level, *** indicates highly significant difference at the 0.001
level, and **** indicates highly significant difference at the 0.0001 level. T1,T3,and T5 periods represent the time when the plants were sampled. (A) Lignin
content. (B) Cellulose content. (C) Hemicellulose content. (D) Protopectin content. (E) Soluble sugar content. (F) Sucrose content. (G) Starch content



Jing et al. BMC Plant Biology (2025) 25:267

=

-

SUS100 3.90kV x100

Page 6 of 16

Fig. 5 Cell wall structure of tall-stalked alfalfa material WL525HQ (V1) and short-stalked alfalfa material WL343HQ (V2) at T1, T3 and T5 periods. (A-C)
Plots of resorcinol lignin staining of WL525HQ. (D-F) Indicates resorcinol lignin staining of WL343HQ. (G-1) Indicates scanning electron micrographs of
WL525HQ at 100x. (J-L) Indicates scanning electron micrographs of WL343HQ at 100x

Transcriptome analysis of alfalfa

To explore the molecular basis of alfalfa plant height dif-
ferences, transcriptome analyses were performed dur-
ing three important growth periods (Tables S1, S2).
Using principal component analysis on the trial mate-
rial, we found a good correlation between the biological
replicates of all samples of the two alfalfa varieties in all
three periods, which verifies the stability and reproduc-
ibility of the results (Fig. 6A). There were 4413 DEGs at
the initiation growth period (T1), 3076 DEGs at the rapid
growth period (T3), and 2086 DEGs at the growth stabi-
lization period (T5). It was revealed that the total expres-
sion of the DEGs tended to decrease with the growth and
development of the internodes (Fig. 6B). Using a Wayne
diagram, we screened the DEGs that were common or
unique among the comparison combinations, and the
number of DEGs common to the two alfalfa materials

was 721 between T1 and T3, 350 between T3 and T5, and
435 between T1 and T5, whereas the number of DEGs
common to the two alfalfa materials was 209 between T1,
T3, and T5 (Fig. 6C).

Through GO functional analysis, we found differences
in the GO enrichment of genes in the two alfalfa mate-
rials during the three periods, with most being involved
in BPs (Biological process) and MFs (Molecular func-
tion), and fewer were related to CCs (Cellular compo-
nent) (Fig. 6D, Table S3). The GO enrichment analysis
showed that the differentially expressed functions related
to the CCs during the T1 period were mainly enriched
in hydrolase activity that acts on glycosyl bonds, hydro-
lase activity that hydrolyzes O-glycosyl compounds, and
cellular protein metabolic process. They were mainly
enriched in cellular protein metabolic processes, cellular
protein modification processes, and the regulation of the
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Fig. 6 Transcriptome analysis of tall-stalked alfalfa material WL525HQ (V1) and short-stalked alfalfa material WL343HQ (V2) at T1, T3 and T5 periods. (A)
Principal component analysis (PCA) plot. (B) The number of up- and down-regulation of differential genes in different comparison combinations. (C) Dif-
ferential gene comparison venn plot. (D) Histogram indicating GO enrichment of differential genes at T1, T3, and T5. (E) A bubble plot of GO function to
which the top 50 GO terms of the 3 periods were co-enriched. (F) A bubble plot of pathways to which the top 50 KEGG pathways of the 3 periods were

co-enriched

cellular processes in the T3 period; and in T5 they were
mainly enriched in a structural constituent of the cell
wall, the regulation of cellular processes, and plant-type
cell wall organization. To an extent, this suggests that the
high expression of hydrolase activity in T1 facilitates the
expansion of the cell wall, the significant enrichment of
the cellular modification process in T3 increases the cell
size, and the synthesis of cell wall structural constitu-
ents and plant-type cell wall organization in T5 further
improves and modifies the cell wall structure. The most
differentially annotated functions coenriched in the three
periods were the cellular and metabolic processes in the

BP category, the binding and catalytic activity in the MF
category, and the cellular anatomical entity in the CC cat-
egory (Fig. 6E).

The KEGG pathway bubble diagram illustrates the
top 50 metabolic pathways (Fig. 6F). We found that the
pathways that were common to all 3 periods and had a
high enrichment number of differentially expressed genes
were Biosynthesis of secondary metabolites, Phenylpro-
panoid biosynthesis, Flavonoid biosynthesis, and Starch
and sucrose. Notably, Phenylpropanoid biosynthesis is
closely related to lignin biosynthesis, which is an impor-
tant component of the cell wall.
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Differences in the DEGs associated with the regulation of
cell wall biosynthesis

The DEGs involved in cell wall growth during the impor-
tant growth periods in tall- and short-stalked alfalfa
material are presented in Fig. 7. Cellulose is synthesized
at the plasma membrane by cellulose synthase sub-
units (CESs), and it was found that the number of DEGs
encoding CESs was upregulated more in the T1 and T5
periods and less in the T3 period in the tall-stalked mate-
rial compared to the short-stalked material. By evaluat-
ing the DEGs related to pectin lyase (PL) and pectin
esterase (PM), we found that the expression of differen-
tially upregulated genes of PL was higher in T1 than in
the other periods and higher in the tall-stalked material
than the short-stalked material, with a decreasing trend
in the number of upregulated PL DEGs with the develop-
mental modulation of internode growth. In addition, the
number of DEGs related to PM was higher between the
two enzymes, and there were more upregulated genes in
the tall-stalked material than in the short-stalked mate-
rial at the T1 period, and the number of DEGs decreased
with the upregulation of PM regulated by the internode
growth and development. The expression of the per-
oxidase, laccase, and PAL genes participated in lignin
polymer formation. It was found that the number of
upregulated DEGs encoding for peroxidase and laccase
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was higher at T1, and this upregulated expression was
significantly higher in the tall-stalked material than in the
short-stalked material, while the PAL DEGs were highly
expressed at the T5 stage and were mainly enriched in
the short-stalked material. These results further indicated
that the DEGs associated with cell wall growth in the
tall-stalked material were mainly formed during the T1
period, which is the critical period for cell wall growth in
the tall-stalked material (Table S4).

Differences in the DEGs associated with the regulation of
cell wall expansion

EXPs are nonhydrolyzed cell wall loosening proteins, and
XTH has also been shown to be involved in cell expan-
sion by loosening and rearranging the cell wall fibers in
growing tissues. In this study, 11 members of the EXPs
gene family and 13 members of the XTH gene fam-
ily were found to be differentially expressed in the two
alfalfa materials at different times. Specifically, five EXPs
and eight XTH DEGs were expressed in high flux in the
tall-stalked material at the T1 period, which indicates to
some extent that the T1 period is a critical period for cell
wall expansion and that these genes are essential for cell
wall expansion and loosening. We evaluated other DEGs
involved in cell wall modification and identified signifi-
cant differences in the expression of 13 Aquaporin genes,
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Fig. 7 Differential DEGs associated with plant cell wall biosynthesis. V1 represents the tall-stalked alfalfa material WL525HQ, and V2 represents the short-
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of which the upregulated expression of the DEGs was
higher in the T1 period than in the other periods, and the
expression was higher in the tall-stalked material than in
the short-stalked material. In conclusion, these results
revealed that the onset of growth in the T1 period is the
critical period for cell wall growth and expansion in the
tall-stalked material, and the differential expression of
cell wall-related genes during this period determines the
cell size (Table S4) (Fig. 8).

Quantitative real-time PCR (qRT-PCR) validation

To verify the relative expression pattern of single genes,
we randomly selected nine differential genes related to
the regulation of cell wall biosynthesis and expansion for
qRT-PCR analysis, and determined the relative expres-
sion of the differential genes at each of the three periods
(Fig. 9). The results showed that the relative expression
of five differential genes in the tall-stalked material was
highly significant higher than that of the short-stalked
material at T1, namely Laccase, Expansins, CESs, XTH
and PAL, while the relative expression of four differen-
tial genes was significantly or highly significantly lower
than that of the short-stalked material at T5, and the dif-
ference in the expression of the other genes was not sig-
nificant in these two periods. Among these nine genes,
except for the PAL gene whose relative expression trend
was slightly different from the transcriptome FPKM
value, the relative expression of the other differential
genes was basically the same as the FPKM value, which
proved to a certain that the gene expression pattern of
the transcriptome FPKM was supported by the results of
qRT-PCR analysis.

Plant height regulatory networks in alfalfa
Finally, we proposed a hypothetical model for the regula-
tory network of plant height in alfalfa. In particular, the
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internode length is the main determinant of alfalfa plant
height, and cell size influences the internode length to a
certain extent, whereas the cell size is limited by the cell
wall. The cell wall is a three-dimensional network formed
by the interaction of lignin, cellulose, and pectin, and
changes in the cell wall components play an important
role in the regulation of cell wall expansion in alfalfa. The
DEGs involved in the regulation of cell wall biosynthesis
in alfalfa are related to cellulose synthesis, pectin cleav-
age, and lignin formation, and the DEGs involved in the
regulation of cell wall expansion are related to EXPs and
XTH, among others (Fig. 10).

Discussion

Alfalfa (Medicago sativa L.) can be used as a bioenergy
material and high-quality, high-protein feed with high
utilization value [16, 24]. Cultivating high-yielding and
high-quality alfalfa germplasm is of great significance to
improve alfalfa yield. Plant height, as an important indi-
cator of alfalfa yield, is closely related to the ability of
resistance to downfall, photosynthetic capacity, and har-
vest index [25, 26]. In this study, we screened tall- and
short-stalked materials with significant differences in
their internode length from 12 alfalfa varieties through
a 2-year field trial. The average plant height, internode
number, internode length, and stem thickness of the
tall-stalked material WL525HQ for 2 consecutive years
were 27.20%, 7.40%, 27.24%, and 5.30% higher than those
of the short-stalked material WL343HQ, respectively.
Alfalfa stem elongation is directly reflected by an increase
in the number of internodes and the elongation of inter-
nodal tissues, which ultimately manifests as an increase
in plant height [27]. Crops such as rice, wheat, and maize
have been reported to have a similar property where the
longer the internode length, the higher the plant height
[28, 29]. In this study, we found that the difference in the
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stalked alfalfa material WIL343HQ. T1, T3, and T5 periods indicate the initiation growth period, rapid growth period, and growth stabilization period,

respectively. XTH: Xyloglucan endo-transglucosylase/hydrolase
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number of internodes between the two alfalfa materials
at different periods was not significant, although the dif-
ference in the average internode length was significant,
which indicates that internode length is the main factor
that affects plant height in alfalfa.

Internode elongation in plants is dependent on the
longitudinal elongation of cells [30]. In this study, the
difference in the internode length between the tall- and
short-stalked alfalfa materials was greatest at the T1
period in the second basal node, which was significant,
and this difference gradually decreased with the growth
and development of the internodes. Cytological analysis
revealed that the area of longitudinally cut cortical cells
of tall-stalked alfalfa material was significantly higher
than that of the short-stalked alfalfa material at the T1
and T3 periods, and this difference was greatest at the T1
period. Further experiments demonstrated that the cell
size is an important factor that influences the internode
length of alfalfa.

Plant growth and development require the regula-
tion of cell size and morphology, which is limited by
the cell wall, and plant cell wall loosening is an essential
physiological process for cell expansion and elongation
[31]. The plant cell wall is a three-dimensional network
formed by the interaction of cellulose, pectin, and lignin
[5]. During rapid cell growth, the formation of new cell
walls depends on the deposition of large amounts of lig-
nin, cellulose and hemicellulose, and the low content and
weak deposition of cell wall components also counteracts
to inhibit cell growth [32]. We found that the lignin, cel-
lulose, and protopectin contents among the components
that comprise the cell wall tended to increase with plant
growth and development, and the lignin and pectin con-
tents of the tall-stalked material were higher than those
of the short-stalked material at different times. Further
analysis by resorcinol lignin staining and SEM revealed
that changes in cell wall components play an important
role in cell wall expansion, especially lignin synthesis.
It is widely believed that lignin deposition reduces the
extensibility of the cell wall. However, on the other hand,
silencing or mutation of relevant genes in the lignin syn-
thesis pathway leads to a substantial reduction in lignin
synthesis and defects in plant growth and development
[33]. In Arabidopsis thaliana, suppression of the expres-
sion of genes in the lignin synthesis pathway leads to a
50% reduction in the lignin content of stem tissues in
transgenic lines compared to the wild type, as well as
severe dwarfing and male sterility, which affects their
normal growth and development [34]. Either increase or
decrease in lignin can lead to abnormal growth pheno-
types such as plant dwarfism [35]. Next, we analyzed the
factors that caused differences in the alfalfa plant height
from the aspects of cell wall biosynthesis and expansion.
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In higher plants, cellulose plays an important role in
regulating cell volume and size as one essential cell wall
component [5, 31]. The catalytic subunit of cellulose syn-
thase (CESA) is responsible for the synthesis of cellulose
in plant cell walls [36, 37]. There were 13 genes encod-
ing CESA subunits in this study, of which the number of
upregulated DEGs encoding CESA was less in the tall-
stalked material than in the short-stalked material at the
T3 period, which is a critical period for cell wall growth
and expansion. This is consistent with findings by Wang,
where more CESAs may be required for cell wall metabo-
lism in dwarf mutant bamboo species compared to wild
mosaic bamboo [38]. CESA mutants exhibit reduced cel-
lulose and phenotypic growth defects [39]; furthermore,
the overexpression of CESA genes affects the growth of
transgenic plants [40]. These results suggest that CESA
genes play an important role in cell wall biosynthesis
and plant growth. In this study, GO enrichment analysis
revealed that the highly expressed hydrolase activity dur-
ing T1 promoted cell wall expansion, while the analysis of
PL- and PM-related DEGs revealed that the expression of
the upregulated genes was higher in T1 than in the other
periods and was higher in the tall-stalked material than
the short-stalked material. These results indicate that the
expression of pectinase-related DEGs affected internode
growth and development to a certain extent, and this
effect was significant in the T1 period.

The primary function of lignin is to improve plant cell
wall strength and stem bending resistance, and its mono-
mer synthesis originates from the phenylpropane and
lignin-specific pathways [41, 42]. In this study, lignin
synthesis was found to play an important role in sup-
porting cell wall expansion. In addition, KEGG analysis
also revealed that the metabolic pathway was shared and
there were significant differences in phenylpropanoid
biosynthesis between the T1 and T5 periods, which is
closely related to lignin biosynthesis. The main lignin
monomer synthase genes are PAL, C4H, 4CL, COMT,
CAD, and CCR, etc,, and if the expression of these genes
undergoes upregulation or downregulation, the lignin
content and composition in plants change [43]. In this
study, we found that peroxidase, laccase, and PAL par-
ticipated in regulating the formation of lignin polymers
in the tall- and short-stalked alfalfa through differential
gene comparison.

Cell expansion is accompanied by irreversible cell wall
extension under the control of a network structure com-
prising polysaccharides, such as cellulose and xylan [44,
45]. EXPs are nonhydrolyzed cell wall-loosening pro-
teins that can reduce the network tension of the cell wall,
thereby effectively relaxing the cell wall and promoting
plant growth [46, 47]. Exogenous EXP can stimulate cell
elongation, and the rate of cell elongation is positively
correlated with EXP activity [48, 49]. In a previous study,
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the increased expression of Nt EXPA5 contributed to the
growth of tobacco stem and leaf cells and the overexpres-
sion of At EXPA10 and EXPAI resulted in the enlarge-
ment of tobacco leaves [50]. In our study, 11 members of
the EXP gene family were differentially expressed in two
alfalfa materials at different periods; among these, five
EXP DEGs were expressed in high flux in the tall-stalked
material during the T1 period, suggesting that more EXP
genes are involved in the cell wall expansion in the tall-
stalked material than in the short-stalked material dur-
ing T1. Moreover, T1 is a critical period when EXP genes
cause plant height differences by relaxing the cell wall. It
has also been shown that increasing the expression level
of a particular EXP gene does not necessarily increase
the plant height but may result in lateral cell expansion,
thereby increasing the plant stem thickness [51, 52]. We
also found that stem thickness, transverse xylem, phloem,
and pith cell area were higher in the tall-stalked material
than in the short-stalked material, which indicates to a
certain extent that the expression of EXP genes not only
causes longitudinal elongation of the cells but also lateral
expansion of the cells.

XTH relaxes the cell wall and participates in cell wall
synthesis during the growth of plant cells, but also
functions in degrading the cell wall [53-55]. XTH9 is
expressed in the apical meristematic tissue of A. thali-
ana, and its physiological role is related to stem elonga-
tion and growth, and a deletion mutation of this gene
resulted in internode shortening of A. thaliana [56]. The
overexpression of the Bc XTH1 gene promoted floral
branch elongation and plant height increase in Arabidop-
sis [57]. In this study, we found that 13 members of the
XTH gene family were differentially expressed in the two
alfalfa materials at different periods, among which eight
XTH DEGs were expressed in high flux in the tall-stalked
material at the T1 period, which suggests that these eight
XTH genes play an important role in cell wall expansion
and loosening in the tall-stalked materials.

Conclusion

In this study, we screened tall- and short-stalked alfalfa
materials (WL525HQ and WL343HQ, respectively) with
significant differences in internode lengths in a 2-year
field experiment and identified the three important peri-
ods of alfalfa plant height development: initiation of the
growth period (T1), rapid growth period (T3), and sta-
bilization of the growth period (T5). The DEGs involved
in the regulation of cell wall growth in alfalfa were found
to be related to cellulose synthesis, pectin cleavage, and
lignin formation, and DEGs involved in the regulation of
cell wall expansion were related to EXP and XTH.
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Materials and methods

Experimental sites

The experiment was conducted at the forage train-
ing base of Gansu Agricultural University (E 105°41’, N
34°05’), which is located in the northwestern part of the
Loess Plateau and the central part of Gansu Province. It
has a mid-temperate continental monsoon climate, with
a dry spring with little rainfall, a hot summer, a cool win-
ter, and a large temperature difference between day and
night. The average altitude is 1525 m above sea level, the
average annual temperature is 10.3 °C, and the frost-free
period is 180 d. The soil samples for testing were mixed
by field soil samples and nutrient soil according to the
mass ratio of 5:1. The field soil samples were taken from
the 0~20 cm tillage soil samples of Gansu Agricultural
University pasture training base, and the soil was yellow
sheep soil with uniform fertility, and the nutrient soil was
purchased from Gansu Sheng Hua Wei Trading Co.

Plant material

The 12 alfalfa varieties for testing have high yield and
production performance, of which ‘Gannong No.9” and
‘Gannong No.3’ were supplied by the College of Prata-
cultural Science, Gansu Agricultural University, and
‘SG401; ‘WL319HQ, “WL343HQ, ‘WL354HQ); ‘SG501,
‘WL525HQ; ‘WL168HQ; ‘SG601, ‘WL298HQ' and
WL363HQ' were purchased from Beijing Zhengdao
Ecological Technology Co. The alfalfa varieties selected
for this study were all commercial varieties, and the col-
lection and use of plant materials in this study complied
with relevant institutional, national and international
guidelines and regulations.

Planting of test material

The test material was sown in August 2021 in pots of
12 varieties, 3 pots of each variety per plot, in a ran-
domized block arrangement with 4 replications. Before
sowing, soil samples were filled into plastic pots with a
diameter opening of 24 cm and a height of 24 cm, and
full-grown and uniformly sized alfalfa seeds were evenly
sown, 30 seeds/pot. To maintain consistency with field
conditions, alfalfa varieties were planted in test plots
and watered regularly after planting. In 2022-2023, one
pair of tall and short straw alfalfa materials with signifi-
cant differences in internode length were screened out
by measuring phenotypic indexes such as plant height,
number of internodes, internode length, stem thickness,
and other phenotypic indexes of 12 alfalfa varieties at the
first flowering stage of different crops for 2 years. Pheno-
typic traits of tall and short-stalked alfalfa materials were
measured every 10 d from seedling mowing on March
26, 2023, until the first flowering stage, for a total of five
times. Meanwhile, the internode tissues affecting the
important periods of growth and development of alfalfa
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main stem were screened for cytological, metabolomic
and transcriptomic measurements.

Measurement of plant height and related traits

A tape measure was used to measure the plant height
of alfalfa, which was defined as the distance between
the base and tip of the main stem. The number of inter-
nodes was based on a length of more than 1 cm, and
the number of internodes was counted in two randomly
selected alfalfa plants exhibiting good growth in each pot.
The average internode length was the ratio between the
height of the main stem and the number of internodes.
The diameter of the second internode at the base of the
main stem was measured as the stem thickness using
vernier calipers. The plant height growth rate was deter-
mined using the following formula:

K, (cm/day) = (Hyqp1 — Hy) / (Toyr — Th)

where (H,,;-H,) is the growth of plant height at two
consecutive sampling times, and (T,,;-T,) is the interval
between the two consecutive sampling times. The plant
measurements were counted from the bottom up for the
first node, with the measurement of the diameter of the
second internode determined from the base of the main

stem upward.

Cytological observation of internodes

According to the results of the previous experiment, we
divided the growth of the alfalfa main stem into three
important growth periods. The intersegmental tissues
in the middle of the second node of the main stem of
tall- and short-stalked alfalfa materials during the three
important growth stages were selected, and the thick-
ness of 0.5 cm was cut and placed in FAA fixative (for-
malin: glacial acetic acid: 70% ethanol = 1:1:18), ensuring
that the materials were fully immersed. The fixed samples
were dehydrated using different alcohol gradients and
gradually transitioned to pure xylene for transparency
before being covered in wax for embedding. The embed-
ded tissues were sliced into 8—10-pum-thick sections and
then placed on slides, and slices were baked in an oven
at 38 °C for 72 h. Transverse and longitudinal sections
were deparaffinized, i.e., they were gradually transitioned
from xylene to anhydrous ethanol. The slices were then
removed and stained with a Senna staining solution, fol-
lowed by a solid green staining solution. Neutral gum was
used to seal the slices, which were then dried, processed,
and photographed via observation with a Nikon-E200
light microscope (Jiangsu, China) to view the tissue cell
morphology. The cell areas of the cortex, phloem, xylem,
and pith in the transverse sections of the main stem were
measured, and the cell areas of the cortex in the longitu-
dinal sections were measured, among other indexes [58].
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Determination of cell wall composition

The basal second internode tissue of the test material
was randomly selected, dried at 80 °C until a constant
weight, crushed, and sieved through a 40-mesh sieve
for the determination of cell wall composition. The cel-
lulose content was determined via anthrone colorimetry
[59], hemicellulose content using the dinitrosalicylic acid
(DNS) method [60], lignin content by the acetobromine
method [61], and protopectin content using carbazole
colorimetry [62]. The content of soluble sugars (SS) was
determined by anthrone colorimetry [63], the content of
sucrose (Suc) was determined by a kit (purchased from
Beijing Solarbio Science &Technology), and the content
of starch (Sta) was determined by perchloric acid hydro-
lysis-anthrone colorimetry [64].

Observation of cell wall structure

To observe the lignin in the cell wall of alfalfa at differ-
ent times, a double-sided knife was used to make a trans-
verse cut in the basal second internode tissue, and then
the sections were placed on slides, stained with 0.2%
resorcinol, diluted with a few drops of 25% hydrochloric
acid for 1 min, and then placed under an orthotropic uni-
versal microscope OLYMPUS-BX61 (Tokyo, Japan) for
observation and photographing [65]. To further observe
the tissue structure, the collected internode tissues
were fixed in 2.5% glutaraldehyde, and the fixed sam-
ples were then rinsed with 0.1 M phosphate buffer (PB)
[pH 7.4]. The samples were then fixed with 1% osmium
acid at 25 °C protected from light, dehydrated with dif-
ferent ethanol gradients, and then immersed in isoamyl
acetate, after which the samples were transferred to the
sample baskets for adventitious drying. The samples were
then taped to the sample stage for coating, and they were
examined using a scanning electron microscope (SEM,
HITACHI Regulus 8100, Tokyo, Japan) for observation
and photography [66].

cDNA library construction and transcriptome sequencing

The second internode tissue of the main stem from the
three important growth stages of the tall- and short-
stalked alfalfa materials was collected. Total RNA was
extracted using TRIzol reagent (Tiangen, Beijing, China),
mRNA was purified, and total RNA was measured and
quantified. The mRNA was amplified via PCR to obtain
a library. After the library was constructed, preliminary
quantification was performed using a Qubit 2.0 fluorom-
eter, and sequencing was performed on Illumina NovaSeq
6000 (Illumina, USA) according to the effective concen-
tration of the library and the target downstream data vol-
ume. Then, the fragments per kilobase of transcript per
million mapped reads (FPKM) values of each transcript
in each sample were counted, and the value was used as
the expression of the transcript. Differentially expressed
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genes (DEGs) were screened using DESeq2 software
(1.20) by setting the adjusted p-value (P-adj)<0.05 and
fold change (|log2 (Fold change)| > 1) as the screening
thresholds. DEGs were analyzed using Cluster Profiler
(3.8.1) for the Gene Ontology (GO) functional enrich-
ment and Kyoto Encyclopedia of Genes and Genomes
(KEGG) metabolic pathway analysis. A threshold value
of P-adj value<0.05 was used to identify the signifi-
cantly enriched GO terms and KEGG pathways. The
raw sequencing data have been uploaded to the National
Center for Biotechnology Information (NCBI) Sequence
Read Archive (SRA) database under the accession num-
ber PRJNA1173773.

Gene expression analysis using qRT-PCR

RNA was extracted from the second internode tissue of
tall alfalfa WL525HQ and short alfalfa WL343HQ using
RNA simple Total RNA Kit (TTANGEN BIOTECH,
Co., Ltd, Beijing, China). RNA was reverse transcribed
into cDNA using FastKing RT Kit (TIANGEN, Beijing,
China), and primers specific for 10 differential genes were
designed using Primer-BLAST at NCBI (Table S5). The
designed primer sequences were synthesized by Shang-
hai Bioengineering, and alfalfa 18s RNA was selected as
the internal reference gene. The qPCR amplification was
performed on LightCycler 96 (Roche, Basel, Switzerland)
according to the instructions of Servicebio’s SYBR Green
qPCR Master Mix. 3 biological replicates were set up,
and 3 technical replicates were set up for each biological
replicate [67]. The relative expression of each differential
gene was calculated using the 2" method.

Data statistics and analysis methods

Data were organized and calculated in Microsoft Excel
2010 software. GraphPad 8.0.2 software was used for
graphing. Differential gene analyses were performed
using the website https://www.chiplot.online/.
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