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Transcriptome analysis reveals
the mechanism of internode development
affecting maize stalk strength

Liuyong Xie', Daxing Wen', Chenglai Wu and Chunging Zhang”

Abstract

Background: The stalk rind is one of the important factors affecting maize stalk strength that is closely related to
stalk lodging. However, the mechanism of rind development in maize is still largely unknown.

Results: In this study, we analyzed the mechanical, anatomical, and biochemical properties of the third basal inter-
node in one maize non-stiff-stalk (NSS) line and two stiff-stalk (SS) lines. Compared with the NSS line, the two SS lines
had a significantly higher rind penetrometer resistance, thicker rind, and higher dry matter, hemicellulose, cellulose,
and lignin weights per unit length. RNA-seq analysis was used to compare transcriptomes of the third basal internode
of the two SS lines and the NSS line at the ninth leaf and tasseling stages. Gene Ontology (GO) enrichment analysis
revealed that genes involved in hydrolase activity (hydrolyzing O-glycosyl compounds) and cytoskeleton organization
were significantly up-regulated in the two SS lines at the ninth leaf stage and that microtubule process-related genes
were significantly up-regulated in the two SS lines at the tasseling stage. Moreover, the two SS lines had enhanced
expression of cell wall metabolism-related genes at the tasseling stage.

Conclusions: The synthesis of cell wall polysaccharides and the cytoskeleton might play important roles in internode
development. Our results can be applied for screening lodging-resistant inbred lines and breeding lodging-resistant

cultivars in maize.
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Background

Stalk lodging affects not only maize yield but also mecha-
nized harvesting efficiency. During lodging, the spatial
distribution of leaves is disturbed, which alters photo-
synthetic efficiency. Stalk breakage may hinder sufficient
transport of water and nutrients or lead to death of the
entire plant. In addition, maize stalk lodging reduces ear
position, which affects mechanized harvesting efficiency.
Previous studies have shown that strong stalks signifi-
cantly reduce stalk lodging [1, 2]. Therefore, studying
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mechanisms regulating stalk strength may provide new
insights into stalk lodging resistance.

The maize stalk is composed of the pith and the rind,
the latter mainly consisting of the epidermis and sub-
epidermal lignified sclerenchyma cells [3]. Sclerenchyma
cells have a thickened secondary cell wall that affects the
strength and rigidity of plant tissues [4]. Therefore, rind
thickness is closely related to rind penetrometer resist-
ance (RPR) [5]. Optimization of cell wall synthesis and
assembly can increase cell wall thickness, which is critical
for improving stalk strength. However, the mechanism of
sclerenchyma development in maize stalks is still unclear.

The primary cell wall, consisting of polysaccharides and
smaller amounts of structural proteins, is synthesized in
growing cells [6]. Once growth ceases, sclerenchyma cells

©The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12870-022-03435-w&domain=pdf

Xie et al. BMC Plant Biology (2022) 22:49

deposit a thick lignified secondary wall containing more
polysaccharides. Cellulose consisting of 3-1,4-linked glu-
can chains is the main polysaccharide of plant cell walls
[7]. In addition, many matrix polysaccharides, mainly
pectin and hemicellulose, have been found in plant cell
walls. Pectin polysaccharides include homogalacturonan,
and rhamnogalacturonan I and II [8]. Hemicelluloses in
plant cell walls include mannans, glucomannans, xylans,
xyloglucans, and B-(1— 3,1 — 4)-glucans [9]. Cellulose
is synthesized by cellulose synthase (CesA) complexes
(CSCs) embedded in the plasma membrane and is organ-
ized as microfibrils along the direction of microtubules.
Disruption of cortical microtubules, which has revealed
that membrane-localized CSCs are disorganized, does
not affect the transport of CSCs from endomembranes
to the plasma membrane or the velocity of CSCs at the
plasma membrane [10]. Non-cellulosic polysaccharides
are assembled in the Golgi apparatus and transported
to the cell wall via vesicles [11]. When the cytoskeleton
is damaged, vesicular transport and deposition at the
cell walls are affected [12]. Improvement of maize stalk
strength requires clarification of the stalk cell wall synthe-
sis pathways. Although some studies on cell wall synthe-
sis have been carried out, the internode development of
maize inbred lines having different stalk strengths at dif-
ferent developmental stages remains poorly understood.

In this study, we analyzed the mechanical, anatomical,
and biochemical properties of the third basal internode
in one NSS line and two SS lines. We found that the two
SS lines had a higher RPR than the NSS line. Further
analysis revealed that the two SS lines had thicker rinds,
rind and vascular bundle sheath cell walls, and more
dry matter, hemicellulose, cellulose, and lignin per unit
length than the NSS line. To explore genes and gene net-
works potentially playing important roles in regulating
stalk strength in maize, we analyzed the transcriptomes
of the third basal internode in the three inbred lines hav-
ing different stalk strengths at the ninth leaf and tasseling
stages. According to our results, genes involved in hydro-
lase activity (hydrolyzing O-glycosyl compounds) and
cytoskeleton organization were significantly up-regulated
in the two SS lines at the ninth leaf stage. Moreover, the
two SS lines exhibited enhanced expression of cell wall
metabolism-related genes at the tasseling stage. Taken
together, our results provide new insights into the mech-
anism of internode development affecting maize stalk
strength.

Results

Comparison of stalk strength-related traits among three
maize inbred lines

To identify differences in stalk strength, we analyzed
RPR in one NSS and two SS inbred lines. No significant
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difference in RPR was detected between the two SS
lines and the NSS line at the ninth leaf stage, but the
two SS lines had markedly higher RPRs than the NSS
line at the tasseling and maturity stages (Fig. 1A-B).
Although SS2 was taller and had notably longer stem
diameters and internode lengths than NSS, no signifi-
cant difference was observed in the three traits between
NSS and SS1 (Fig. S1). To investigate the effects of cell
wall structural material contents on stalk strength,
we measured the dry weight per unit length (DWUL),
hemicellulose (HWUL), cellulose (CWUL), and lignin
(LWUL) weights per unit length of the third basal inter-
node (Fig. 1C-F). No significant difference was found
in DWUL, CWUL, and LWUL between the two SS lines
and the NSS line at the ninth leaf stage, but HWUL in
the NSS line was higher than those in the two SS lines.
At the tasseling and maturity stages, the two SS lines
had higher DWUL and cell wall structural material con-
tents (HWUL, CWUL, and LWUL) than the NSS line.
The DWUL and cell wall structural material contents
(HWUL, CWUL, and LWUL) of the two SS lines gradu-
ally increased from the ninth leaf stage to the maturity
stage. In the NSS line, LWUL exhibited a similar trend
as in the two SS lines, whereas HWUL decreased over
time. Moreover, DWUL and CWUL in the NSS line
first increased and then decreased from the ninth leaf
stage to the maturity stage.

To investigate differences in the stalk microstruc-
ture of the NSS line and the two SS lines, we observed
cross sections of the third basal internode at the ninth
leaf and tasseling stages (Fig. 2A). No significant differ-
ence in stalk microstructure was detected between the
NSS line and the two SS lines at the ninth leaf stage.
At the tasseling stage, no significant difference was
observed in the pith of the stem between the NSS line
and the two SS lines. However, the two SS lines had
notably thicker rinds than the NSS line (Fig. 2A). We
subsequently measured stalk rind, rind cell wall, vascu-
lar bundle sheath (VBS), and VBS cell wall thicknesses
at the tasseling stage (Fig. 2B—E). The rind, VBS, rind
cell, and VBS cell wall thicknesses of the two SS lines
were markedly larger than those of the NSS line at the
tasseling stage. Although there was no significant dif-
ference in VBS thickness between the SS1 line and
NSS line, the SS2 line had a notably larger VBS thick-
ness than the NSS line. At the ninth leaf stage, the early
stage of stalk structure formation, rind tissue develop-
ment was incomplete. At the tasseling stage, the two
SS lines had significantly thicker rind and thick-walled
cells than the NSS line. Therefore, the differences in
stalk strength between the two SS lines and the NSS
line were associated with rind and cell wall thicknesses.
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Fig. 1 Rind penetrometer resistance (RPR) and stalk chemistry composition of two stiff-stalk (SS) lines and a non-stiff-stalk (NSS) line. A Stem region
subjected to RPR measurement, paraffin sectioning, and RNA-seq sampling. The cross-sectional area of the probe was 1 mm?. Approximately 2 mm
of the stem center was separated along the long axis of the cross section. The red arrow indicates the location of the RPR measurement, and the
red line indicates the long axis. B RPR of the third basal internode. C-F Dry weight per unit length (DWUL), hemicellulose content per unit length
(HWUL), cellulose content per unit length (CWUL), and lignin content per unit length (LWUL) of the third basal internode. Error bars represent
standard deviation (n = 3). Different letters indicate significant differences at the same developmental stage (p <0.01 by one-way ANOVA)

Comparison of the expression levels of genes related

to cell wall metabolism between the two SS lines

and the NSS line

To explore the mechanism by which internode develop-
ment affects maize stalk strength, we analyzed the tran-
scriptomes of the third basal internode at two stages
(ninth leaf stage and tasseling stage) by RNA-seq. After
removing low-quality regions and adapter sequences,
approximately 51.16 to 76.11 million clean reads
remained (Table S1). Approximately 46.12 to 68.81 mil-
lion clean reads were mapped to the maize B73 refer-
ence genome (v4.0). In each library, 80.09 to 88.59% of
clean reads were uniquely mapped reads (Table S1). In
a principal component analysis (PCA), biological rep-
licates of the same treatment clustered together, which
implied that the transcriptome datasets were satisfactory
(Fig. 3A). The first principal component was able to dis-
criminate between samples at the ninth leaf stage and the
tasseling stage, which indicates that the transcriptome
datasets from these two stages were markedly different.

Genes with fragments per kilobase of transcript
sequence per million base pairs sequenced (FPKM)>1
were considered to be expressed genes. According to
this criterion, 21,819, 21,663, and 22,023 genes were
expressed in NSS, SS1, and SS2, respectively, at the
ninth leaf stage. At the tasseling stage, there were 20,882,
21,241, and 20,984 expressed genes in NSS, SS1, and SS2,
respectively. After filtering out genes with low expres-
sion (FPKM <1 in all three inbred lines), 25,751 and
25,088 genes were expressed at the ninth leaf and tas-
seling stages, respectively. We then used the R package
DESeq to identify differentially expressed genes (DEGs).
Compared with the NSS line, approximately 8000 DEGs
each were significantly up-regulated and significantly
down-regulated in the two SS lines (Fig. 3B). To reduce
the effects of material background on the results, we
applied a Venn diagram to screen common DEGs in
SS1vsNSS and SS2vsNSS (Fig. 3C-D). With regard to up-
regulated DEGs, we identified 3973 and 4338 common
DEGs at the ninth leaf and tasseling stages, respectively.
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Fig. 2 Microstructure of the third basal internode of two stiff-stalk (SS) lines and a non-stiff-stalk (NSS) line. A Images of the cross section of the
center of the third basal internode. The double-ended arrow indicates the rind width. The red line indicates vascular bundle sheath (VBS) thickness.
Scale bar=200 um. B-E Rind, rind cell wall, VBS, and VBS cell wall thicknesses at the tasseling stage. Error bars represent the standard deviation
(n=10for B and D; n=20 for C and E). Different letters indicate significant differences at the same developmental stage (p <0.01 by one-way
ANOVA)

To further analyze the function of these common DEGs,
we performed a Gene Ontology (GO) enrichment analy-
sis (p<0.05). In a subsequent transcriptome analysis, we
focused on DEGs and GO terms involved in cell wall
metabolism given the differences in thick-walled cells
between the two SS lines and the NSS line.

Involvement of hydrolyzing O-glycosyl compounds

and cytoskeleton organization-related genes in internode
development at the ninth leaf stage

There were 3973 common up-regulated DEGs in SS1vs-
NSS and SS2vsNSS at the ninth leaf stage (Fig. 3C).
GO enrichment analysis of these common up-reg-
ulated DEGs revealed that the most significantly
enriched GO terms were photosynthesis (GO: 0015979,
p=8.79x107° in the biological process group, thy-
lakoid (GO: 0009579, p=1.24x10"°) in the cellular

component group, and hydrolase activity (hydrolyzing
O-glycosyl compounds) (GO: 0004553, p=6.19 x 10~ %)
in the molecular function group (Fig. 4). Among them,
64 DEGs were involved in hydrolase activity (hydrolyzing
O-glycosyl compounds) (GO: 0004553, p=6.19 x 10~ %,
Table S2). Many of these 64 DEGs were involved in cell
wall metabolism. The largest group comprised gly-
cosyl hydrolase family genes (36 DEGs). In addition,
genes related to xyloglucan endo-transglycosylase (XET,
Zm00001d002410, Zm00001d014613, Zm00001d014617,
Zm00001d017699, and Zm00001d4029814), beta-glucosi-
dase 2 (Zm00001d005431 and Zm000014048988), and
cellulase (Zm00001d010039) were markedly up-regu-
lated in SS1vsNSS and SS2vsNSS. Moreover, 11 genes
implicated in cytoskeleton organization (GO: 0007010,
p=1.00 x 10~ 2) (Table S3) were notably up-regulated in
the SS lines. Therefore, the two SS lines had significantly
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(SS) lines and a non-stiff-stalk (NSS) line. A Principal component analysis (PCA) of all six samples. B
Number of up-regulated (up) and down-regulated (down) DEGs between the two SS lines and the NSS line at the ninth leaf and tasseling stages.
Venn diagram of up-regulated DEGs in SSTvsNSS and SS2vsNSS at the ninth leaf stage (C) and the tasseling stage (D). SS1vsNSS: stiff-stalk-line
HBO8F1 compared with non-stiff-stalk-line SJ20104; SS2vsNSS: stiff-stalk-line A801 compared with non-stiff-stalk-line SJ20104

higher expression levels of cell wall metabolism-related
genes than the NSS line, which suggests that the differ-
ence in cell wall metabolism between the NSS line and
the two SS lines had already occurred at the ninth leaf
stage.

Cell wall metabolism-related genes are implicated

in the internode development of inbred lines with different
stalk strengths at the tasseling stage

At the tasseling stage, 4338 DEGs were commonly up-
regulated in SS1vsNSS and SS2vsNSS (Fig. 3D). For
these commonly up-regulated DEGs, the most remark-
ably significantly enriched GO terms were the microtu-
bule-based process (GO: 0007017, p=1.52x107°) in

the biological process group, chromosomal part (GO:
0044427, p=2.36x10""% in the cellular component
group, and protein heterodimerization activity (GO:
0046982, p=1.06 x 107%) in the molecular function
group (Fig. 5). In regard to microtubule-based processes
(GO: 0007017, p=1.52 x 10~°), more than half (20/36)
of the DEGs encoded proteins that were predicted to
have a kinesin motor domain (Table S4). In Arabidopsis
thaliana, kinesin-4-based transport of non-cellulose sub-
stances along cortical microtubules is associated with cell
wall mechanics [13]. Therefore, we speculate that DEGs
involved in microtubule-based processes might affect the
supply of synthetic substances in the cell wall. Moreover,
many GO terms involved in cell wall metabolism were
significantly enriched in the biological process group,
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Fig. 4 Top 30 significantly enriched Gene Ontology (GO) terms (p < 0.05) in DEGs commonly up-regulated in SSTvsNSS and SS2vsNSS at the
ninth leaf stage. SS1vsNSS: stiff-stalk-line HBO8F1 compared with non-stiff-stalk-line $J20104; SS2vsNSS: stiff-stalk-line AB01 compared with

non-stiff-stalk-line SJ20104

such as plant-type cell wall biogenesis (GO: 0009832,
p=4.76 x 10~*%), cellulose microfibril organization (GO:
0010215, p=4.76 x 10~*%), and cell wall assembly (GO:
0070726, p=4.76 x 10~ *). Many more cell wall metab-
olism-related GO terms were enriched at the tasseling
stage than at the ninth leaf stage, which indicates that
differences in cell wall metabolism between the NSS line
and the two SS lines became more pronounced at the tas-
seling stage.

Many genes related to the synthesis of cell wall com-
ponents were significantly enriched in transferase
activity (transferring hexosyl groups) (GO: 0016758,
p=6.46 x 107°). Most of the transferase activity related
genes were UDP-glucoronosyl and UDP-glucosyl trans-
ferase genes (33/85, Table S5). The glycosyltransferase
(GT) family GT43 is involved in the biosynthesis of
xylan, which is a hemicellulose [14, 15]. Compared with
the NSS line, 12 GT43 family genes were up-regulated in
the two SS lines at the tasseling stage (Fig. 6). In addition,
although the two SS lines had higher CWUL than the
NSS line at the tasseling stage, 11 cellulose synthase genes
were still significantly up-regulated in the two SS lines

compared with the NSS line, thereby resulting in further
enlargement of the difference in CWUL between the NSS
line and the two SS lines at the maturity stage (Figs. 1E
and 6 and Table S5). Lignin synthesis-related GO terms
were not notably enriched at the tasseling stage, but the
two SS lines already had significantly higher LWUL than
the NSS line. Therefore, we also analyzed the expression
pattern of lignin synthesis-related genes, including phe-
nylalanine ammonialyase (PAL), 4-coumarate:CoA ligase
(4CL), and laccase. PAL and 4CL are involved in lignin
synthesis [16, 17], and laccase genes involved in lignin
polymerization [18] have been reported in Arabidopsis
and maize. The results showed that five PAL genes, five
4CL genes, and six laccase genes were up-regulated in
both SS lines (Fig. 6 and Table S6). These genes might
play important roles in the biosynthesis of cell wall com-
ponents and enhancing stalk strength.

Hemicellulose and cellulose deposition form the
secondary cell wall network, which affects cell wall
mechanics [19, 20]. Xyloglucan endotransgluco-
sylase (XET) cuts and rejoins hemicellulose chains
to promote plant cell wall assembly and growth
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regulation [21]. Previous studies have identified a
role for XET in secondary cell wall deposition [22].
Three XET (Zm000014024386, Zm000014024071, and
Zm00001d4002412) genes were up-regulated in the two
SS lines at the tasseling stage (Fig. 6 and Table S5).
Mutation in the gene encoding a COBRA-like protein
in Arabidopsis affects cellulose deposition [23]. We
found that six DEGs were enriched in plant-type cell
wall organization (GO: 0009664, p=4.76 x 10~%). All
six DEGs were predicted to encode COBRA-like pro-
teins and were up-regulated in the two SS lines at the
tasseling stage (Fig. 6 and Table S7). In rice, the dele-
tion of a COBRA-like protein gene causes a reduction
in cellulose content, resulting in decreases in second-
ary cell wall thickness and mechanical strength [24]. In
particular, mutants of brittle stalk2 (Zm00001d047276)
display brittle organs (including stems) [25]. Therefore,
many genes involved in cell wall metabolism were up-
regulated in the two SS lines compared with the NSS

line, which is consistent with the observed trends in
cell wall structural material contents.

GO term enrichment analysis of down-regulated DEGs

in SS1vsNSS and SS2vsNSS

At the ninth leaf stage, 5315 common DEGs were
down-regulated in SS1vsNSS and SS2vsNSS (Fig. S2A).
Among these common down-regulated DEGs, GO term
enrichment analysis showed that the most significantly
enriched GO terms were sulfate transport (GO: 0008272,
p=5.13x10"% and sulfur compound transport (GO:
0072348, p=5.13x10"% in the biological process
group and sulfate transmembrane transporter activity
(GO: 0015116, p=4.69 x 10~ %) in the molecular func-
tion group (Fig. S3). There was no significant GO term
that might be involved in stalk strength. Venn diagram
analysis revealed that 5138 common DEGs were down-
regulated in SS1vsNSS and SS2vsNSS at the tasseling
stage (Fig. S2B). The most significantly enriched GO
terms related to these common down-regulated DEGs
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were photosynthesis (GO: 0015979, p=9.65x 10~ 1)
under biological process, the thylakoid (GO: 0009579,
p=3.18x10"'%) and thylakoid part (GO: 0044436,
p=3.18 x10"'?) under cellular components, and iron-
sulfur cluster binding (GO: 0051536, p=1.80x10"°)
and metal cluster binding (GO: 0051536, p=1.80 x 10~°)
under molecular function (Fig. S4). GO terms that might
be involved in stalk strength were also not found at the
tasseling stage. Therefore, up-regulated DEGs between
the two SS lines and the NSS line might play more impor-
tant roles in regulating stalk strength than down-regu-
lated DEGs.

Identification of differentially expressed transcription
factors

Transcription factors (TFs) play important roles in cell
wall metabolism [20]. To explore which TFs might be
involved in internode development, we identified com-
mon differentially expressed TFs between SS and NSS
lines by annotation in the PlantTFDB (http://planttfdb.
gao-lab.org/index.php?sp=Zma) database. There were
514 differentially expressed TFs assigned to 45 families at
the ninth leaf stage. The top 10 families by TF number
were AP2/ERF, MYB, bHLH, bZIP, WRKY, NAC, C2H2,
HD-ZIP, G2-like, and GRAS (Fig. 7A, Table S8). At the
tasseling stage, 521 differentially expressed TFs were

assigned to 47 families. The top 10 families by TF number
were bHLH, AP2/ERF, bZIP, MYB, NAC, C2H2, GRAS,
WRKY, HD-ZIP, and MYB_related (Fig. 7B, Table S8).
AP2/ERF family TFs can regulate secondary cell wall for-
mation [26]. In the present study, the AP2/ERF, bHLH,
MYB, and bZIP families had notably more DEGs than the
other families at both the ninth leaf and tasseling stages.
The MYB and NAC families play important roles in the
network of TFs that regulate secondary wall synthesis
[27]. At the tasseling stage, NAC families also had a large
number of differentially expressed TFs. These differen-
tially expressed TFs might participate the in regulation
of maize stalk strength, which needs validation in further
study.

Validation of RNA-seq data by qRT-PCR

To validate the DEGs identified by RNA-seq, we per-
formed qRT-PCR assays using independently collected
samples identical to those used for RNA-seq analysis
at the same developmental stage. Among the six DEGs
selected for validation, three DEGs were up-regulated
between the two SS lines and the NSS line at the ninth
leaf and tasseling stages (Fig. 8). Zm00001d4039004
encodes a NAC-transcription factor that shares high
protein sequence homology with the secondary wall-
associated NAC domain 2 (SND2) protein in rice [28].
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Fig. 7 Differentially expressed TFs common in SS1vsNSS and SS2vsNSS. A Differentially expressed TFs common in SSTvsNSS and SS2vsNSS at the
ninth leaf stage. B Differentially expressed TFs common in SSTvsNSS and SS2vsNSS at the tasseling stage. SS1vsNSS: stiff-stalk-line HBO8F1 compared
with non-stiff-stalk-line $J20104; SS2vsNSS: stiff-stalk-line A801 compared with non-stiff-stalk-line SJ20104

Zm00001d4029343 was predicted to encode an F-actin
capping protein. The Zm00001d047453 encoded pro-
tein was predicted to have a villin headpiece domain. At
the tasseling stage, we selected three cellulose synthase
genes: Zm00001d032776 (CesA10), Zm00001d043477
(CesAll), and Zm00001d020531 (CesA12). The expres-
sion patterns of all six DEGs in the qRT-PCR assays were
similar to those in the RNA-seq data, thus indicating the
high reliability of the RNA-seq data.

Discussion

Maize stalks are composed of rind and pith. The rind is
made up of hard and dense tissues, whereas the central
pith of the stem is a much softer, foam-like tissue [29].
Previous research has noted the importance of rind thick-
ness in maize stalk strength [2]. A recent study found that
the cell walls of sclerenchyma cells of lodging-resistant
lines were thicker than those of lodging-sensitive lines
[30]. Similar results were observed in the present study.
We found significant differences in rind thickness and cell
wall thickness between the two SS lines and the NSS line
(Fig. 2). Moreover, the two SS lines with stronger stalks
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had more hemicellulose, cellulose, and lignin (Fig. 1D-F).
According to these results, the structural polysaccharides
and lignins of cell walls are related to the mechanical
strength of the stalk, similar to the findings of previous
studies [31]. Therefore, the thickness of the rind and cell
wall might play important roles in maize stalk strength.
The plant cell wall is a complex matrix mainly con-
sisting of polysaccharides, proteins, and lignins [20].
In particular, the changes in polysaccharides (cellulose,
hemicellulose, and pectin) affect the cell wall mechani-
cal strength and the viscoelastic properties of tissue [32].
Cell wall polysaccharides (hemicellulose and pectin) are
synthesized by glycosyltransferases (GTs) in the Golgi
apparatus and secreted into the cell wall by secretory ves-
icles [33]. Genes belonging to glycosyltransferase (GT)
families were enriched in the transferase activity (trans-
ferring hexosyl) group (GO: 0016758, p=6.46 x 10~°) at
the tasseling stage (Table S5). In the present study, a large
number of UDP-glucosyl transferase genes (33/85) were
enriched in the transferase activity (transferring hexo-
syl) group (GO: 0016758, p=6.46 x 10™°) at the tasseling

stage. UDP-glucosyl transferases mediate the transfer of
glycosyl residues from activated nucleotide sugars (pos-
sibly UDP-glucose, UDP-galactose, UDP-glucuronic acid,
or UDP-xylose) to acceptor molecules [34]. UDP glucose
is a major substrate for the synthesis of cell wall polysac-
charides, including cellulose, callose, xyloglucan, and glu-
comannan [35]. Xyloglucan and xylan are the two major
hemicellulose polysaccharides in the cell walls of plants
[14]. In Arabidopsis, the irregular xylem 9/—like (IRX9/
IRX9-L) and IRX14/IRX14-L genes encode members of
GT43, and the destruction of these proteins results in a
decrease in xylan content [36]. In the present study, 12
GT43 genes, including the homologous genes of IRX9
(Zm00001d010976) and IRXI14 (Zm00001d036543),
were up-regulated in the two SS lines compared with
the NSS line at the tasseling stage (Fig. 6 and Table S5).
In maize, CesAI10, CesAl1l and CesAI2 are cellulose
synthases [37]. Compared with the NSS line, CesAI0
(Zm00001d032776), CesAll (Zm00001d043477) and
CesA12 (Zm00001d020531) were all up-regulated in the
two SS lines at the tasseling stage (Fig. 6 and Table S5).



Xie et al. BMC Plant Biology (2022) 22:49

At the tasseling stage, maize inbred lines with different
stalk strengths exhibited marked differences in cell wall
synthesis. Compared with the NSS line, the two SS lines
had higher cell wall polysaccharide contents (Fig. 1),
which suggests that the two SS lines require more cell
wall polysaccharides.

When cell wall polysaccharides produced in the Golgi
apparatus are secreted into cell walls, multiple exoplas-
mic enzymes modify the structure of non-cellulosic
polysaccharides, such as glycosyl hydrolases (GHs) [38,
39]. Xyloglucan endotransglucosylase/hydrolase (XTH),
belonging to the GH16 family, plays a role in the plant
cell wall structure and function [40]. XTH proteins have
the activity of xyloglucan endotransglycosylase (XET)
and xyloglucan endohydrolase, and act on xyloglucan
attached to cellulose microfibers [41, 42]. In previous
studies on XET activity in poplar, XET was found to play
a role in secondary cell wall deposition [22]. In the pre-
sent study, three XETs were up-regulated in two SS lines
at the tasseling stage, which might affect hemicellulose
deposition in the secondary cell wall (Fig. 6 and Table S5).

Mutation of the Arabidopsis COBRA-like 10 gene leads
to the destruction of cellulose microfibril deposition in
pollen tubes [23]. In rice, mutation of the COBRA-like
protein gene brittle culml leads to a decrease in cellulose
content and secondary cell wall thickness [24]. In the pre-
sent study, six genes were predicted to encode COBRA-
like proteins and were up-regulated in two SS lines at the
tasseling stage (Fig. 6 and Table S7). Maize brittle stalk 2
encodes a COBRA-like protein similar to the rice brittle
culml protein. Mutation in brittle stalk 2 affects cellulose
deposition in the secondary cell wall and stalk strength
[25, 43]. Here, brittle stalk 2 (Zm00001d4022081) was up-
regulated in the two SS lines at the tasseling stage (Fig. 6
and Table S7). Therefore, there might be a marked differ-
ence in cellulose deposition between the two SS lines and
the NSS line.

Lignin, the second most abundant cell wall structural
material after cellulose in the secondary cell wall, is very
important for stem strength [44]. Previous studies found
significantly reduced lignin content in Arabidopsis PALI
and PAL2 double mutants [16]. In the present study, five
Arabidopsis PALI and PAL2 homologous genes, ZmPALI
(Zm00001d017274),  ZmPAL4  (Zm00001d051166),
ZmPALS (Zm00001d051163), ZmPAL7
(Zm00001d017279), and ZmPALS (Zm00001d017276),
were up-regulated in the two SS lines at the tasseling
stage (Fig. 6 and Table S6). A recent study found that
the Zm4CL1 mutation mainly affected the biosynthe-
sis of G lignin and the accumulation of soluble feruloyl
derivatives in maize lignified tissues [17]. Although there
was no significant difference in Zm4CLI expression
in our RNA-seq data, we found that another five 4CL
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genes were up-regulated in the two SS lines at the tas-
seling stage (Fig. 6 and Table S6). Laccase is necessary
for lignin polymerization during vascular development
in Arabidopsis [18]. Our results showed that six laccase
genes were up-regulated at the tasseling stage (Fig. 6 and
Table S6). Under nitrogen stress, ZmmiR528 affected the
lignin content and RPR of maize stems by regulating the
expression of ZmLACCASE3 and ZmLACCASES [45].
Here, ZmLACCASES (Zm00001d042901) was up-regu-
lated at the tasseling stage (Fig. 6 and Table S6). Taken
together, enhanced expression of genes involved in cell
wall synthesis and metabolism might increase cell wall
structural material contents and cell wall thickness in the
two SS lines, thereby improving stalk strength.

The cell wall structure is not only affected by the syn-
thesis and modification of cell wall polysaccharides but is
also regulated and organized by the dynamic cytoskele-
ton and multiple transport pathways of cell wall polymers
[46]. The cytoskeleton is composed of microtubules and
actin filaments (F-actin). Actin filament polymerization
and elongation are related to vesicle mobility [47]. Micro-
tubules are involved in the transport of vesicles contain-
ing cell wall components [48]. Cytoskeleton-associated
proteins affect cell wall mechanics and cell wall material
deposition [13, 49].

In this study, genes related to cytoskeleton organization
(Table S3) and microtubule-based processes (Table S4)
were enriched at the ninth leaf and tasseling stages,
respectively. Actin-related protein 2/3 (Arp2/3) complex
and F-actin capping protein-related genes were up-reg-
ulated at the ninth leaf stage in the two SS lines com-
pared with the NSS line. The Arp2/3 complex is a type of
actin filament nucleation factor that extends a new actin
filament with 70° branch angles from one side of exist-
ing actin filaments [50]. The F-actin capping protein is a
heterodimer composed of « and P subunits that binds to
the F-actin ends to limit the addition or loss of G-actin,
thereby stabilizing the actin filament cytoskeleton [51].
Therefore, the Arp2/3 complex and F-actin capping pro-
teins may affect the synthesis and nucleation of actin fila-
ments and subsequently influence the transportation of
cell wall polysaccharides during cell wall synthesis. In this
study, capping protein subunits o (Zm000014007146,
log2FC=0.44-0.54) and B  (Zm00001d4029343,
log2FC=0.48-0.89) were up-regulated in the two SS
lines at the ninth leaf stage (Table S3). In addition, a large
number of kinesin-related genes (20/36) were enriched
in the GO term of the microtubule-based process (GO:
0007017, p=1.52x10"°). Kinesin-1 is a processive
motor that uses ATP energy to transport cellular car-
goes from the Golgi apparatus to the cell periphery along
the microtubules [52]. Kinesin-4-based transport of
non-cellulosic substances along cortical microtubules is
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associated with cell wall mechanics in Arabidopsis thali-
ana [13]. The absence of the kinesin-4 family member
FRAGILE FIBER1 (FRA1) kinesin results in the accumu-
lation of vesicles around the Golgi apparatus and a reduc-
tion in pectin secretion [48]. A recent study found that
FRALI regulates the protein levels of cellulose synthase-
microtubules that uncouple protein and microtubule
localization, which stabilizes the deposition sites of cel-
lulose and cell wall polysaccharides [49]. In the present
study, kinesin-related genes were differentially expressed
at the tasseling stage (Table S4). These results suggest
that kinesin might be involved in cell wall development
through the transport of cell wall non-cellulosic mate-
rial or influence the deposition of cellulose and cell wall
polysaccharides.

Villin is an F-actin regulatory protein with a gelso-
lin-like core domain and a C-terminal villin headpiece
(VHP) [53]. We found that VHP-related genes were dif-
ferentially expressed between the two SS lines and the
NSS line at the ninth leaf and tasseling stages. In the
two combinations SS1vsNSS and SS2vsNSS, the expres-
sion level of Zm00001d047453 had the largest dif-
ferences in cytoskeleton organization (GO: 0007010,
p=100x10"% log2FC=1.32-141) and microtu-
bule-based process (GO: 0007017, p=1.52x10"5,
log2FC=1.60-1.73). Further qRT-PCR assays also indi-
cated that Zm000014047453 was differentially expressed
between the two SS lines and the NSS line (Fig. 8A).
Although the fold change of Zm00001d047453 was
lower in the qRT-PCR assay than indicated by the RNA-
seq data, the gene was up-regulated according to both
datasets. Bao et al. [54] reported that the deletion of the
VILLIN2 and VILLIN3 genes in Arabidopsis thaliana
reduces stem mechanical strength. No defects in sec-
ondary cell wall synthesis were detected in that study;
however, cortex, interfascicular fiber, xylem, and pith
cell numbers significantly decreased, indicating defective
sclerenchyma development. Therefore, we speculate that
Zm00001d047453 affects maize stem differentiation and
rind development.

Conclusions

At the tasseling and maturity stages, the two stiff-stalk
lines had higher dry weights and hemicellulose, cellulose,
and lignin contents per unit length than the non-stiff-
stalk line. With regard to microstructure, rind, VBSs, and
rind and VBS cell walls were markedly thicker in the two
stiff-stalk lines than in the non-stiff-stalk line at the tas-
seling stage. Transcriptome analysis revealed that these
differences might be related to the expression levels of
genes involved in cell wall metabolism and the cytoskele-
ton. Overall, our study has provided new insights into the
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internode development of maize inbred lines with differ-
ent stalk strengths.

Methods

Materials

Maize inbred lines SJ20104 (NSS), HBO8F1 (SS1), and
A801 (SS2) were grown at the experimental station
(36°90’ N, 117°90' E) of Shandong Agricultural Univer-
sity. The soil type was brown soil with a sandy loam struc-
ture containing 10.5gkg ™! organic matter, 0.8 gkg ™! total
nitrogen (N), 35.2mgkg~! readily available phosphorus
(P), and 81.8mgkg ™! readily available potassium (K). N,
P, and K fertilizers were applied as described previously
[55]. Seeds were sown on 12 June 2019. Each field plot
was 4m x 4.8m with eight rows (0.60m between rows,
with a planting density of 67,500 plants ha™?).

Plant height, internode morphology, and RPR
measurements

At the maturity stage, plant height was measured from
the ground to the top of the tassel. Stem diameter was
determined with a vernier caliper arranged perpendic-
ular to the long axis (Fig. 1A) at the center of the third
basal internode. The length of the third basal internode
was measured with a ruler.

Five individual plants were randomly selected from
each maize inbred line at ninth leaf, tasseling, and matu-
rity stages. Days from sowing to ninth leaf, tasseling, and
maturity stages were 36, 50, and 102 in NSS; 36, 51, and
104 in SS1; and 38, 59, and 108 in SS2, respectively. NSS,
SS1, and SS2 had a total of 16, 16, and 18 leaves at the
tasseling stage, respectively. The RPR of the third basal
internode was measured with a YYD-1 stalk strength
tester (Top Cloud-Agri Technology Co., Zhejiang, China)
according to a previous study [56]. In brief, a 1-cm-long
probe with a 1-mm? cross-sectional area was inserted
perpendicular to the long axis of the cross section at the
center point of the third basal internode (Fig. 1A), and
the maximum value was recorded as the RPR. Then, the
middle part of the third basal internode was cut approxi-
mately 2mm in length (Fig. 1A). The cut part was cut in
half along the long axis of the cross-section. One half,
designated sample 1, was used for microstructure obser-
vation. The other half (as sample 2) was immediately
frozen in liquid nitrogen and stored at —80°C for RNA
extraction.

Determination of hemicellulose, cellulose, and lignin
contents

Another five plants were randomly selected from each
maize inbred line for determination of hemicellulose,
cellulose, and lignin contents. The entire third basal
internode was cut off, heated in an air oven at 105°C
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for 30 min, and then dried to a constant weight at 80°C.
The DWUL of the third internode was calculated by
dividing the dry weight of the internode by its length.
The dried sample was then crushed and passed through
a 40-mesh screen. Approximately 1g of the sifted
sample (M1) was placed in a filter bag (with a weight
of MO) for measurement of neutral detergent fiber
(NDF), acid detergent fiber (ADF), and acid detergent
lignin (ADL) contents using an ANKOM 220 fiber ana-
lyzer (ANKOM Technology Corp., Fairport, NY, USA)
according to a previous study [55]. Hemicellulose, cel-
lulose, and lignin percentages were calculated as fol-
lows: hemicellulose (%)= (NDF — ADF)/M1; cellulose
(%) = (ADF — ADL)/M1; and lignin (%)= (ADL — MO0)/
M1. The percentage of each compound was multiplied
by DWUL to obtain hemicellulose (HWUL), cellulose
(CWUL), and lignin (LWUL) weights per unit length of
the third basal internode (mgcm™?'). Each component
was measured three times per sample.

Paraffin sectioning and histological staining

Samples for microstructure observation were obtained
from the middle part of the third basal internode as
described above for sample 1. Tissues at the ninth leaf
and tasseling stages were immersed in 50 and 70% forma-
lin—acetic acid—alcohol (FAA) fixative, respectively. Par-
affin sectioning procedures were performed as previously
described [57]. Samples were dehydrated in a graded eth-
anol series, soaked in 50% pure ethanol:50% xylene (v/v)
for 45min and 100% (v/v) xylene for 45min (repeated
three times), and then infiltrated with liquefied paraffin
at 58°C. Paraffin sections were produced with an HM360
slicer (Microm, Walldorf, Germany). The sections were
dewaxed with xylene for 20 min (repeated twice), anhy-
drous ethanol for 5min (repeated twice), and 75% alcohol
for 5min, and rinsed with water. The sections were dyed
in Safranin-O for 2h, and washed in water to remove
excess dye. Then, the slices were placed in 50, 70 and
80% gradient alcohol for 3-8s for decolorization. The
slices were dyed in Fast Green solution for 6-20s and
dehydrated with absolute ethanol (repeated three times).
Xylene was transparent for 5min and sealed with neu-
tral gum. Sections were imaged by Nikon DS-Ri2 light
microscopy (Nikon, Tokyo, Japan). Measurements of the
stem rind, VBS, and cell wall thicknesses were carried out
using Image] software. Rind thickness was measured 10
times randomly from multiple directions in the cross sec-
tion of each inbred line (5x magnification). VBS thick-
ness was measured from the thickest part of 10 randomly
selected VBSs of each inbred line (10x magnification,
shown as a red line in Fig. 2A). Rind cell wall thickness
was measured from thick-walled cells in the center of
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the rind (except for the vascular bundle). VBS cell wall
thickness was measured from randomly selected VBSs.
Two adjacent cells were measured simultaneously, and
20 pairs of cells were measured (40x magnification).
Cell wall thickness was then calculated by dividing each
measured value in half.

RNA-seq analysis

Samples of SS1, SS2, and NSS at the ninth leaf and tas-
seling stages were used for RNA-seq analysis. These sam-
ples for RNA extraction were obtained from the middle
part of the third basal internode as described above (as
sample 2). Each frozen sample was ground in liquid nitro-
gen in a 50 mL stainless steel grinding jar with one 20mm
stainless steel ball (AM100, Ant Source Scientific Instru-
ment Co., Beijing, China). RNA isolation and quantifi-
cation were carried out as described previously [58]. In
brief, total RNA was extracted from 0.1 g of sample using
an RNA extraction kit DP441 (Tiangen, Beijing, China).
RNA degradation and contamination were detected by
1% agarose gel electrophoresis, and a NanoPhotom-
eter spectrophotometer (Implen, CA, USA) was used to
determine RNA purity. RNA integrity and concentration
were assessed using an Agilent 2100 bioanalyzer (Agilent
Technologies, CA, USA) and a Qubit RNA assay kit with
a Qubit 2.0 fluorometer (Life Technologies, CA, USA),
respectively. RNA integrity numbers (RIN) ranged from
7.9 to 9.8 (Table S9), thus indicating that the RNA quality
was good.

RNA-seq library construction and sequencing were
carried out at Beijing Novogene Bioinformatics Tech-
nology Co. (Beijing, China). A NEBNext UltraTM RNA
Library Prep Kit for Illumina (NEB, MA, USA) was
used for RNA-seq library construction. By using a poly-
T oligo-attached magnetic, mRNA was purified from
total RNA. First-strand cDNA synthesis was carried out
with random hexamer primers and M-MuLV reverse
transcriptase (RNase H-). Then, RNase H and DNA
polymerase I were used to synthesize second strand
cDNA. After adenylation, the AMPure XP system
(Beckman Coulter, MA, USA) was used to purify cDNA
fragments (250 ~ 300 bp). The libraries were sequenced
on an Illumina NovaSeq platform to generate 150bp
paired-end reads. Clean data were obtained by remov-
ing adapter-containing reads, reads containing poly-N,
and low-quality reads from the raw data. Subsequently,
the clean reads were mapped to the maize B73 v4 ref-
erence genome (ftp://ftp.ensemblgenomes.org/pub/
plants/release-41/fasta/zea_mays/dna/) using HISAT2
[59]. To quantify the gene expression levels, the num-
ber of reads mapped to each gene were counted using
featureCounts [60], and the expected number of FPKM
of each gene were calculated. Expressed genes with
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FPKM >1 were used for the comparative analysis [61].
Differential expression analysis of two samples was per-
formed using the DESeq2 R package (v1.16.1) [62]. The
p-value were adjusted using the Benjamini and Hoch-
berg algorithm to control the false discovery rate [63],
and genes with corrected p-value<0.05 were consid-
ered to be DEGs. To understand the functions of sig-
nificant DEGs, we applied the clusterProfiler R package
[64] to enable a GO enrichment analysis. GO terms
with a corrected p-value<0.05 were considered to be
significantly enriched in DEGs.

gRT-PCR

Gene-specific primers designed using Primer 6 software
were synthesized by Sangon Biotech (Shanghai, China).
The primer sequences are listed in Table S10. cDNA
was reverse transcribed from total RNA using a Prime-
Script RT kit (Takara, Dalian, China) and then analyzed
by qRT-PCR on an ABI StepOne Plus Real-Time PCR
system (Applied Biosystems, CA, USA). The maize actin
gene (Zm00001d010159) was used as an internal control
for normalization of gene expression. The actin primer
sequences were obtained from a previous study [65].
Each qRT-PCR experiment was repeated three times.
Relative expression levels were calculated using the com-
parative CT (2722Y method.

Statistical analyses

One-way ANOVA and Duncan’s post hoc test were con-
ducted using SPSS 19.0 statistical software (SPSS, Inc.,
IL, USA).
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