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Abstract 

Background  Lodging seriously affects sugarcane stem growth and sugar accumulation, reduces sugarcane yield 
and sucrose content, and impedes mechanization. However, the molecular mechanisms underlying sugarcane lodg-
ing tolerance remain unclear. In this study, comprehensive transcriptomic and proteomic analyses were performed 
to explore the differential genetic regulatory mechanisms between upright (GT42) and lodged (GF98-296) sugarcane 
varieties.

Results  The stain test showed that GT42 had more lignin and vascular bundles in the stem than GF98-296. The gene 
expression analysis revealed that the genes that were differentially expressed between the two varieties were mainly 
involved in the phenylpropanoid pathway at the growth stage. The protein expression analysis indicated that the pro-
teins that were differentially expressed between the two varieties were related to the synthesis of secondary metabo-
lites, the process of endocytosis, and the formation of aminoacyl-tRNA. Time-series analysis revealed variations in dif-
ferential gene expression patterns between the two varieties, whereas significant protein expression trends in the two 
varieties were largely consistent, except for one profile. The expression of CYP84A, 4CL, and CAD from the key 
phenylpropanoid biosynthetic pathway was enhanced in GT42 at stage 2 but suppressed in GF98-296 at the growth 
stage. Furthermore, the expression of SDT1 in the nicotinate and nicotinamide metabolism was enhanced in GT42 
cells but suppressed in GF98-296 cells at the growth stage.

Conclusion  Our findings provide reference data for mining lodging tolerance-related genes that are expected 
to facilitate the selective breeding of sugarcane varieties with excellent lodging tolerance.
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Background
Sugarcane (Saccharum officinarum Linn) belongs to the 
Poaceae family and is grown worldwide for its economic 
value in generating sugar, cane juice, paper, pulp, alcohol, 
xylitol, chemicals, feed, electricity, and biomass, as well 
as medicinal value. This entity is native to the regions of 
Southeast Asia and tropical South Asia [1–3]. Sugarcane 
contains fructose and glucose and is the cheapest energy-
producing crop [4]. Sugarcane holds a position of consid-
erable significance as one of the primary economic crops 
[5, 6].

The Saccharum officinarum species, commonly known 
as sugarcane, typically grows to a height of 3 to 7 m (10 
to 24 feet). A significant characteristic of this plant is that 
over 95 percent of its biomass is located above ground. 
This structural feature exposes the plant to a persistent 
threat of lodging, a phenomenon that can drastically 
reduce yield and compromise the quality of the crop. 
The susceptibility to lodging is directly proportional to 
the height of the sugarcane plant, with taller specimens 
facing a higher risk. After lodging, this leads to problems 
with harvesting, reduced cane yield and reduced sugar 
content. In Australia, in northern Queensland, a 15–35% 
decrease in sugar yields has been recorded in a lodged 
crop compared to an unaffected crop [7, 8]. This may be 
due to rat damage, suckering, and stalk and stool death 
following lodging [9]. Furthermore, sugarcane lodg-
ing decreases the efficiency of mechanized harvesting 
[10–12].

Under lodging, crop stalks shift from natural vertical 
shapes to permanent dislocations. In the botanical realm, 
the phenomenon of lodging is primarily induced by natu-
ral environmental factors such as wind and precipitation. 
In addition, field planting operations, fertilizer concen-
tration, planting furrows, and physicochemical proper-
ties of the soil affect lodging [13, 14]. Typically, lodging 
is classified as root or stem lodging [15]. Root lodging 
occurs when the aboveground weight of a plant exceeds 
the maximum weight that the root system can withstand 
[16]. Stem lodging occurs when the supporting force of 
the base does not satisfy the weight generated by the tail 
of the crop stem, leading to stem breakage at the base. 
For instance, under sudden cold onset, the tail of sug-
arcane is frosted and its base lacks support, resulting in 
fracture, which reduces the yield [17, 18]. Stem lodging is 
common in crops with thin stem bases, such as rice and 
wheat, among others [19, 20].

Domestic research on sugarcane lodging has primarily 
focused on improving field cultivation measures. Lodg-
ing tolerance measures of sugarcane, such as planting 
lodging-tolerant varieties combined with high cultiva-
tion soil, deep trench planting, and “fork prevention 
method” can reduce the lodging rate [21]. To cope with 

typhoon-induced sugarcane lodging, wind damage can 
be prevented by planting windbreaks, and suitable sugar-
cane varieties can be planted in different ecological zones, 
accompanied by cultivation measures with deep plowing 
and deep pines [22]. Breeding lodging-tolerant varieties 
is the most effective approach for reducing lodging. For 
instance, Bred Guiding 42 (GT42), obtained through con-
ventional crossbreeding, exhibits important traits such as 
strong lodging tolerance, early maturity, and high yield 
and has now become one of the major sugarcane varieties 
in Guangxi [23, 24]. However, to date, there have been no 
relevant reports on the regulatory genetic mechanisms 
underlying sugarcane lodging tolerance.

Genomes are important reference information for ana-
lyzing transcriptomes and modern sugarcane cultivars 
GT42 and GF98-296 in this study. Contemporary sugar-
cane varieties are the result of hybridization efforts ini-
tiated by breeders in the early twentieth century. These 
efforts aimed to combine the high sucrose content of Sac-
charum officinarum with the disease resistance and stress 
tolerance traits inherent in S. spontanuem. Consequently, 
Saccharum cultivars now possess an extraordinarily intri-
cate interspecific aneupolyploid genome, comprising 
100 to 130 chromosomes. Approximately 70% to 80% of 
these chromosomes originate from S. officinarum, 10% 
to 20% from S. spontaneum, and around 10% result from 
interspecific recombination [25]. Despite the release of 
the whole-genome sequence of S. spontaneum [26] and 
a monoploid sequence of a commercial cultivar, R570 
[27], comprehensive genomic information pertaining 
to modern sugarcane hybrids or S. officinarum remains 
unpublished.

Transcriptome sequencing technology has also been 
applied to screen sugarcane germplasm resources. Tran-
scriptome analysis showed that sugarcane pest herbi-
vores enhanced several herbivory-induced responses, 
including amino acid metabolism carbohydrate metabo-
lism and secondary metabolites, pathogen responses, 
plant hormone signaling transduction, and transcrip-
tion factors. This study will accelerate our understand-
ing of the mechanisms of insect herbivory in sugarcane 
and provide a target for improving the resistance of sug-
arcane varieties to insect herbivory through molecular 
breeding [28]. Sugarcane transcriptome studies also are 
primarily used to characterize genes and their relation-
ships with stress tolerance. Developing sugarcane vari-
eties with high-stress tolerance is one of the main goals 
of researchers for increasing sugarcane yields. There-
fore, understanding the sugarcane transcriptome under 
stress conditions is important for future crop breeding 
[29]. Besides, transcriptome sequencing can also be used 
to reveal the genetic regulatory mechanisms underlying 
sugarcane lodging tolerance.
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Therefore, in the present study, we selected two sug-
arcane varieties that differed in terms of their lodging 
tolerance as research materials to explore the molecular 
mechanisms associated with lodging tolerance in sug-
arcane. The physiological and biochemical character-
istics as well as the microstructures of the two varieties 
were compared. Transcriptomic and proteomic analyses 
were performed to identify gene regulatory mechanisms 
underlying lodging tolerance in sugarcane. Our results 
provide a basis for mining lodging tolerance genes that 
can aid in the selection and breeding of sugarcane varie-
ties with excellent lodging resistance.

Results
Comparison of the lodging index of two sugarcane 
varieties
The sugarcane growing period was from mid-September 
to late September. Interestingly, in Guangxi, typhoons 
and rain intensified in mid-to-late September; therefore, 
the sugarcane variety GF98-296 showed initially inclined 
lodging owing to defects in its cane stem structure 
(Fig.  1b) in comparison to the lodging-tolerant variety 
GT42 (Fig. 1a). In October, the height of GT42 continued 
to increase (Fig. 1c), whereas the angle of inclination in 
variety GF98-296 further increased (Fig. 1d). In Novem-
ber, GT42 reached its maximum height (Fig.  1e). How-
ever, the original inclined variety GF98-296 was affected 
by climate and its factors, and the entire sugarcane 
almost collapsed (Fig.  1f ). Although the height data of 
GT42 and GF98-296 were relatively close at each period 
of growth (Table S1), the lodging resistance index (LRI) 
was obviously different between these two varieties. The 
LRI of GT42 (3.0) was much higher than that of GF98-
296 (1.16). The ratio of middle in basal stem diameter in 
GT42 was also higher than GF98-296 (Detailed data are 
shown in Table S2).

Crocus (safranin O-fast green staining), was used 
to stain cell wall lignification and suberization. In a 

comparative analysis of the cross-sectional view of the 
epidermis, the lodging-tolerant sugarcane variety GT42 
showed clear red staining of the crocus (Fig. 2), indicat-
ing a high degree of lignification and suberization. This 
is consistent with the lignin and hemicellulose contents 
in GT42 that were much higher than those in GF98-296 
(Table S3). From the field view, the number of vascular 
bundles in the stem was higher in GT42 than in GF98-
296. Moreover, ducts and fibers in the vascular bundle 
were obvious, and cells near the vascular bundle showed 
obvious tears in GT42 (indicated by arrows in Fig.  2a 
and b). Furthermore, the cortical thickness in GF98-
296 was greater than that in GT42 (Fig.  2c and d), and 
the cortical cells were arranged neatly in many layers. In 
the field view, longitudinal sections showed more corti-
cal cell layers in GF98-296 than in GT42 (Fig.  2g and 
h), with a relatively neat arrangement. In the field view, 
the cross section indicated more epidermal cell layers 
in GT42 than in GF98-296. Moreover, the native xylem 
duct and mid-column sheath cells were more developed 
in GT42. Similarly, the cortical walls and middle col-
umn parenchymal cells appeared thicker in GT42 than 
in GF98-296 (Fig. 2e, f ). Furthermore, in the cross- and 
longitudinal sections, the root cortical parenchyma cells 
were arranged very neatly in GT42. A well-developed 
duct can better transport water and mineral elements to 
the aboveground parts, which is conducive to the growth 
of sugarcane plants.

Transcriptome analysis of sugarcane stem across different 
stages
To identify genes related to the difference in lodg-
ing tolerance between GT42 and GF98-296, global 
RNA sequencing (RNA-seq) analysis of stem frag-
ments at the three developmental stages was performed. 
After discarding low-quality reads, RNA-seq yielded 
6,291,005,512–6,525,591,363 clean reads with Q20 bases 
on average per sample (Table S4), which were used for 

Fig. 1  Lodging events of GT42 and GF98-296 sugarcane varieties during different developmental stages. Growth stage and lodging in (a, b) 
September, (c, d) October, and (e, f) November. Plants in a, c, and e represent GT42, and plants in b, d, and f represent GF98-296
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further expression analyses. The assembly of the reads 
produced 86,009 unigenes with an average length of 
1011  bp (Table S5). The BUSCO evaluation of unigenes 
revealed that ~ 68% of the BUSCOs were complete, indi-
cating relatively high completeness of the assembly (Fig. 
S1). All unigenes were BLASTed to multiple databases, 
and 45,684 unigenes were annotated to at least one data-
base (Table S5).

Principal component analysis (PCA) was conducted 
to revealed the relationship among different samples 
(Fig.  3a). Samples in the same groups tended to cluster 
together, indicating consistency between the samples. 
Samples collected from different varieties were far apart, 
suggesting variation between the two varieties. The dif-
ferential expression analysis showed that 1,202 (639 
upregulated and 563 downregulated) and 3,674 (1,934 
upregulated and 1,740 downregulated) genes were dif-
ferentially expressed at stages 2 and 3 compared to the 
previous stage in variety GT42, respectively. In variety 
GF98-296, 3,478 (1,401 upregulated and 2,077 down-
regulated) and 2,548 (1,321 upregulated and 1,227 down-
regulated) differentially expressed genes (DEGs) were 
identified at stages 2 and 3 compared to the previous 
stage, respectively. Besides, 8,052, 6,835, and 7,935 genes 
were differentially expressed between varieties GT42 and 
GF98-2961 at stages 1, 2, and 3, respectively (Fig. 3b).

KEGG pathway enrichment analysis was performed 
on the differentially expressed genes (DEGs) from each 
comparison. Overall, 58 KEGG pathways were sig-
nificantly enriched in at least one comparison (Fig.  3c). 
Among these, the pathways of circadian rhythm and 
cyanoamino acid metabolism were enriched by the DEGs 
of both GF98-296 and GT42 during growth. In addition, 

the phenylpropanoid biosynthetic pathway, secondary 
metabolite biosynthetic pathways, cutin, suberin, wax 
biosynthesis, monoterpenoid biosynthesis, DNA repli-
cation, nucleotide excision repair, and mismatch repair 
were simultaneously enriched in GF98-296 versus GT42 
at all growth stages.

Proteomic changes in the sugarcane stem
Proteomic analysis of 18 GT42 and GF98-296 samples 
identified and quantified 46,462 peptides and 6,551 pro-
teins (Dataset 1). According to the PCA plotting, samples 
in the same group tended to cluster, indicating that they 
were more consistent. Conversely, the samples from dif-
ferent varieties were far apart, suggesting that the two 
varieties were distinct (Fig. 4a). In variety GT42, 131 (48 
upregulated and 83 downregulated) and 65 (43 upregu-
lated and 22 downregulated) proteins were differentially 
expressed at stages 2 and 3 compared to the previous 
stage, respectively. In variety GF98-296, 124 (88 upregu-
lated and 36 downregulated) and 138 (95 upregulated 
and 43 downregulated) differentially expressed proteins 
(DEPs) were found at stages 2 and 3 compared to the 
previous stage, respectively. Moreover, 463 (321 upregu-
lated and 142 downregulated), 847 (697 upregulated and 
150 downregulated), and 921 (778 upregulated and 143 
downregulated) DEPs were identified between varieties 
GT42 and GF98-2961 at stages 1, 2, and 3, respectively 
(Fig. 4b).

KEGG pathway enrichment analysis showed that in 
GF98-296, DEPs between stages 1 and 2 were signifi-
cantly enriched in other types of O-glycan biosynthesis 
pathways, whereas DEPs between stages 2 and 3 were 
significantly enriched in the ribosome, monobactam 

Fig. 2  Stem microstructures of the two tested sugarcane varieties with different degrees of lodging at the mature stage. Cross section: a, 
e = GF98-296 and b, f = GT42. Longitudinal section: c, g = GF98-296 and d, h = GT42. Black arrow indicates Vb (EP, epidermis; Vb, vascular bundle)
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Fig. 3  Transcriptome analysis of differentially expressed genes in sugarcane. PCA of the expressed genes (a); x- and y-axes indicate 
the first and second principal components, respectively. Bar chart of differentially expressed genes (b); red and blue represent upregulated 
and downregulated genes, respectively. KEGG pathway enrichment analysis of genes at different growth stages of GF98-296 and GT42 (c), 
was performed using the KEGG software of the Kanehisa laboratory
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biosynthesis, and lysine biosynthesis pathways (Fig.  4c). 
In GT42, the DEPs between stages 1 and 2 were signifi-
cantly enriched in phagosome, stilbenoid, diarylhepta-
noid, gingerol, phenylpropanoid, flavonoid, ubiquinone, 
and other terpenoid-quinone biosynthesis, whereas the 
DEPs between stages 2 and 3 were significantly enriched 
in the biosynthesis of secondary metabolites, sphin-
golipid metabolism, and non-homologous end-joining. 
In addition, the DEPs between the two varieties at differ-
ent growth stages were enriched in the phenylpropanoid 

biosynthesis, flavonoid biosynthesis, ubiquinone and 
other terpenoid-quinone biosynthesis, and secondary 
metabolite biosynthetic pathways (Fig. 4c).

Differential gene and protein expression patterns 
between the two sugarcane varieties
Gene and protein expression patterns were analyzed 
separately using STEM software for GF98-296 and GT42 
based on the DEGs and DEPs identified from stage-
dependent comparisons, which were clustered into eight 

Fig. 4  Proteomic analysis of differentially expressed proteins in sugarcane. PCA of expressed protein (a); x- and y-axes indicate the first and second 
principal components, respectively. Bar chart of differentially expressed proteins (b); red and blue represent upregulated and downregulated 
proteins, respectively. KEGG pathway enrichment analysis of proteins at different growth stages of GF98-296 and GT42 (c), was performed using 
the KEGG software of the Kanehisa laboratory
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profiles for each variety (Figs. 5a, b and 6a, b). The DEGs 
in GF98-296 were significantly enriched in profiles 1, 0, 
6, and 7, whereas the DEGs in GT42 were significantly 
enriched in profiles 4, 3, 2, and 5 (marked by colors in 
Fig. 5a and b). Therefore, the trends in the DEGs differed 

between the two varieties. We further divided the trends 
into downward (profiles 0, 1, 2, and 3) and upward (pro-
files 4, 5, 6, and 7). Accordingly, 486 genes with differ-
ences in trend changes between varieties were identified. 
These genes were largely enriched in the biosynthesis and 

Fig. 5  Trends of gene expression and KEGG enrichment to identify key metabolic pathways. STEM analysis of gene expression profiles of GF98-296 
(a) and GT42 (b). Each box indicates a model profile, and the colored profiles shown are significant. The profiles showed by the same color can 
be secondary combined to simplify the trend analysis results. Numbers in the boxes indicate the order of the profile (upper left), and the P-value 
indicates significance (lower left). The top 20 pathways from KEGG enrichment analysis of genes (c). X-axis shows the enrichment factor (RichFactor), 
calculated as the number of differentially expressed genes annotated to the pathway divided by all genes identified in the pathway. The larger 
the value, the greater the proportion of differentially expressed genes annotated to the pathway. The size of the circle represents the number 
of differentially expressed genes annotated to the pathway
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metabolism of secondary metabolites, cyanoamino acid 
metabolism, starch, and sucrose metabolism (Fig. 5c).

DEPs in GF98-296 were significantly enriched in 
profiles 4 and 6, whereas the DEPs in GT42 were 

significantly enriched in profiles 2, 4, and 6. The trends in 
DEPs between the two varieties were consistent, except 
for profile 2 (Fig. 6a and b). We then focused on proteins 
with different trends between the varieties and identified 

Fig. 6  Trends of protein expression and KEGG enrichment to identify key metabolic pathways. STEM analysis of protein expression profiles 
of GF98-296 (a) and GT42 (b). Each box indicates a model profile. Colored profiles show significant values. Numbers in the boxes indicate the order 
of the profile (upper left), and the P-value indicates significance (lower left). The top 20 pathways from KEGG enrichment analysis of proteins (c). 
X-axis represents the enrichment factor (RichFactor), calculated as the number of differentially expressed proteins annotated to the pathway 
divided by all proteins identified in the pathway. The larger the value, the greater the proportion of differentially expressed proteins annotated 
to the pathway. The size of the circle represents the number of differentially expressed proteins annotated to the pathway
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178 DEPs. These proteins were primarily enriched in pro-
tein export, circadian rhythm, and protein processing 
pathways in the endoplasmic reticulum (Fig. 6c).

To investigate the key metabolic pathways differentially 
regulated at the transcriptomic and proteomic levels 
between the two varieties, the pathways affected by both 
gene and protein trends were investigated (Table S6). The 
phenylpropanoid biosynthetic pathway harbored three 
key genes that were differentially expressed between the 
two varieties (Fig. 7a). The expression of CYP84A, 4-cou-
marat-CoA ligase (4CL), and alcohol dehydrogenase 
(CAD) was enhanced in GT42 samples at stage 2, but 
suppressed in GF98-296 samples at the growth stage. The 
key gene sdt1 (pyrimidine and pyridine-specific 5’-nucle-
otidase) in nicotinate and nicotinamide metabolism was 
differentially expressed between the two varieties at 
both the transcript and protein levels (Fig.  7b). Specifi-
cally, SDT1 expression increased in GT42 samples but 
decreased in GF98-296 samples during the growth stage. 

The expression of these genes was validated using qRT-
PCR (Fig. S2), which showed a high consistency between 
the transcriptome and qRT-PCR testing.

Discussion
Lodging severely reduces crop yield and is therefore an 
important scientific research topic. Based on the lodg-
ing angle, studies on crops such as rice, maize [30], and 
wheat [31], have divided lodging into three or more 
grades. However, a standard grading system for defin-
ing the lodging angle in sugarcane has yet to be estab-
lished. In this study, we propose a grading system for 
sugarcane lodging, which is divided into grades 1 (lodg-
ing), 2 (semi-lodging), and 3 (upright). Furthermore, 
we aimed to standardize the grading system by using 
the lodging tolerance index (LTI) of sugarcane. The LTI 
was first proposed for wheat, with a positive correlation 
between lodging tolerance and LTI value, suggesting that 
the larger the LTI, the stronger the lodging tolerance of 

Fig. 7  DEGs and DEPs involved in the phenylpropanoid biosynthesis (a) and nicotinate and nicotinamide metabolic (b) pathways 
with the permission No. 232106
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wheat [32]. The proposed LTI with a grading standard 
can be effectively used to determine the lodging tolerance 
of sugarcane plants. While screening different sugarcane 
varieties, breeders primarily rely on visual inspection to 
infer lodging tolerance, which is useful if the varieties are 
all upright or lodged; however, drawing correct conclu-
sions is difficult for a variety that exists in both lodging 
and upright forms. Assessing the lodging nature of such 
varieties is a challenging task because, at later stages, 
such varieties may tend to be completely lodged or 
upright, resulting in undesirable outcomes. After inves-
tigating the growth of different sugarcane varieties at dif-
ferent stages, the LTI obtained from our calculations can 
aid in estimating the lodging tolerance of sugarcane vari-
eties, which can greatly improve the breeding efficiency 
of lodging-tolerant sugarcane varieties.

In vascular plants, lignin serves as a crucial structural 
constituent of the cell wall and is intricately linked with 
the processes of plant growth and development. Lignin 
confers physical strength to the plant body [33], thereby 
playing an important role in lodging tolerance. In the 
present study, we analyzed the microstructure of sugar-
cane stems and examined the association between the tis-
sue components of sugarcane rhizomes and lodging type. 
Microscopic analysis of the upright (GT42) and lodged 
(GF98-296) sugarcane varieties revealed a high degree of 
lignification and suberization in the stems of the GT42 
variety. Furthermore, the quantity of both large and small 
vascular bundles was observed to be significantly ele-
vated in GT42 in comparison to GF98-296; the ducts and 
fibers in the vascular bundles were lignified; however, the 
epidermal cells in GF98-296 stems were larger and more 
neatly arranged. GT42 was enriched in the epidermal 
cell layers compared to GF98-296. Similarly, cortical cell 
walls and middle-column parenchyma cells were thicker 
in GT42 than in GF98-296. Moreover, an examination of 
the biochemical composition revealed an elevated con-
centration of lignin and hemicellulose in GT42 compared 
to GF98-296 (refer to Table S3). Conversely, the cellu-
lose content was markedly superior in GF98-296 than in 
GT42. Lignin, cellulose, and hemicellulose collectively 
form a complex network, and any perturbation in any of 
these components can potentially disrupt normal func-
tion [34, 35]. Specifically, an increase in their content 
improves lodging tolerance [36, 37]. Furthermore, vascu-
lar bundles serve to fortify the plants. As such, the quan-
tity of vascular bundles is a direct determinant of the 
mechanical strength of the stems. An augmentation in 
the number of vascular bundles in wheat stems can effec-
tively bolster lodging tolerance [38], and a robustly posi-
tive correlation between the number of vascular bundles 
and lodging resistance has been documented in rice [39, 
40]. In alignment with these observations, our analysis 

demonstrated a significant escalation in the number of 
vascular bundles in GT42 (a lodging-tolerant variety) in 
comparison to GF98-296.

The subsequent integration of transcriptomic and 
proteomic analyses elucidated disparities in the com-
prehensive gene expression profiles, specifically in the 
modulation of the phenylpropanoid biosynthetic path-
way, between GT42 and GF98-296. The phenylpropanoid 
pathway synthesizes a variety of metabolites, including 
lignin, flavonoid lignans, and cinnamic acid amides [41, 
42], which enhance the tolerance of stalk lodging [43]. 
This is a major pathway in lignin synthesis [44]. Lignin, 
a crucial component, contributes significantly to stem 
rigidity, with its concentration being notably higher in 
robust stems as compared to their weaker counterparts 
[33]. Consistently, our findings indicate that the lodging 
cross trait can be attributed to insufficient lignin synthe-
sis, whereas the semi-lodging trait is premised on stable 
lignin content. We postulate that the cellulose and hemi-
cellulose concentrations in GF98-296 may not attain a 
suitable threshold, potentially influencing the degree of 
lodging. This is due to the fact that cellulose serves as the 
primary structural constituent of the cell wall [45], and 
any damage to stem hardness due to insufficient lignin 
content can be compensated by increasing the cellu-
lose content [46]. Three genes, which are implicated in 
the biosynthesis of lignin, exhibited differential expres-
sion patterns between GT42 and GF98-296 during the 
growth phase (Fig.  7). In particular, CYP84A, 4CL, and 
CAD were upregulated in GT42 samples at stage 2 but 
downregulated in GF98-296 samples at the growth stage, 
consistent with previous reports indicating that certain 
alterations are positively regulated toward tolerance [33, 
43].

Arginine and proline metabolism was enriched in 
GT42 during different growth stages, specifically in 
GF98-296 at stage 1 and in GT42_3 vs. GF98-296_3, 
which may be an important pathway for drought resist-
ance of sugarcane as it was also enriched in the metab-
olome of the sugarcane variety Badila under drought 
stress [47]. Phenylpropanoid biosynthesis was enriched 
in both the GT42 and GF98-296, which play important 
role for plants to cope with both negative and positive 
environmental stimuli and other forms of life [48]. Sul-
fur metabolism was enriched in GF98-296 during dif-
ferent growth stages and was specifically enriched in 
GT42 at stage 2, which is stimulated by photorespira-
tion [49]. The enriched pathway was positively corre-
lated with the lodging and upright characteristics of the 
sugarcane. Sugarcane undergoes four distinct stages of 
growth: germination, tillering, grand growth, and mat-
uration and ripening. The elongation of sugarcane pri-
marily transpires towards the conclusion of the grand 
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growth phase and the initial stage of the maturation/
ripening phase. Therefore, genes associated to lodging 
resistance might be abundantly expressed during the 
elongation phase (GT42 at stage 2) and their expres-
sion subsequently decreased (GT42 at stage 3) (eg. 4CL 
and CAD in Fig. 7a). PAL, 4CL, CAD, and COMT play 
vital roles in lignin biosynthesis of wheat [40, 50, 51]. 
In muskmelon, the upregulation of PAL, C4H, and 4CL 
promotes lignin biosynthesis and increases black spot 
disease resistance [52]. Moreover, Os4CL suppression 
reduces lignin content in rice [53]. These findings pro-
pose a direct association between the phenomenon of 
sugarcane lodging and the transcriptional activity of 
lignin biosynthetic genes within the phenylpropanoid 
pathway. These genes are valuable potential targets for 
improving sugarcane stalk lodging tolerance because 
they likely regulate lignin accumulation, which is a vital 
factor affecting stem strength.

The metabolism of nicotinate and nicotinamide plays a 
pivotal role in photosynthesis, the response of plants to 
stress, and the process of cellular expansion [54–56]. Spe-
cific gene families associated with nicotinate and nicoti-
namide metabolic pathways have been documented. For 
example, nicotinamide mononucleotide adenylyl trans-
ferase (NMNAT) is a crucial structural gene that governs 
the transformation of nicotinamide adenine dinucleotide 
(NAD) to NaMN [57]. Furthermore, SDT1(pyrimidine 
and pyridine-specific 5’-nucleotidase) is accountable 
for the synthesis of nicotinamide riboside (NR) in cells, 
and its activity is inversely proportional to cellular NAD 
levels [58]. These two enzymes significantly influence 
cellular NAD homeostasis, a routine process in NAD 
metabolism [57, 58]. In the present study, the expres-
sion of the key gene sdt1 in nicotinate and nicotinamide 
metabolism increased in GT42 samples but decreased in 
GF98-296 samples during the growth stage. Therefore, 
an imbalance between NR and NAD may result in dif-
ferent lodging traits in sugarcane. Future work should 
focus on detecting the levels of NR and NAD to deter-
mine whether they directly affect the lodging resistance 
of sugarcane.

Notably, GT42_1 vs. GT42_2 and GF98-296_1 vs. 
GF98-296_2 showed different results for DEGs and DEPs 
(Figs. 3 and 4). The weak correlation between the mRNA 
and protein levels may result from many factors. Corre-
lation coefficients exhibit variation across diverse organ-
isms, with ranges from 0.2 to 0.47 in bacteria, 0.34 to 0.87 
in yeast, and 0.09 to 0.46 in multicellular organisms [59]. 
The existence of a weak ribosome-binding site (Shine-
Dalgarno for prokaryotes and Kozak for Eukaryotes), 
regulatory proteins, codon usage bias, and disparities in 
the half-life between protein and mRNA constitute some 
of the biological factors that could elucidate the feeble 

correlation observed between measured RNA and pro-
teins [60].

In summation, we amalgamated transcriptomic and 
proteomic analyses to discern the disparities in gene 
expression profiles between upright and lodged sug-
arcane across various developmental stages. Specifi-
cally, the differential modulation of pathways, such as 
the phenylpropanoid biosynthetic pathway associated 
with lignin biosynthesis, and nicotinate and nicotina-
mide metabolism linked to NR and NAD imbalance, may 
be correlated with the lodging tolerance of sugarcane. 
These insights pave the way for future breeding endeav-
ors aimed at cultivating sugarcane varieties with superior 
lodging tolerance.

Methods
Plant material and sampling
Two cultivars, GT42 (of the upright type) and GF98-296 
(of the completely lodged type), bred by the Guangxi 
Academy of Agricultural Sciences (Guangxi Province, 
China), were employed in this investigation. The cultivars 
were planted according to standard management prac-
tices in a field situated at the Sugarcane Research Insti-
tute of the Guangxi Academy of Agricultural Sciences 
(22°51′N, 108°14′E). On March 15, 2021, the newly cut 
detoxified stems of GT42 and GF98-296 were placed in 
sand pots for cultivation, and sugarcane buds germinated 
on April 2, 2021. The barreled soil obtained from the test 
field was screened and mixed with clean river sand at a 
ratio of 3:1 (v/v). The specimens were procured during 
the months of September, October, and November. Sug-
arcane stems of the corresponding variety were chopped, 
and a sample of the stem segment was cut 5 cm from the 
incision on the stem to the middle of the internode in the 
tail direction and further divided into 1  cm fragments. 
Five plants were sampled from each replicate and pooled 
into a 15  g sample. This step was repeated thrice. The 
specimens were subsequently transferred into Eppendorf 
tubes, subjected to freezing via liquid nitrogen, and pre-
served at a temperature of -80 °C for future utilization.

To maintain uniformity, plants of analogous sizes at 
each developmental stage (grand growth phase of sug-
arcane in September and maturation/ripening phase of 
sugarcane in October and November) were chosen for 
transcriptomic and proteomic analyses. Three biological 
replicates were established for each cultivar and develop-
mental stage to generate transcriptomic and proteomic 
data. After cutting the flat soil surface of the cane stem in 
the field root test, a stem segment with a length of 5 cm 
from the cane stem incision was taken from a position 
5 cm away from the cane stem incision to the tail direc-
tion for analysis. Each biological replicate was procured 
from an aggregation of more than five plants, with a total 
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weight exceeding 1.5 g. The samples analyzed in the pre-
sent study were labeled as variety replicates, where varie-
ties 1 and 2 corresponded to GT42 and GF98-296, and 
stages 1, 2, and 3 corresponded to the September, Octo-
ber, and November sampling stages, respectively. The 
total nitrogen concentration was assessed utilizing the 
Kjeldahl method [61], while the content of potassium and 
calcium were measured via a flame photometer method 
[62, 63]. Determination of hemicellulose, cellulose, lignin, 
WSP, ISP, CSP and protopectin content using FTIR in 
Calycophyllum spruceanum (Benth.) K. Schum. and 
Guazuma crinita Lam [64].

Assessment of lodging tolerance
Lodging grade was determined according to a previ-
ously established procedure [65] with certain modifi-
cations. The lodging angle is characterized as the angle 
formed between the head and base of the cane stem and 
the vertical line of the ground. Lodging is categorized 
into three grades: a lodging angle greater than or equal 
to 60° signifies grade 1, a lodging angle ranging from 30° 
to 60° signifies grade 2, and a lodging angle less than or 
equal to 30° signifies grade 3. The LTI was calculated as 
described by Li et al. [66]. The LTI was calculated as fol-
lows: LTI = (number of levels × number of plants at that 
level) / number of investigated plants. Based on the data 
obtained in the present study, observations of sugarcane 
lodging over the years, the results of related studies, and 
evaluation criteria for lodging tolerance in the field were 
established. Specifically, 1.0 ≤ LTI ≤ 1.6 is defined as grade 
1, indicating complete lodging; 1.6 ≤ LTI ≤ 2.3 is defined 
as grade 2, indicating tilting; and 2.3 ≤ LTI ≤ 3 is defined 
as grade 3, indicating the upright status. Additionally, the 
histochemical staining of the cell wall was conducted uti-
lizing the Safranin O-Fast Green method, as previously 
delineated [67].

RNA extraction and RNA‑seq
For RNA sequencing, triplicate samples were amassed at 
different stages in each variety. Total RNA was isolated 
utilizing a TRIzol kit (Invitrogen, Carlsbad, CA, USA). 
After elimination of DNA contamination with DNase I 
(Takara Bio, Otsu, Japan), the integrity of the RNA was 
measured with a Bioanalyzer (Agilent Technologies, 
Santa Clara, CA, USA). Then the mRNA was isolated 
from total RNA with the Dynabeads mRNA Purification 
Kit (Invitrogen) and fragmented to 200–400  bp using a 
fragmentation buffer (Ambion, #AM8740). The cDNA 
library was generated from the purified mRNA follow-
ing the manufacturer’s guideline of Optimal Dual-mode 
mRNA Library Prep Kit (BGI, Shenzhen, China) as pre-
viously described [68], and paired-end 150  bp (PE150) 

sequencing was perform on a BGISEQ-500 platform 
(BGI).

Analysis of transcriptomic data
Raw reads underwent filtration using Fastp (v0.18.0) to 
yield clean reads. De novo assembly of the clean reads 
was performed utilizing the Trinity software pack-
age (v2.6.6) with default parameters. BUSCO (v3) was 
applied to evaluate the completeness of the assembled 
unigenes. BLAST against databases, encompassing nr 
protein, Swiss-Prot, KEGG, TREMBL, GO, and COG, 
was conducted to obtain functional annotations of the 
unigenes. Gene expression was quantified employing 
RSEM (v1.2.19). Differentially expressed genes (DEGs) 
between comparison groups were identified using the 
DESeq2 package (v1.22.2) [69], and the P-values were 
adjusted according to the Benjamini–Hochberg false dis-
covery rate (FDR) method. An FDR less than 0.05 and 
an absolute log2(fold change) greater than or equal to 1 
were applied as thresholds for filtering significant DEGs. 
KEGG pathway analysis of DEGs was conducted, and sig-
nificant enrichment was determined using hypergeomet-
ric tests.

Protein extraction and Data‑Independent Acquisition (DIA) 
proteome analysis
Fusion Lumos (Thermo Fisher Scientific, San Jose, CA, 
USA) was used to acquire mass spectrometry (MS) data 
of 18 samples in DIA mode, and 46,462 peptides and 
6,551 proteins were quantified. The quantification of 
peptides and proteins was executed utilizing the MSstats 
software package. The DIA analysis pipeline is based 
on three essential steps: spectral library construction, 
large-sample data acquisition in the DIA mode, and data 
analysis. Proteins were isolated from the stem samples 
of sugarcane, and the quantification of these proteins, 
as well as the assessment of the quality of the extrac-
tion, were performed using the Bradford quantification 
method and Sodium Dodecyl Sulfate–Polyacrylamide 
Gel Electrophoresis. Test samples were separated using 
high-pH RP, followed by DDA and DIA analyses using 
nano-LC–MS/MS. The bioinformatics analysis pipeline 
was based on sample data generated using a high-reso-
lution mass spectrometer. DDA data were obtained using 
the Andromeda search engine within MaxQuant, and 
the results were used for spectral library construction. 
For large-scale DIA data, the mProphet algorithm was 
used to complete analytical quality control, thus obtain-
ing a large number of reliable quantitative results. Based 
on the quantitative outcomes, the ultimately protein 
sequences are identified from the UniProt database and 
the protein databases predicated on genome annotation. 
DIA data were analyzed using iRT peptides for retention 
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time calibration. Based on the target-decoy model appli-
cable to SWATH-MS, a false-positive control was per-
formed with an FDR of 1%, and significant quantitative 
results were obtained. Msstats [70], an R package from 
the Bioconductor Repository, was used for the statisti-
cal analysis of significant differences in proteins. Screen-
ing for differential protein expression was conducted, 
employing a criterion of a fold change greater than 2 and 
a P-value less than 0.05 to denote significant differences. 
Finally, an enrichment analysis was performed on the 
identified DEPs.

Time‑series analysis
Gene or protein expression profiles in each sugarcane 
variety during lodging were analyzed using the Short 
Time-series Expression Miner (STEM) algorithm with 
default parameters. The DEGs or DEPs in sugarcane were 
clustered according to their expression trend, and DEGs/
DEPs showing different expression trends between two 
varieties was identified and subjected to KEGG pathway 
enrichment analysis.

qRT‑PCR analysis
Quantitative reverse transcription PCR (qRT-PCR) 
was conducted to authenticate the expression of pivotal 
genes. RNA isolated from the two sugarcane varieties at 
three stages was transcribed into cDNA utilizing the Pri-
meScript Reverse Transcriptase kit (Takara). qRT-PCR 
was executed on the CFX Connect™ Real-Time PCR 
Detection System (Bio-Rad, Hercules, CA, USA) with 
specific primers (Table S7). The relative mRNA levels of 
detected genes were calculated according to the 2(−ΔCt) 
algorithm and 25S RNA gene was served as an internal 
control [71].

Statistical analysis
Three replicates were analyzed for each tissue type at 
each stage. Pearson correlation coefficients were cal-
culated among the abundances of different genes and 
proteins from metabolomic profiling and between the 
relative expression from qRT-PCR and RNA-seq across 
stages in R v3.6.3.
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