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Abstract

Background Deep sowing has emerged as a vital agricultural strategy, particularly in arid and semi-arid regions,

as it allows seeds to access water stored in deeper soil layers. This approach facilitates successful germination and
establishment of crops, even in challenging environmental conditions. Previous studies have shown that the length
of the maize mesocotyl is an important trait influencing deep-sowing tolerance. Several factors play a crucial role in
regulating mesocotyl elongation, primarily including light, hormones, metabolites, and reactive oxygen species (ROS).
Therefore, further understanding the regulatory mechanisms of mesocotyl elongation is essential for enhancing
maize germination and growth under deep sowing conditions.

Results In this study, we identified a deep sowing-tolerant inbred line, DH65232, which showed significantly
increased mesocotyl length compared to B73 under deep sowing conditions. Transcriptome analysis revealed that
differentially expressed genes in the mesocotyl of the two inbred lines were mainly enriched in three pathways:
hormone regulation, intermediate metabolites, and redox enzymes. Measurements of hormone content and
phenotypic analysis following GA3 treatment indicated that GA3 plays a positive role in promoting mesocoty!
elongation under deep-sowing stress in the inbred line DH65232. Additionally, untargeted metabolomics revealed
that DH65232 exhibited a higher number of differential metabolites related to antioxidant pathway under deep-
sowing stress compared to normal sowing. In deep sowing conditions, the determination of POD, CAT, SOD activities,
and MDA content in the mesocotyl of B73 and DH65232 shows that DH65232 has a stronger ability to scavenge ROS.

Conclusions Above all, the inbred line DH65232 exhibits a greater tolerance to deep sowing due to its stronger
antioxidant activity. Our study has contributed to a deeper understanding of the complex tolerance mechanisms in
maize and provided new insights for the development of new maize varieties under deep sowing conditions.
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Background

Maize is one of the three most important food crops
globally, along with rice and wheat [1, 2]. It plays a crucial
role in food security and is cultivated across a vast range
of environments due to its adaptability and high yield
potential [2]. Maize is not only a staple food for human
consumption but also serves as a critical source of live-
stock feed, industrial raw materials, and biofuel. Given
its significance, ensuring its productivity is vital, espe-
cially in regions facing challenging growing conditions. A
substantial portion of the global maize-growing regions
are located in arid and semi-arid climates [3, 4], where
drought conditions frequently occur. These regions are
characterized by low and erratic rainfall, which imposes
severe stress on maize during both germination and sub-
sequent growth stages [5-7]. Drought stress, especially
during early growth, can lead to poor seedling establish-
ment, stunted growth, and ultimately reduced yields [8,
9l.

In most common maize varieties, the optimal plant-
ing depth is between 3 and 5 cm, where moisture is usu-
ally more readily available [1, 10, 11]. However, in arid
and semi-arid regions, the topsoil often lacks sufficient
water, especially after long dry spells or during seasonal
droughts [12]. This moisture deficit in the surface soil
creates a major barrier to successful maize germination
[13]. Seeds may fail to absorb enough water to initiate the
germination process, leading to poor crop establishment
and subsequent yield losses [12]. As is known to all, deep
sowing (=20 cm) is beneficial for maize germination and
growth in water-scarce regions [10, 14, 15], however, this
planting method imposes great pressure on maize seed-
lings to break through the soil and grow normally during
germination. Therefore, understanding and improving
maize tolerance to deep-sowing stress is of great impor-
tance, particularly for regions where water scarcity is a
persistent issue. Advances in this research area could
lead to the development of maize varieties with enhanced
deep-sowing tolerance, ensuring better seedling emer-
gence, and higher yields in drought-prone environments.

Different species have evolved distinct mechanisms to
push the seedlings through the soil when crops experi-
ence deep-sowing stress. In maize, sorghum, and rice, the
mesocotyl elongates to adapt to deep sowing conditions
[14, 16-19], while in wheat and barley, both the meso-
cotyl and the first internode contribute to this process
[20-23]. In maize, the mesocotyl is a critical organ that
connects the base of the radicle to the coleoptile node [2,
24, 25].

In recent years, QTLs associated with mesocotyl
length have been discovered in various crops, includ-
ing rice and maize, providing valuable references for
studying mesocotyl development [26-31]. Additionally,
several functional genes have been identified as being
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closely related to mesocotyl elongation. For example, in
maize, ZmSROle promotes mesocotyl elongation and
enhances tolerance to deep sowing by inhibiting the
activity of ZmbZIP61 [2]. In rice, overexpression of the
OsEXP4 has been shown to promote mesocotyl elonga-
tion by regulating cell wall loosening [32]. OsPAOS, has
also been identified in rice, where it regulates mesocotyl
length by oxidizing polyamines to release hydrogen per-
oxide, which leads to reduced ethylene synthesis and
subsequently shortens the mesocotyl [33]. These discov-
eries highlight the complexity of mesocotyl elongation
and its regulation by multiple genetic pathways across
different crop species. Understanding these mechanisms
can provide new insights for breeding crop varieties with
enhanced tolerance to deep sowing conditions, which
is especially valuable in drought-prone regions where
deep sowing is required for successful germination and
growth.

The elongation of the mesocotyl is regulated by both
light and hormones [34, 35]. Previous studies have found
that red light [36] and phytochromes [37] are key fac-
tors influencing mesocotyl elongation. Hormones play an
important role in helping plants resist abiotic stress [38,
39]. Among the various hormones involved in regulat-
ing mesocotyl elongation are auxin [1, 40—42], gibberellin
(GA) [19, 43, 44], abscisic acid (ABA) [45], ethylene [33,
46], cytokinin (CK) [47], jasmonic acid (JA) [46], strigo-
lactones [48], and brassinosteroids [41, 48]. In sweet
corn, when sown at a depth of 10 cm, the endogenous
GA content in the mesocotyl significantly increases, and
exogenous GA application promotes mesocotyl elonga-
tion [43]. In maize, the ZmMYBS59 negatively regulates
mesocotyl elongation through the gibberellin signaling
pathway [19]. Auxin can promote mesocotyl elongation,
while cycloheximide in maize inhibits mesocotyl elon-
gation by reducing auxin levels [41]. Under low water
potential stress, the accumulation of ABA in maize helps
maintain root elongation but inhibits mesocotyl elonga-
tion [45].

Drought stress triggers a range of physiological
responses in plants, one of the most significant being the
increased production of ROS [49-51]. The production
of ROS is tightly linked to the activity of key antioxidant
enzymes, including peroxidase (POD), catalase (CAT),
and superoxide dismutase (SOD), which help mitigate
oxidative damage by neutralizing excess ROS [52]. In
maize, the ZmNACI7 positively regulates the elongation
of the mesocotyl by mediating the auxin and ROS synthe-
sis pathways [53]. In rice, the polyamine oxidase encoded
by the OsPAOS5 can oxidize polyamines to release hydro-
gen peroxide, leading to reduced ethylene synthesis and
shorter mesocotyls [33]. In maize, POD also plays a
crucial role in lignin biosynthesis, a process that signifi-
cantly impacts cell wall composition and rigidity, which
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may ultimately influence mesocotyl elongation [54].
Despite this understanding above, the precise interaction
between hormonal regulation and oxidative stress toler-
ance for deep-sowing tolerance in maize remains poorly
understood.

In this study, we report the identification and charac-
terization of a high-quality deep-sowing tolerant maize
inbred line, DH65232. This line demonstrates a unique
combination of hormonal balance and enhanced ROS
scavenging capacity, which together contribute to its
superior mesocotyl elongation. Specifically, DH65232
exhibits hormone levels that are more conducive to
promoting elongation, possibly through optimized GA
signaling, along with a more efficient antioxidant sys-
tem that reduces the damaging effects of ROS. This dual
advantage allows seedlings to emerge from deeper soil
layers, overcoming the mechanical resistance imposed
by the surrounding soil. Our findings provide valuable
insights into the mechanisms underlying deep-sowing
tolerance in maize and offer novel perspectives for the
improvement of drought-resistant varieties.

Results

The maize inbred line DH65232 exhibits Tolerance to Deep
Sowing conditions

We identified a maize inbred line, DH65232, exhibiting
strong deep-sowing tolerance through screening a maize
Genome-Wide Association Study (GWAS) population.
To further validate the deep-sowing tolerance pheno-
type of DH65232, we conducted a comparative experi-
ment using DH65232 alongside the well-known inbred
line B73, which was used as a control. Both inbred lines
were sown under two distinct planting conditions: a
normal sowing depth of 5 cm and a challenging deep-
sowing depth of 30 cm. These depths were chosen to
simulate standard and extreme planting environments,
respectively. After 10 days of growth, we collected and
measured various seedling phenotypic traits, including
mesocotyl length, total seedling length, coleoptile length,
plumule length, root length, and fresh weight. These
traits are critical indicators of the ability to emerge and
establish itself under deep sowing conditions, where the
seedlings must elongate their mesocotyl to push through
the deeper soil layers to reach the surface.

The statistical analysis of the collected data revealed
significant differences between the two inbred lines
under deep sowing conditions. Specifically, DH65232
showed superior mesocotyl elongation and overall
seedling vigor compared to B73, which struggled to
emerge from the 30 cm depth. These results confirm
that DH65232 possesses an enhanced capacity for deep-
sowing tolerance, making it a promising candidate for
further breeding programs aimed at improving maize
performance in challenging agricultural environments
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(Fig. 1A). When the planting depth shifted from normal
sowing to deep sowing, the mesocotyl length of DH65232
remained stable, while B73 decreased by approximately
28.3% (Fig. 1B). Under deep sowing conditions, the plu-
mule length of DH65232 was reduced by 36%, whereas
the plumule length of B73 decreased by 58% (Fig. 1C).
In line with these observations, we also found that the
coleoptile length and seedling length of DH65232 under
deep sowing conditions were reduced by 20% and 25%,
respectively. In contrast, B73 showed more pronounced
reductions, with a 55% decrease in coleoptile length and
a 70% reduction in seedling length (Fig. 1D, E). In addi-
tion, we examined the root length and fresh weight of
both DH65232 and B73 under normal and deep sowing
conditions. The results showed no significant changes in
root length between the normal and deep sowing condi-
tions for either DH65232 or B73 (Additional file 1: Fig.
S1A). However, under deep-sowing, the fresh weight of
B73 decreased by approximately 11.9%, while DH65232
showed no significant difference (Additional file 1: Fig.
S1B).

Mesocotyl elongation is considered one of the pri-
mary factors that enable maize seedlings to adapt to deep
sowing conditions [14, 16, 17]. To gain further insight
into the cellular basis underlying the deep-sowing toler-
ance of DH65232, we conducted histological sectioning
and scanning electron microscopy (SEM) to observe the
cell length of the mesocotyl in both DH65232 and B73
(Fig. 1F, G). The histological analysis revealed that under
deep sowing conditions, the mesocotyl cell length in B73
decreased by approximately 15.9%, while the reduction
in DH65232 was only 10.6% (Fig. 1H). This suggests that
DH65232 maintains better cellular integrity in response
to deep-sowing stress compared to B73. Additionally, our
statistical analysis showed that under normal sowing con-
ditions, the mesocotyl cell length of DH65232 was 12.9%
longer than that of B73. Notably, this difference was even
more pronounced under deep sowing conditions, where
the mesocotyl cell length of DH65232 was 19.3% longer
than that of B73 (Fig. 1H).

These findings provide compelling evidence that the
deep-sowing tolerance of DH65232 is associated with its
ability to maintain greater mesocotyl elongation and less
reduction in cell length under deep-sowing stress, con-
tributing to its enhanced adaptability.

Transcriptomic analysis of DH65232 and B73 under
normal and deep sowing conditions

In order to investigate the differentially expressed genes
that contribute to the longer mesocotyl in DH65232
under deep sowing conditions, we performed transcrip-
tome sequencing on the mesocotyl organs of DH65232
and B73 under normal and deep sowing conditions. The
transcriptome sequencing included four sets of samples:
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Fig. 1 Seedling morphology and cell length of inbred lines B73 and DH65232. A Morphology of B73 and DH65232 under both treatments, Bar =2 cm.
B-E Mesocotyl length, plumule length, coleoptile length, and seedling length under different depth conditions. F and G are longitudinal structures of
mesocotyl cells of B73 and DH65232 under NS and DS conditions, respectively, with observed by paraffin section and by scanning electron microscopy.

Bar =100 um. H Cell length of mesocotyl. Asterisks indicate significant differences (****, P<0.0001; t-Test)

normal sowing B73 (B73-NS), normal sowing DH65232
(DH65232-NS), deep sowing B73 (B73-DS), and deep
sowing DH65232 (DH65232-DS), with each set con-
taining three biological replicates. Principal component
analysis of the transcriptome data showed that the four
sets of samples were in different quadrants, and there
was good aggregation among the data within each group

(Fig. 2A). A total of 46,083 genes were detected in the
transcriptome analysis. Between normal and deep sow-
ing conditions for B73, a total of 32,262 differentially
expressed genes (DEGs) were identified, of which 3,249
exhibited significant differences. Among these, 1,303
genes were significantly upregulated, while 1,946 genes
were downregulated (Fig. 2B). Between normal and
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Fig. 2 Transcriptomic analysis under different treatment conditions. A Principal Component Analysis (PCA) of B73 and DH65232 under NS and DS treat-
ments. 1, 2, and 3 represent three biological replicates. B Volcano plot of upregulated and downregulated DEGs in the B73 inbred line under different
sowing conditions. C Volcano plot of up-regulated and down-regulated DEGs in DH65232 under different sowing conditions. D Venn diagram of DEGs
in B73 under different sowing depth treatments, DEGs in DH65232 under different depth treatments, and DEGs between B73 and DH65232 under deep
sowing conditions. E GO enrichment analysis of the 502 overlapping DEGs in the Venn diagram

deep sowing DH65232, there were 34,348 DEGs, with
2,803 genes showing significant differences. Among
these, 1,813 genes were significantly upregulated, and
990 genes were downregulated (Fig. 2C). There were
905 shared genes among the significantly differentially
expressed genes between different sowing depths in B73
and DH65232 (Fig. 2D), of which 502 genes exhibited sig-
nificant differential expression between deep sowing B73
and DH65232.

Subsequently, we conducted Gene Ontology (GO) anal-
ysis on these 502 DEGs (Fig. 2E; Additional file 1: Fig. S2).
The results revealed that they were primarily enriched
in six categories: redox enzymes, hormone regulation,

intermediates of metabolism, protein modifications, gly-
cosyltransferases, and ion transmembrane transport.
Among these, hormone regulation exhibited the most
extensive enrichment, involving the synthesis, metabo-
lism, and signal transduction of hormones, such as aux-
ins, cytokinins, gibberellins, abscisic acid, jasmonic acid,
and ethylene. In “redox enzymes’, it included peroxidases,
monooxygenases, dioxygenases, coenzymes involved in
oxidative defense, and the synthesis of terpenoid com-
pounds that can participate in the antioxidant processes.
Additionally, there was significant enrichment in the
category of intermediates of metabolism, which encom-
passed the synthesis and metabolism of carbohydrates,
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peptides, amino acids, and lipids. These results suggest
that DH65232 may adapt to deep sowing through three
pathways: hormone regulation, redox enzymes, and the
accumulation of intermediates of metabolism.

The qRT-PCR results revealed notable changes in
gene expression when comparing the DH65232 inbred
line to the B73 inbred line. Specifically, genes associated
with hormone regulation displayed significant differ-
ences in expression. For example, Zm00001d007255 was
downregulated in DH65232, while Zm00001d4014617,
Zm00001d038695, and Zm00001d045026 were upregu-
lated (Additional file 1: Fig. S3A). These findings are
consistent with the RNA-seq data and further confirm
the involvement of these genes in the regulation of plant
hormones.In terms of genes involved in intermediate
metabolite accumulation, we observed upregulation of
Zm00001d03446 and Zm000014022460 in DH65232,
while Zm000014045340 was downregulated (Additional
file 1: Fig. S3B). These expression patterns align closely
with the RNA-seq results and suggest that these genes
are involved in the regulation of metabolic processes
in maize, potentially influencing key pathways such as
nutrient utilization and energy production.Addition-
ally, genes related to redox regulation showed distinct
expression changes. For instance, Zm00001403584 was
downregulated in DH65232, whereas Zm00001d016842,
Zm00001d024234, and Zm00001d039533 were upreg-
ulated (Additional file 1: Fig. S3C). This further sup-
ports the RNA-seq findings and highlights the role of
redox enzymes in regulating stress responses and cellu-
lar homeostasis in maize. Taken together, the qRT-PCR
results are in full agreement with the trends observed in
the RNA-seq data, further confirming the accuracy and
reliability of our RNA-seq findings.

Alterations in multiple hormones in DH65232
under deep sowing conditions

Previous studies have demonstrated that various hor-
mones, including GA, ABA, and IAA, facilitate the
development of the mesocotyl by promoting the elon-
gation of cells under deep sowing conditions [1, 19, 33,
40, 41, 43-48]. In GO analysis, we identified pathways
related to hormone synthesis, metabolism, and response
(Figs. 2E and 3A). Based on this evidence, we hypothesize
that alterations in hormone levels may effectively enable
DH65232 to adapt deep sowing conditions (Additional
file 2: Table S1). To investigate this further, we measured
the hormone levels in the mesocotyl of DH65232 under
different sowing conditions, including auxin, cytokinin,
abscisic acid, gibberellins (GA1, GA3, GA4), and the
ethylene precursor (ACC). The results indicated that,
compared to normal sowing, the levels of GA3, GA4,
and ACC (Fig. 3B; Additional file 1: Fig. S4A, B) were sig-
nificantly elevated in the mesocotyl of DH65232 under
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deep sowing conditions. In contrast, the levels of GAI,
ABA, and IAA (Additional file 1: Fig. S4C, D, E) were
significantly reduced, while no significant difference was
observed in cytokinin (Additional file 1: Fig. S4F).

To validate the effects of these hormones, we selected
GA3, which exhibited the most significant changes, for
exogenous hormone application experiments. Seeds of
DH65232 harvested from the same batch were soaked in
different concentrations of hormone solutions and then
planted in the same container. After 10 days, we mea-
sured the lengths of the mesocotyl and seedlings. The
results indicated that with increasing concentrations of
GA3 treatment, the length of the mesocotyl in DH65232
under deep sowing conditions increased (Fig. 3C, D;
Additional file 1: Fig. S4G). We also conducted simi-
lar treatments using different concentrations of a GA3
inhibitor (uniconazole). As we initially hypothesized, the
results aligned with our expectations. With the applica-
tion of increasing concentrations of uniconazole, we
observed a consistent and gradual decrease in the length
of the mesocotyl in DH65232. This finding supports our
assumption that higher doses of uniconazole would lead
to a reduction in mesocotyl elongation. (Fig. 3E, F; Addi-
tional file 1: Fig. S4H).

Based on these results, we propose that the alterations
in endogenous hormone levels within the mesocotyl are a
critical factor enabling DH65232 to successfully adapt to
deep sowing conditions. In particular, GA appears to play
a pivotal role in this process, likely by promoting meso-
cotyl elongation, which helps the seedling overcome the
mechanical resistance of deeper soil layers.

Changes in Intermediate metabolites of DH65232
under different sowing conditions

The GO analysis also revealed a significant enrichment
of differentially expressed genes associated with interme-
diate metabolites (Figs. 2E and 4A). To explore this fur-
ther, we conducted untargeted metabolomics analysis on
mesocotyl organ samples from DH65232 under normal
and deep sowing conditions. Principal Component Anal-
ysis (PCA) of the untargeted metabolomics data showed
that the two sample groups were in distinct quadrants,
with good clustering within each group (Additional file
1: Fig. S5A). The analysis detected a total of 522 differ-
ential metabolites, of which 133 were found to be sig-
nificantly different (P-value<0.05, VIP>1). Among
these, 95 metabolites showed decreased levels, while 38
metabolites exhibited increased levels (Additional file 1:
Fig. S5B). We performed KEGG pathway analysis on the
133 differential metabolites, identifying 31 enriched bio-
logical pathways (Additional file 1: Fig. S5C). The most
significantly enriched pathway was the benzoxazines
biosynthesis pathway, which included two key differen-
tial metabolites, “DIBOA” and “DIBOA-glucoside”. These
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Fig. 3 Results of DEGs involved in hormone regulatory pathways, hormone content detection, and exogenous hormone treatments. A Expression pro-
files of genes involved in hormone regulatory pathways. Three independent biological samples were used. B Content of GA3 in the mesocotyls of the
inbred line DH65232 under different depth treatments. Asterisks indicate significant differences (****, P<0.0001; t-Test). C and D Morphology of DH65232
treated with different concentrations of GA3 and uniconazole at a sowing depth of 30 cm. Bar =2 cm. E and F Mesocotyl length of seedlings grown under

the treatments of two exogenous hormones

compounds have been demonstrated to be involved in
scavenging reactive oxygen species, facilitating cell wall
loosening to promote cell elongation, and modulating
hormone signaling pathways [55].

Another noteworthy pathway is the glutathione
metabolism pathway, which includes three distinct inter-
mediate metabolites, “L-glutamate’, “putrescine’, and

“dehydroascorbic acid” (Fig. 4B, Additional file 4: Table

S3). All three of these metabolites exhibit antioxidant
functions [56-59]. We also identified another biological
pathway, a-linolenic acid metabolism, which also com-
prises three intermediate metabolites: “linoleic acid’,
“12-OPDA’, and “jasmonic acid” These three metabo-
lites activate antioxidant enzyme activity through jas-
monic acid, thereby enhancing the antioxidant capacity
[60-62]. Interestingly, among the various regulatory
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pathways, we identified the metabolism pathway of ace-
tylsalicylate and dicarboxylate, which also contains three
differential metabolites: “aconitic acid’, “malic acid’} and
“L-glutamate”. These metabolites are involved directly or
indirectly in the tricarboxylic acid (TCA) cycle. Further-
more, all three metabolites possess the ability to scavenge
reactive oxygen species, increase plant antioxidant capac-
ity, and maintain cell wall homeostasis [63—68].

Among these pathways associated with differential
metabolites, one important function, aside from antioxi-
dant capacity, relates to cell wall loosening. The degree
of cell wall loosening corresponds directly to the lignin
content within the cells. In general, lower lignin con-
tent leads to a more relaxed cell wall, facilitating easier

cell elongation [69-71]. There are significant differences
in cell length between B73 and DH65232 under differ-
ent sowing conditions (Fig. 1H). To verify whether the
changes in cell length of B73 and DH65232 are indeed
related to lignin content, we measured the lignin content
in the mesocotyls of different inbred lines under normal
and deep sowing conditions (Fig. 4C). The results showed
that, compared to normal sowing, the lignin content in
the mesocotyls of B73 significantly changed under deep
sowing conditions, increasing by approximately 11%.
Unlike B73, DH65232 showed no significant differences
in lignin content across various sowing conditions, while
the lignin content in DH65232 significantly decreased
compared to B73 under deep sowing conditions.
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The above results suggest that under deep sowing con-
ditions, there are significant changes in the intermediate
metabolites in DH65232. Notably, the reduction in lignin
content may be one of the key factors contributing to the
tolerance of DH65232 to deep sowing conditions.

Improved antioxidant ability of DH65232 under
deep sowing conditions

The GO analysis indicates that the most significantly
altered regulatory pathway is about redox enzymes
(Figs. 2E and 5A). Additionally, research conducted by

[0

Zm00001d002351
Zm00001d013689
Zm00001d020418
Zm00001d005251
Zm00001d017025
Zm00001d029183
Zm00001d032407
Zm00001d027537
Zm00001d033489
Zm00001d033222
Zm00001d044906
Zm00001d044908
Zm00001d003584
Zm00001d048416 .
Zm00001d050323 © 1
Zm00001d018211
Zm00001d008569

—

Zm00001d013493
Zm00001d038695

Zm00001d034107
Zm00001d039533
Zm00001d030372
Zm00001d011417
Zm00001d016842
Zm00001d049573
Zm00001d013759

: Zm00001d011117

Zm00001d002736
DH65232

Zm00001d044833
Zm00001d033592
Zm00001d002989
Zm00001d024234
Zm00001d034898

Zm00001d028282 I-1
C

Page 9 of 16

Wang Yang et al. has shown that maize mesocotyls accu-
mulate excessive peroxides under deep sowing condi-
tions, negatively affecting their elongation [72]. Based on
this evidence, we hypothesize that the oxidative defense
capacity of DH65232 is altered under deep sowing
conditions.

To explore this hypothesis, we performed diaminoben-
zidine (DAB) and nitrotetrazolium blue chloride (NBT)
staining on the mesocotyls of B73 and DH65232 under
both normal and deep sowing treatments (Fig. 5B). The
results reveal that at a depth of 30 cm, the mesocotyls of
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Fig. 5 DEGs involved in the redox enzyme pathway and physiological indicators related to oxidative defense. A Expression profiles of genes involved in
the redox enzyme pathway. Three independent biological samples were used. B DAB and NBT staining of inbred lines B73 and DH65232 under different
depth treatments. Bar =1 cm. C Detection of POD, CAT, SOD activities, and MDA content in the mesocotyls of B73 and DH65232 under different sowing
conditions. Asterisks indicate significant differences (NS, no significant difference; ****, P<0.0001; t-Test)
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DH65232 exhibit a lighter DAB coloration compared to
B73, suggesting a greater accumulation of peroxides in
B73. However, the differences observed in NBT stain-
ing were less pronounced. This indicates that, during
deep sowing, B73 has higher peroxide levels compared to
DH65232, while the levels of superoxide remain relatively
stable. Additionally, we investigated the activities and
contents of key antioxidase in the mesocotyls of B73 and
DH65232 under deep sowing conditions. The enzymes
of interest included POD, SOD, and CAT, alongside the
assessment of MDA content, which serves as an indica-
tor of oxidative stress (Fig. 5C). The results of our mea-
surements revealed a notable difference in enzyme
activities between B73 and DH65232. Specifically, the
POD activity in the mesocotyls of B73 was significantly
higher than that in DH65232, exhibiting an increase of
approximately 18.5%. Conversely, we observed that the
CAT content in B73 was lower compared to DH65232,
showing a decrease of about 10.8%. This reduction in
CAT levels indicates that B73 may have a diminished
capacity to decompose hydrogen peroxide into water and
oxygen, which could lead to increased oxidative damage
if the accumulation of ROS is not adequately managed.
The MDA content in B73 was markedly higher than that
in DH65232, with an increase of 33.7%. The elevated
MDA levels suggest a greater degree of lipid peroxidation
occurring in B73, further implicating it in higher oxida-
tive stress compared to DH65232. Elevated MDA levels
are often associated with membrane damage and may
adversely affect cellular integrity and function. However,
despite these differences in POD, CAT, and MDA levels,
our analysis revealed no significant difference in SOD
activity between B73 and DH65232. This lack of variation
in SOD activity indicates that both lines may be similarly
effective in converting superoxide radicals into hydro-
gen peroxide, a crucial step in the antioxidant defense
pathway.

Overall, these findings highlight the contrasting oxida-
tive defense strategies employed by B73 and DH65232
under deep sowing conditions, with B73 exhibiting
heightened POD activity alongside increased oxida-
tive stress, as evidenced by elevated MDA levels, while
DH65232 appears to maintain a more balanced oxidative
status.

Discussion

Maize, recognized as one of the three primary staple
crops worldwide, plays a crucial role in global food secu-
rity and agricultural economies [1, 2]. A large propor-
tion of maize cultivation is arid and semi-arid regions
[3, 4], where water scarcity presents significant chal-
lenges to crop establishment and yield. Expanding the
planting area and increasing the yield of maize in these
regions is considered one of the most effective strategies
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for boosting global maize production, which is essential
to meet the growing demand for food, feed, and biofuel.
One promising approach to enhance maize productiv-
ity in water-limited regions is the deep sowing of seeds
[12-15]. However, this also introduces another challenge:
the increased depth creates a greater barrier for seedlings
as they attempt to break through the soil surface, which
can hinder emergence and reduce plant survival rates if
the crop lacks adequate resilience [73-75]. Consequently,
understanding the physiological and genetic mechanisms
that enable maize tolerance to deep sowing has emerged
as a key research priority. Uncovering these mechanisms
could also guide the development of maize varieties with
enhanced tolerance to drought and hold great potential
to support agricultural sustainability by expanding maize
planting areas and boosting yields in arid and semi-arid
regions, thereby contributing to global food security and
resilience against climate variability.

In our study, we identified a deep-sowing-tolerant
maize inbred line, DH65232, by screening a maize
GWAS population under deep sowing conditions (30 cm)
(Fig. 1A). Compared to normal sowing, the commonly
used inbred line B73 showed a reduction in mesocotyl
length under deep sowing, whereas DH65232 displayed
no significant change (Fig. 1B). Mesocotyl elongation is
considered closely related to deep-sowing tolerance [16—
19], as it provides the primary force for pushing the seed-
ling through the soil to the surface, thereby enhancing
emergence rates under deep sowing conditions [76, 77].
Our statistical analysis further revealed that, under deep
sowing conditions, both inbred lines showed significant
reductions in coleoptile and seedling lengths compared
to normal sowing (Fig. 1B, C, D, E). This reduction may
be a general response across all inbred lines. The deep-
sowing tolerance observed in DH65232 may be attributed
to its ability to sustain mesocotyl growth with minimal
impact under deep sowing conditions. This resilience in
mesocotyl elongation likely provides the seedling with
sufficient upward growth force to push through deeper
soil layers, ensuring successful emergence.

The genetic network underlying mesocotyl elonga-
tion in maize remains largely unknown [77]. Hormones
are recognized as key regulators in this process [78],
and research has shown that multiple plant hormones,
including GA, JA, ABA, CKs, auxins, and brassino-
steroids, play essential roles in regulating maize meso-
cotyl elongation [77]. Among these hormones, GA is
known to significantly promote mesocotyl elongation
[3, 79]. This effect may be linked to GA enhancement
of starch-metabolizing enzyme activity, which provides
the energy and building blocks necessary for cell expan-
sion [19]. Conversely, ABA inhibits mesocotyl elongation
by activating the wall-loosening enzyme XET [80]. This
enzyme modifies the plant cell wall structure, limiting the
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expansion of mesocotyl cells and thereby reducing elon-
gation [80]. The deep-sowing tolerance of maize inbred
line 3681-4 is attributed to rapid mesocotyl elongation
regulated by auxins [81]. In rice, the ethylene core signal-
ing factor OsEIL1 regulates Semi-Dwarfl (SDI), which
encodes GA20-oxidase, to jointly promote mesocotyl
elongation [78].

In the RNA-seq data, many hormone-related genes
exhibited significantly differential expression, including
those related to auxins and gibberellins (Figs. 2E and 3A).
Hormone content analysis revealed that, compared to
normal sowing, the levels of GA3, GA4, and ACC were
significantly elevated in DH65232 under deep sowing
conditions (Fig. 3B; Additional file 1: Fig. S4A, B), while
the levels of GA1, ABA and IAA decreased significantly
(Additional file 1: Fig. S4C, D, E). These changes in hor-
mone levels align with previous findings that hormones
can regulate mesocotyl elongation [77]. Previous studies
have identified CK as factors influencing mesocotyl elon-
gation, however, our experimental results showed no sig-
nificant changes in CK levels. This lack of variation could
imply that, despite their known role in growth regulation,
cytokinins may not be a primary influencing factor in the
mesocotyl elongation of the DH65232 inbred line under
deep sowing conditions. Additionally, the absence of
change in CK levels might be related to the specific types
of CKs we measured or the timing of our measurements
in relation to the developmental stages of the seedlings.

Abiotic stress induces the production of a substantial
amount of ROS within plant cells [82]. There is a notable
connection between hormone signaling pathways and
ROS, which helps coordinate plant development and
stress responses [83-86]. For instance, hormones such
as GA and auxin have been shown to influence the activ-
ity of ROS, modulating their levels and effects on the
plant [87-91]. GO analysis of DEGs revealed that genes
involved in responding to deep-sowing stress are pri-
marily enriched in three pathways: hormone regulation,
intermediary metabolism, and redox enzymes (Fig. 2E).
Furthermore, our untargeted metabolomic analysis iden-
tified several significantly different intermediary metabo-
lites, many of which are involved in the ROS scavenging
pathways (Fig. 4B). However, it remains unclear which
specific genes in DH65232 are transcriptionally or trans-
lationally altered to directly enhance its deep-sowing
tolerance. Additionally, our untargeted metabolomic
analysis revealed various intermediary metabolites whose
roles in pathways beyond hormone regulation and oxida-
tive defense need further investigation.

In light of our findings, we propose a hypothesis
that during the deep sowing of the maize inbred line
DH65232, alterations in hormone levels, intermediate
metabolites, and antioxidase activity play a significant
role in activating the oxidative defense pathway. This
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enhancement in oxidative defense could be the funda-
mental reason for the superior tolerance to deep sowing
of DH65232 (Fig. 6).

Conclusions

In this study, we screened a maize inbred line, DH65232,
exhibiting notable tolerance to deep sowing from a maize
GWAS population. Through transcriptome analysis com-
bined with measurements of hormone levels, untargeted
metabolite analysis, and antioxidant enzyme activity
assay, we uncovered potential mechanisms regulating
maize tolerance to deep sowing. Based on these find-
ings, we propose a hypothesis: during deep sowing of
DH65232, changes in hormone and intermediate metab-
olite levels, along with related enzyme activities, ulti-
mately enhance its antioxidant ability, thereby increasing
the tolerance to deep sowing. Our findings provide novel
insights into the basis of deep sowing tolerance, identi-
fying potential targets for breeding maize varieties better
adapted to challenging conditions.

Methods

Plant materials, growth conditions, and phenotypic
measurements

The plant materials used in this study are maize inbred
lines B73 and DH65232. B73, released in 1972, was the
product of breeding efforts led by Wilbert Russell, an
emeritus professor of agronomy at Iowa State Univer-
sity (ISU). The development of the inbred line DH65232
involved crossing the introduced Mozambique maize
variety with the local variety “Dahongpao” from southern
China, resulting in the creation of “6237”. DH65232 line
was then further developed using the pedigree method,
with continuous self-pollination over eight generations
to stabilize and refine its genetic traits of the line 6237.
The two inbred lines were sown in sand, with sowing
depths of 5 cm and 30 cm, respectively. Under dark con-
ditions at 28 °C, the plants were grown for ten days. Sow-
ing in sand was chosen to avoid the influence of different
nutrient compositions around the roots of the seedlings
on growth, and dark treatment was used to prevent the
effects of light on mesocotyl elongation.

Ten days after sowing, the inbred seedlings were care-
fully removed from sand, rinsed with clean water, and
wiped dry. We measured six phenotypic data, include
mesocotyl length, seedling length, coleoptile length, plu-
mule length, root length, and fresh weight.

Cytological analysis

The mesocotyls of B73 and DH65232 from normal sow-
ing and deep sowing at 10 DAS were used for paraf-
fin sectioning and scanning electron microscopy (SEM)
observation.
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Fig. 6 Increasing the seeding depth exerts stress on the emergence of maize seedlings, with the mesocotyl being the primary organ for responding
to this stress. This stress stimulates changes in hormone content, metabolite content, and enzyme activity related to ROS within the mesocotyl. Both
hormones and metabolites, as well as antioxidant enzymes, are closely related to the oxidative defense of plants. The results of this study reveal that the
enhancement of oxidative defense capacity is the fundamental reason why the mesocotyl is longer and the tolerance to deep sowing is stronger in the

inbred line DH65232

For paraffin section observation, mesocotyls need to be
sectioned into approximately 3 mm cylindrical samples,
fixed in FAA buffer (formaldehyde: acetic acid: ethanol:
water=10:5:50:35, v/v/v/v), and vacuum infiltrated twice
for 30 min. After dehydration with graded ethanol con-
centrations, the samples were embedded in paraffin for
sectioning. Sections were stained with Schiff’s reagent
and photographed under bright field using an Olympus
BX51 microscope. Cell length of the mesocotyls at 10
DAS was measured using Image J.

For SEM observation, samples were fixed in glutaral-
dehyde solution. After dehydration with graded ethanol
concentrations, samples were critical point dried with
isoamyl acetate, adhered to metal sample stages with
conductive adhesive, sputter coated with metal, and pho-
tographed in a scanning electron microscope (JEOL).
Cell length of the mesocotyls was measured using Image

J.

RNA extraction and transcriptome sequencing

Mesocotyl samples from B73 and DH65232 were col-
lected under normal sowing and deep sowing con-
ditions at 10 DAS. These samples were preserved in
RNase-free 50 mL centrifuge tubes and stored in a
-80 °C freezer. The mesocotyls were ground into powder

under liquid nitrogen environment, and total RNA was
extracted using the Ultrapure RNA Kit (CWBIO).

RNA samples meeting the requirements were then sub-
mitted to Wuhan Huada Company for database construc-
tion and transcriptome sequencing. The raw sequencing
data were trimmed using Fastp with default parameters.
Clean reads were then aligned to the Zea mays AGPv4
reference genome. Gene read counts were obtained using
FeatureCounts2. Differentially expressed genes were
identified using DESeq2 with criteria of FDR<0.05 and
TPM>2.

Quantitative real-time PCR

Total RNA reverses transcription by a HiScript II Q
RT SuperMix (Vazyme). qRT-PCR was performed
with ChamQ Blue Universal SYBR qPCR Master Mix
(Vazyme) and a CFX Connect Real-Time System (Bio-
Rad). The primers of DEGs and the maize Actin gene
were showed in Table S4 (Additional file 5: Table S4).
Data were generated from three biological replicates of
each sample.
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Hormone measurement and hormone exogenous
treatment

Mesocotyls of DH65232 preserved in a -80 °C freezer
were submitted to Nanjing Ruiyuan Biotechnology Com-
pany for hormone content measurement. The measured
indicators included IAA, ABA, Zeatin, GA1, GA3, GA4,
and ACC (ethylene synthesis precursor).

GA3 and Uniconazole (GA synthesis inhibitor) were
selected for hormone exogenous application experi-
ments. First, the seeds of DH65232 material were dis-
infected. The seeds were immersed in 75% ethanol for
1 min, followed by immersion in 7% sodium hypochlorite
solution for 10 min, with shaking every 2 min to ensure
thorough soaking. The seeds were then rinsed with water
until no residual sodium hypochlorite odor was detected.

After thorough disinfection, the seeds were soaked in
GA3 solutions at concentrations of 5, 50, and 100 mg/L
[92, 93], Uniconazole solutions at concentrations of 5, 50,
and 100 mg/L [94], and a control solution without any
hormones for 12 h. The soaked seeds were then planted
in sand at a depth of 30 cm, and subjected to dark treat-
ment for 10 days to observe phenotypic changes.

Untargeted metabolomics measurement

The mesocotyl of DH65232, stored in a -80°C freezer, was
subjected to untargeted metabolite detection by Zheng-
zhou Zhongpu Biotechnology. After grinding the frozen
sample into powder, it was extracted overnight at a ratio
of fresh weight to extraction solution of 0.1 g/ml using
80% HPLC-grade methanol containing 1uM chrysanthe-
min as an internal standard. Subsequently, UHPLC-MS/
MS analysis was conducted, ultimately obtaining the con-
tent of differential metabolites under different treatment
conditions, which were then used for subsequent path-
way analysis.

Lignin content detection

The mesocotyls of inbred lines B73 and DH65232 at 10
DAS under normal and deep sowing conditions were
dried to a constant weight. The dried mesocotyls were
ground into a fine powder using a sample grinder and
sieved through a 50-mesh screen. Approximately 5 mg of
the powder was weighed into 2 ml centrifuge tubes, pre-
pared for three biological replicates. The Lignin Content
Assay Kit (Solarbio) was used to extract lignin. The spec-
trophotometer was adjusted to a wavelength of 280 nm,
and the absorbance was measured with glacial acetic acid
as the zero reference. The lignin content was calculated
using the absorbance values according to the provided
formula.

DAB and NBT staining
The mesocotyls at different sowing depths at 10 DAS
were placed in DAB and NBT staining solutions. Under
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a vacuum pressure of 0.6 atmospheres for 30 min, the
mesocotyls were then incubated on a shaker at 28 °C
overnight for staining. Afterward, they were decolorized
with anhydrous ethanol for 30 min. Finally, a camera was
used to record the color changes in the mesocotyls of dif-
ferent materials.

Extraction and determination of the activities of POD, CAT,
and SOD, and MDA content

The kits used for extraction and detection were sourced
from Suzhou Grace Biotech, with catalog numbers
GO0107W, G0105W, GO109W, and GO101W, respectively.
The mesocotyl samples from different sowing depths at
10 DAS were collected using liquid nitrogen and tempo-
rarily stored in a -80 °C freezer. The frozen samples were
ground into powder in a liquid nitrogen environment,
and then extraction solution was added. The extraction
was performed according to the instructions provided
in the manual. The extracted sample solutions were pro-
cessed in different ways. Using a pre-heated microplate
reader, the absorbance of the processed samples was
measured under appropriate wavelength conditions.
Enzyme activities or contents were calculated based on
the provided formulas.
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