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B-1,3-glucanase promotes seed germination
in cotton
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Abstract

Background: In eudicots, germination begins with water uptake by the quiescent dry seed and is greatly related to
the permeability of micropyle enriched callose layers. Once imbibition starts, seeds undergo a cascade of physiologi-
cal, biochemical, and molecular events to initiate cellular activities. However, the effects of callose on water uptake
and following seed metabolic events during germination are largely unknown. Cotton (Gossypium hirsutum) is a
eudicot plant with natural fiber and edible oil production for humans. Here, we addressed this question by examining
the role of GhGLUT9, a gene encoding 3-1,3-glucanase, in cotton seed germination.

Results: GhGLU19 belongs to subfamily B and was expressed predominately in imbibed seeds and early seedlings.
Compared to wild type, GhGLUT9-suppressing and GhGLUT9-overexpressing transgenic cotton lines showed the
higher and lower seed germination percentage, respectively. Callose was enriched more at inner integument (ii) than
that in embryo and seed coat in cotton seeds. In GhGLUT9-suppressing lines, callose at ii of cotton seeds was greatly
increased and brought about a prolonged water uptake process during imbibition. Both proteomic and transcrip-
tomic analysis revealed that contrary to GhGLUT9-overexpressing lines, the glycolysis and pyruvate metabolism was
decreased, and abscisic acid (ABA) biosynthesis related genes were downregulated in imbibed seeds of GhGLU19-
suppressing lines. Also, endogenous ABA was significantly decreased in GhGLUT9-suppressing line while increased in
GhGLU19-overexpressing line.

Conclusions: Our results demonstrate that suppression of GhGLUT9 improves cotton seed germination via accumu-
lating callose of inner integument, modulating glycolysis and pyruvate metabolism, and decreasing ABA biosynthesis.
This study provides a potential way for improving germination percentage in cotton seed production, and other
eudicot crops.
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Background family which widely exist in many organisms, including
Beta-1,3-glucanases (E.C. 3.2.1.39), a member of glyco-  bacteria, fungi, viruses, animals and plant kingdoms [1].
side hydrolase family 17, catalyze the hydrolysis of B-1,3- Genome-wide identification of f-1,3-glucanase genes
glucans. The genes encoding B-1,3-glucanases are a big  have been performed in several plant species, including
tobacco [2, 3], soybean [4], tomato [5], Arabidopsis [6],
maize [7], rice [8], and cotton [9]. With great functional
diversity, p-1,3-glucanases are well known as pathogen-

esis-related proteins, they also play important roles in
State Key Laboratory of Crop Genetics and Germplasm Enhancement, Cotton i P . ’ Y play P X
Germplasm Enhancement and Application Engineering Research Center plant physiological and developmental processes, includ-
(Ministry of Education), Nanjing Agricultural University, Nanjing 210095, China ing microsporogenesis, pollen tube development, and

©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.

*Correspondence: moelab@njau.edu.cn



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/s12870-022-03748-w&domain=pdf

Wang et al. BMC Plant Biology =~ (2022) 22:357

regulation of plasmodesmata signaling and abscission [6,
8, 10].

Seeds play an essential role during plant development
and growth cycle, which consist of protective seed coat
layers of dead cells, delicate embryo and the nutritive
tissues. In many eudicot plants, seed coats contain two
integuments, termed as testa and inner integument (ii).
Callose layer was observed as a perisperm-endosperm
enveloped in ii, and enriched at the micropylar region
of seeds [11]. In Geranium carolinianum, multiple lay-
ers of rectangular-shaped parenchyma cells contrib-
ute to the formation of a dome-shaped structure at the
micropyle, which is necessary to maintain water imper-
meability [12]. In general, seed germination proceeds fol-
lowing process: initial phase of water uptake by the dry
seeds, testa rupture and subsequent endosperm rupture
and radicle growth [13]. The increase in the total water
content of seeds follows a classic triphasic model, which
comprises three phases (I, II and III) of water uptake.
The initial and final rapid water uptake periods (I and
111, respectively) are intervened by the slow water uptake
phase II [14]. Physically, certain water uptake time is nec-
essary because imbibition metabolism must be initiated
to permit the recovery from structural damage caused
by maturation drying and oxidation [15, 16]. The expres-
sion of glucanase encoding genes were observed dur-
ing germination of pea [17], tomato [5], cucumber [18],
and tobacco [1]. A chimeric Class I isoforms of -1,3-
glucanase (BGLU I) gene regulated by an ABA-inducible
Catl promoter was transformed into tobacco, and found
that endosperm rupture of mature seeds during imbibi-
tion were promoted in SGLU I-overexpressing lines [10].
These cases indicated that -1,3-glucanase played a key
role during seed germination.

Cotton (Gossypium hirsutum) is the most important
textile and oil crop worldwide. With the rapid applica-
tion of mechanized cultivation and harvest, the rapid and
uniform seed germination will be particularly important
to maximize crop yield potential [19]. In addition to fib-
ers, cottonseed consists of embryo and two integuments
of outer and inner seed coat, where embryo composed
with differentiated meristems, radicle, and cotyledons.
During germination, radicle penetrated from micropyle,
which requires weakening the endosperm cap tissue [5].
The micropylar endosperm in cotton seed had approxi-
mately 10 layers’ cells formed a cap-like structure cover-
ing radicle tip [20]. Genome-wide identification revealed
that cotton p-1,3-glucanase genes can be classified into
eight subfamilies (A-H) with functional diversity [9].
However, it remains unclear how [-1,3-glucanase and the
endosperm related metabolic processes function during
seed germination. In this study, we verified the function
of a cotton B-1,3-glucanase encoding gene, GhGLU19,
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during seed germination. GhGLU19 belonged to subfam-
ily B and was preferentially expressed in imbibed seeds
and early seedlings. Using GhGLUI9 overexpression
and antisense transgenic cotton lines, we performed the
phenotype investigation, biophysical and biochemical
analysis, isobaric tags for relative and absolute quantita-
tion (iTRAQ) assay, and transcriptome comparison to
elucidate the functional role of GEGLUI9 in seed ger-
mination. The results demonstrated that suppression
of GhGLUI9 promotes seed germination. Compared
to wild type and GhGLUI9-overexpressing cotton, cal-
lose in ii was greatly increased, glycolysis and pyruvate
metabolism and endogenous ABA level was significantly
decreased in GhGLUI9-suppressing seeds. The study
provides a potential way for improving the seed germi-
nation percentage in cotton seed production, and other
eudicot crops.

Results

GhGLU19 encoded f3-1,3-glucanase and was preferentially
expressed during seed germination

From G. hirsutum acc. TM-1 transcriptome data (Acces-
sion code PRJNA248163), GhGLUI19 homeologs (Gh_
A04G0109 and Gh_D05G3612 in A- and D- subgenome
from TM-1 genome sequences (NAU-NBI_V1.1), named
as GhGLUI9A and GhGLUI9D, respectively) showed a
preferential expression during the process of seed ger-
mination and early seedlings (Fig. 1A). The qRT-PCR
analyses further confirmed that GAGLUI9 showed an
upregulation expression during seed germination, with
higher expression in imbibed seeds of 8, 12, 24 and 48 h
(Fig. 1B), indicating that the expression of GhHGLUI19 was
significantly correlated with the water uptake process
during imbibition stage of seed germination.

Sequence analysis showed that the ORF length of
GhGLUI9A was 1,410 bp with three exons and two
introns (Fig. S1A). GhGLUI9A encoded a peptide of 469
amino acids and shared 98% identity with GhGLU19D.
GhGLU19 belonged to subfamily B with two conserved
domains of Glycosyl hydrolase family 17 and the X8 (Fig.
S1B). Multiple alignment revealed that the GhGLU19 was
highly homologous with (-1,3-glucanase in other cot-
ton species (Fig. S1C). Phylogenetic analysis showed that
GhGLU19 and its orthologs existed widely in different
plants (Fig. S2). In vitro enzyme activity assay revealed
that GhGLU19 was able to hydrolyze -1,3-glucan (cal-
lose) to glucose (Fig. 1C).

Down-regulation of GhGLU19 increased seed germination
percentage in transgenic cotton

To verify the function of GhGLUI9 during the process
of seed germination, GEGLUI9A overexpression and
antisense vectors were constructed and transformed
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Fig. 1 The expression profile and enzyme activity of GhGLU19. A The expression profiling of GhGLUT9A (Gh_A04G0109) and GhGLUT9D (Gh_
D05G3612) in tissues of G. hirsutum acc. TM-1. Imbibed seeds at 0, 5, 10, 24 h, root, stem, leaf, petal, stamen, pistil, calycle, flower, and ovules at 0, 5,
10 and 20 days post anthesis (DPA) were used for transcriptional analysis. The FPKM were used to calculate the expression level of GhGLUT9A and
GhGLU19D, respectively. Colored squares indicated expression levels from 0 (blue) to 20 (red). B The expression level of GhGLUT9 in imbibition seeds
at 2,4, 8,12, 24 and 48 h after imbibition compared with that at 0 h by gRT-PCR analysis. Three independent biological replicates were analyzed
with three technical repeats. Student’s t-test, * P<0.05, ** P<0.01. C Enzyme activity of GhGLUT9 was detected by the spectrophotometric method,
and the activity was calculated by measuring the content of glucose. The pET-30a plasmid was used as control
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to G. hirsutum acc. WO, respectively (Fig. S3A and B).
Transgenic plants were screened by PCR amplification
of GhGLUI19 and kanamycin resistant selection (Fig. S3C
and D). After self-crosses at T; and T, generation, two
homozygous GhGLUI19-overexpressing lines (GhGLU19-
OEs) and two GhGLUI19-suppressing transgenic cotton
lines (GhGLU19-ASs) were selected at T, generation,
respectively. Quantitative real-time PCR confirmed that
the expression of GhGLU19 was significantly increased in
seeds from GHGLUI9-OEs and dominantly decreased in
GhGLUI19-ASs (Fig. S3E).

The effects of GhGLU19-OEs and GhGLU19-ASs on
seed germination were examined in both lab and field
conditions. In lab conditions, seeds from transgenic lines
and control were planted in soils and germination rate
were investigated in 2020 and 2022, respectively (Fig. 2A).
In 2020, the germination percentage of AS19 and AS105
were 95.00 and 93.33%, significantly higher than WO
(81.67%), while the germination rate of OE4 and OE110
were 68.33 and 55.56%, respectively. Similar results were
obtained in 2022 (Fig. 2B). In addition, the seed germina-
tion percentage was also investigated in the field condi-
tion. The results showed that GhHGLU19-ASs had higher
germination percentage than WO, while GhGLU19-OEs

showed a significant decrease in germination. In 2019,
the AS19 germination percentage (61.25%) was similar
with AS105 (62.36%), both significantly higher than W0
(50.56%), while OE4 and OE110 showed the lower ger-
mination percentage with 34.81 and 34.07%, respectively,
with the same tendency in 2020 (Fig. 2C). Both field trail
and lab germination test indicated that suppression of
GhGLU19 promoted seeds germination percentage.

To illustrate the GhGLU19 role involved in seed germi-
nation process, the germination assay was performed and
seed germination process at different time point was fur-
ther observed. The results showed that there were higher
percentage of seeds germination (92.33 and 97.33%) in
AS19 and AS105, and lower (62.67 and 57.50%) in OE4
and OE110, which was much higher and lower than that
in WO (76.00%), respectively (Fig. 3A-B). To illustrate
the relationship between water uptake process and ger-
mination, water absorption percentage was investigated
among GhGLUI19-OEs, GhGLUI9-ASs and the control.
Water absorption of seeds from GhGLUI19-OEs was ini-
tiated quickly and rapidly, after 24 h imbibition, reached
at 92.33 and 84.89% in OE4 and OE110, respectively
(Fig. 3C). However, the water absorption rate after 24 h
was slowed down in both OE4 and OE110. Oppositely,
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the initial water uptake process was significantly slowed-
down in GhGLUI9-ASs, and an accelerated water
absorption was observed after 24 h (Fig. 3D). Taken
together, GhGlul9 is a regulator of seed water uptake
process, especially functions on initial water absorption.

GhGLU19-AS transgenic cottonseeds accumulated callose
and showed altered imbibition curve
To determine how GhGLU19 affects callose accumu-
lation in seeds, we measured the callose content in
embryos, seed coats and ii of seeds from transgenic
lines and wild-type. In seeds, callose was significantly
enriched at ii. At 4 h imbibed seeds, callose content in
ii from GhGLUI19-ASs showed significant increase, with
about 25% higher in AS19 than those in W0. Meanwhile,
the callose content in GhGLUI19-OEs showed significant
decrease, which the amount in OE4 and OE110 were
about 85 and 80% of those in wild-type seeds (Fig. 4A).
These results indicated that suppression of GhGLUI9
increased callose accumulation in ii of seeds.
Histochemical staining of PGlu I promoter activ-
ity showed that the signals mainly localized in the
inner testa, especially in micropylar region [1]. Scan-
ning electron microscope observation of GhGLU19-ASs

micropyle showed a dominant cap-like structure, which
might result from increased callose accumulation in
comparison with the control (Fig. 4B). To confirm callose
accumulation at micropyle, ultrathin resin embedded
sections from micropyle of imbibed seeds were further
observed by aniline blue staining. In GEGLU19-AS lines,
aniline blue signal was observed as an envelope at the
margin of micropyle region. However, no margin cal-
lose layer was observed in wild-type or GhGLUI19-OEs
(Fig. 4C). These data indicated that GhGLU19 regulated
callose deposition in seeds especially in ii and micropylar
region.

Glycolysis and pyruvate metabolism was affected

in imbibition seeds of GhGLU19 transgenic cotton lines

To investigate whether metabolic activities might be
altered during seed germination of the transgenic lines,
an iTRAQ-based proteomic profiling analysis was per-
formed to identify the differences in protein composi-
tion of imbibed seeds from AS19, OE4 and WO. A total
of 1881 unique proteins were identified. Of them, 79
(39 up-regulated and 40 down-regulated) and 143 (63
up-regulated and 70 down-regulated) DEPs were fur-
ther detected in comparison of AS19 vs W0 and OE4
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biological replicates. C-D Water uptake time course of transgenic and wild-type seeds. Seeds from WO, GhGLU19-suppressing lines AS19 and AS105,
GhGLU19-overexpressing lines OE4 and OE110, were sown in dishes at 25 °C, respectively. Percentage of water uptake was scaled by 2 h over one
day. After 24 h, water uptake percentage was calculated each 12 h interval. Three independent biological replicates were analyzed. Water uptake

percentage as the means 4 SD, student’s t-test, * p <0.05, ** p < 0.01

vs WO, respectively (Dataset S1, S2). Pathway enrich-
ment analysis of DEPs in comparison group of OE4 vs
WO showed that pathways related to glycolysis, biosyn-
thesis of secondary metabolites, amino acid metabolism,
and pyruvate metabolism were highly enriched (Fig. 5A).
Oppositely, several key enzymes involved in glyco-
lysis, pyruvate metabolism, and ABA biosynthesis were
decreased in comparison group of AS19 vs WO (Dataset
S1).

Based on 2-fold difference in transcript levels
(p.adj<0.05; log,FC>1 or log,FC<-1), a total of 523
DEGs were identified in comparison of AS19 vs WO
(Dataset S3), and 3732 DEGs in comparison of OE110

vs WO (Dataset S4). KEGG enrichment analysis showed
that the genes related to pyruvate metabolism, bio-
synthesis of secondary metabolites, and amino acid
metabolism were differentially activated in comparison
group of OE110 vs WO (Fig. 5B), and most of them were
significantly decreased in comparison group of AS19
vs WO (Fig. 5C), which was in an agreement with the
result of proteome analysis. Furthermore, we analyzed
the transcripts of genes involved in glycolysis and pyru-
vate metabolism, including phosphoglucomutase (PGM),
glucose-6-phosphate isomerase (GPI), 6-phosphofruc-
tokinase (PFK), fructose bisphosphate aldolase (ALDO),
glyceraldehyde 3-phosphate dehydrogenase (GAPDH),
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transection of micropyle of different transgenic seeds. Sections were stained with 0.05% aniline blue buffer, and pictured under UV light. ce, callose
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2,3-bisphosphoglycerate-independent  phosphoglycerate
mutase (PGMI), pyruvate kinase (PK), pyruvate dehy-
drogenase (PDH), dihydrolipoamide acetyltransferase
(DLAT) and acetyl-CoA synthetase (ACSS), in imbibed
seeds of AS19, OE110 and WO, respectively. The result
showed that the transcript levels of these genes were
slightly decreased in AS19 but dominantly increased in
OE110, compared to WO (Fig. 5C). Four genes encoding
key enzymes in glycolysis and pyruvate metabolism, PFK,
ALDO, PK and PDH, were further selected to detect their
expression in early germinating seeds of transgenic lines
(Fig. 5D). qRT-PCR showed that compared with WO, the
expression of the four genes were significantly increased
in GhGLU19-overexpressing lines, while were decreased
in GhGLU19-ASs. These results indicated that glycolysis
and pyruvate metabolism were changed in early germina-
tion of transgenic seeds and affected seed germination.

Endogenous ABA content and ABA signaling was altered

in imbibition seeds of GhGLU19 transgenic cotton lines
KEGG enrichment showed that the accumulation of pro-
teins was also involved in ABA biosynthesis via MVA
pathway, including phosphomevalonate kinase (MVAK),
hydroxymethylglutaryl-CoA synthase (HMGCS), xan-
thoxin dehydrogenase (ABA2) (Dataset S2). Meanwhile,
DEGs related to biosynthesis of secondary metabo-
lites mainly focused on terpenoid backbone biosynthe-
sis by MVA and ABA biosynthesis pathway, which was
supported by the enhanced transcripts of Acetyl-CoA
C-acetyltransferase (ACCT), hydroxymethylglutaryl-CoA
reductase (HMGCR), mevalonate kinase (MVK), MVAK,
diphosphomevalonate decarboxylase (MVD), isopentenyl-
diphosphate Delta-isomerase (IDI), farnesyl diphosphate
synthase (FDPS), ABA2, and abscisic-aldehyde oxidase
(AAO3) (Fig. 6A).
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HMGCS, MVK, MVAK, FDPS and ABA2 are essen-
tial enzymes of ABA biosynthesis. The qRT-PCR analy-
sis further confirmed that transcription of these genes
was significantly downregulated in GhGLU19-ASs
compared with the WO0. By contrast, all these genes
were substantially elevated in GhGLUI9-overexpress-
ing imbibition seeds (Fig. 6B). Further, ABA content
was detected by HPLC-MS/MS in AS19, OE110 and
WO. In 2 h and 8 h imbibition seeds, ABA accumula-
tion in OE110 was significantly higher than WT, while
it was dramatically lower in AS19 (Fig. 6C). We also

detected the transcript levels of genes involved in ABA
signaling pathway. The qRT-PCR results showed that
the transcript levels of six genes, including pyrabactin
resistance 1-like 6 (PYL6), PYL9, abscisic acid insensi-
tive 3 (ABI3), ABIS, protein phosphatase 2C (PP2C)
and sucrose nonfermenting 1-related protein kinase 2
(SnRK2), were much higher in OE lines and lower in
ASs compared with that in WO (Fig. 7). These results
indicated that the increased seed germination in
GhGLUI19-ASs was partially dependent to decreased
ABA content and ABA signaling pathway.
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Discussion

Physiological roles of GhGLU19 during seed germination
Seeds from many eudicot plants including cotton had
a callose layer at the interface of the maternal seed coat
and the endosperm or embryo. Endosperm exposed as a
cap-like structure that covers radicle tip at the micropyle,
which is necessary to maintain water impermeability

[12]. The micropylar endosperm is an obstacle to radicle
emergence, whose weakening is thought as a prerequisite
for completion of seed germination in many dicotyle-
dons. It has been reported that several cell wall genes are
expressed exclusively in the endosperm cap, which sug-
gests their activities in endosperm weakening [22]. Wu
et al. [5] reported that class I isoforms of -1,3-glucanase
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was expressed specifically in the endosperm caps of
tomato seeds, but it is unlikely that this enzyme was
directly involved in cell wall modification or tissue weak-
ening during germination. It is worth to discuss that
B-1,3-glucanase does other possible roles during ger-
mination. In our study, expression of GhGLUI9 was
induced exclusively after seed imbibition, indicating
that GEGLUI9 is involved in regulating seed germina-
tion (Fig. 1B). We also found that seeds of GAGLU19-ASs
had over-accumulation of callose in inner integument of
seeds, including micropylar region. In previous reports,
uptake of water by a dry seed follows a classic triphasic
model, with a rapid initial uptake (phase I) followed by
a plateau phase (phase II), and a final rapid water uptake
period [14]. Physically, certain water uptake time (phase
I) is necessary, because imbibition metabolism must be
initiated to protect their cytoplasmic components and
the recovery from seed structural damage caused by mat-
uration drying and oxidation [15]. In our study, a slowed-
down water uptake process and higher seed germination
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percentage were detected in GhGLU19-ASs than that
in W0 and GhGLU19-OEs, which may be related to the
prolonged phase I period for repair and reestablishment
of metabolic activity in mitochondria. Furthermore, the
seeds of GhGLU19-OEs showed a decreased callose
accumulation and the lower seed germination percentage
(Figs. 2 and 3). This suggest that certain amount of cal-
lose layer be important as a channel charging for water
influx into seeds during seed imbibition, which ensured
the cell components to be recovered into a normal struc-
ture after water uptake initiated.

Downregulation of GhGLU19 causes the decrease

of glycolysis and pyruvate metabolisms in imbibed seeds
The poor timing of seed germination can severely limit
seedling survival [23]. Both proteomic profiling and tran-
scriptome analysis showed that expression of proteins
regulating glycolysis and pyruvate metabolism were sig-
nificantly activated in the seeds of GhGLU19-OEs during
early germination stage (Fig. 5). It has been reported that
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mitochondria provide metabolic intermediates, reduct-
ant and ATP essential for biosynthesis and cell expan-
sion. However, mitochondria in the dry seed have a
poorly developed internal membrane structure with few
cristae, which will be recovered into a normal structure
after water uptake initiated [24]. Glycolysis is an anaero-
bic metabolic pathway, and it is also the first step in cel-
lular respiration. In glycolysis, one molecule of glucose
and 2 ATP molecules are consumed, with the production
of 4 ATP, 2 NADH, and 2 pyruvates [25]. The pyruvate,
the product of glycolysis, is utilized in the biosynthesis
of numerous compounds such as secondary metabo-
lites, amino acids, nucleic acids, and fatty acids. There-
fore, glycolysis and pyruvate metabolism are particularly
important in actively growing autotrophic tissues, such
as germinating seeds [26]. However, in anaerobic envi-
ronment, pyruvate produces lactate or ethanol via respi-
ration [27]. Both these two products are not conducive to
growth, which leads to a considerable carbon depletion
and toxicity during germination [28]. In this study, qRT-
PCR analysis revealed that the transcript levels of genes
related to glycolysis and pyruvate metabolism were sig-
nificantly elevated in seeds of GhGLUI19-OEs (Fig. 5),
for example, PFK, the ‘gatekeeper’ of glycolysis, which
catalyze the committed step of the glycolytic pathway by
converting fructose-6-phosphate to fructose-1,6-bispho-
sphate [29]. Meanwhile, the relatively fast water uptake
process in GhGLUI9-OEs led to pyruvate metabolism
pathway to be altered in the anaerobic environment, and
produced the harmful lactate or ethanol during seed ger-
mination. From transcriptome data, we also found that
genes encoding alcohol dehydrogenase and lactate dehy-
drogenase, which catalyzed pyruvate to ethanol or lactate
without the consumption of O,, showed dominant higher
expression in GhGLUI9-OEs compared to WO and
GhGLU19-ASs (Fig. S4). Taken together, the decrease
on expression of genes related to glycolysis and pyruvate
metabolism and slowed water uptake process in early
seed imbibition, which led to a lower but extended gly-
colysis and pyruvate pathway influx, brought about much
energy supply for following respiration in seed germina-
tion and seedling growth.

GhGLU19 is involved in regulating ABA homeostasis

during germination

During germination, seeds undergo a cascade of bio-
chemical and mechanical events regulated by inter-
nal and external stimuli [30]. Germination starts with
water uptake and requires both activation of embryo
growth potential and weakening of a mechanical con-
straint such as testa or endosperm, both of which
appear to be regulated by endogenous hormones
[31]. Among these hormones, ABA is important for
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the induction and maintenance of seed dormancy
and inhibits seed germination [32]. Both embryo and
endosperm can synthesize ABA and release ABA to
regulate embryonic growth [33, 34]. In cytosol, Ac-
CoA is catalyzed by HMGCS to form HMG-CoA, the
initiated substrate for MVA pathway to produce iso-
pentenyl diphosphate (IPP) [35]. IPP is condensed to
form GPP (C10, monoterpene backbone), FPP (C15,
sesquiterpene backbone), and GGDP (C20, diterpene
backbone) [36]. ABA is a C15 weak acid, synthesized
from FPP, that was catalyzed by NCEDs, ABA2, ABA3
and AAO3 [37, 38]. In transgenic poplar, overexpres-
sion of HMGCR resulted in the increased ABA con-
tent by accelerated gene expression of MVA pathway
and MEP pathway [39]. In this study, iTRAQ assay
and transcriptome data revealed that the expression of
these genes related to ABA biosynthesis and signaling
pathway were down-regulated in GhGLUI19-ASs, oppo-
sitely, those were highly expressed in GEGLU19-OEs.
Furthermore, ABA content in OE110 was significantly
higher than WT, while it was dramatically lower in
AS19 (Fig. 6C). These findings demonstrate that ABA
biosynthesis were oppositely regulated in GEGLUI9-
ASs and GhGLUI19-OEs.

ABA signaling pathway also plays an important role
on germination, which primarily acts by a cascade that
comprises ABA receptors (encoded by PYRABACTIN
RESISTANCE1 [PYR1]/ PYL 1-13), PP2Cs and SnRKs
[40, 41]. Overexpression of rice PYLs showed improve-
ment on drought resistance and ABA hypersensitivity
in inhibition of seed germination [42]. PP2Cs also have
essential roles in the release of seed dormancy epi-
static to DELAY OF GERMINATION 1 [43]. SnRK2.2,
SnRK2.3 and SnRK2.6 were mainly expressed dur-
ing seed development and germination. These SnRK2s
were involved in ABA signaling to regulate gene
expression through the phosphorylation of transcrip-
tion factors (TFs), such as ABI3 and ABI5 [44]. ABI3
is a major ABA responsive TF in ABA signaling, that
plays a crucial role in seed germination [45]. Previous
studies demonstrated that ABI5 acted downstream of
ABI3 for controlling germination and seedling growth
[46]. In our study, the transcript levels of genes related
to ABA signaling components including PYL6, PYLY,
ABI3, ABI5, PP2Cs and SnRK2s were decreased in
GhGLUI19-ASs, implying that suppression of GhGLU19
showed the increased seed germination, partially due to
decreased ABA level and down-regulated ABA signal.

Gibberellin (GA) has been identified as an essential
plant hormone for seed germination. Bioactive GAs are
diterpene acids, which are catalyzed from GGDP. The
biosynthesis of GAs in higher plants can be divided
into three stages: biosynthesis of ent-kaurene from
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GGDP by ent-copalyl diphosphate synthase and ent-
kaurene synthase; conversion of ent-kaurene to GA12
via cytochrome P450 monooxygenases, and formation
of C20- and C19-GAs in the cytoplasm [47]. From the
transcriptome data, we found that the expression levels
of gibberellin biosynthesis and signaling genes were not
influenced by modulation of GhGLUI9 (Fig. S5). The
transcripts of ent-kaurene oxidase, GA 3-oxidasel and
GA 20-oxidase2 are observed in the cortex and endo-
dermis in the embryo axis, and suggesting that the syn-
thesis of bioactive GAs from ent-kaurene occurs in the
cortex and endodermis [48]. However, GhGLUI19-mod-
ulated lines altered callose accumulation in inner integ-
ument of seeds but not in embryo and testa (Fig. 4). We
speculated that GhGLU19-ASs with over-accumulated
callose in inner integument, which affects ABA biosyn-
thesis in endosperm and regulates seed germination.

Conclusions

Compared to wild type, GhGLUI9-suppressing and
GhGLU19-overexpressing  transgenic  cotton lines
showed the higher and lower seed germination percent-
age, respectively. Suppression and overexpression of
GhGLUI19 showed a dominant increase and decrease
of callose content in inner integument of seeds, respec-
tively, which led to the relatively slow influx of water in
GhGLU19-suppressing lines (ASs) and fast in GhGLU19-
overexpressing lines (OEs) in the process of seed ger-
mination. Proteomic data and transcriptome analysis
illustrated that the expression of genes involved in gly-
colysis and pyruvate metabolism were decreased in ASs,
however, significantly increased in OEs. In addition, the
fine-tuned callose content and following physiological
activities might cause the decrease in expression of genes
related to ABA biosynthesis and endogenous ABA level
in ASs. The transcript levels of ABA signaling related
genes were also decreased in ASs, which was opposite
in OEs. Taken together, suppression of GhGLUI9 plays
important roles in callose accumulation, glycolysis and
pyruvate metabolism, and ABA biosynthesis and signal-
ing pathway in imbibition seeds, which promotes seed
germination. Future studies should focus on elucidating
the precise mechanisms involved in how suppression of
GhGLU19 functions in plant growth, especially in seed
development and germination.

Methods

Plant materials, vector construction and plant
transformation

G. hirsutum acc. WO was used as the wild-type (WT)
control and genetic transformation receptor. DNA and
RNA were extracted from one-month old cotton plants
using Super Plant Genomic DNA kit and RNAprep
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Pure Plant Kit (TTANGEN, Beijing, China). To generate
GhGLU19 overexpression and antisense transgenic cot-
ton lines, the full-length coding sequence of GhGLUI9
was amplified using primers OE-GhGLU19-F/R. The
fragments were then inserted into Xba I and BamH 1
sites of pBI121 vector through standard cloning proce-
dures [49]. pBI121 is a binary vector, with kanamycin-
resistance for plant selection, that expression of gene of
interest was controlled by Cauliflower mosaic virus 35S
promoter. For the antisense construct, the ORF sequence
was reversely inserted into pBI121 vector following the
same cloning procedures.

The constructs were introduced into WO through
Agrobacterium-mediated transformation following the
method described previously [50]. Transgenic lines were
self-crossed continuously for obtaining the homozygous
lines at T; generation. Both kanamycin selection and
PCR amplification were used for determining transgenic
homozygosity in each generation. All necessary permits
for planting and investigating of transgenic materials
and receptor were obtained from Nanjing Agricultural
University, Jiangsu Province, China. The gene expression
level was detected by quantitative real-time PCR (qRT-
PCR) using tubulin (KF555285.1) as a reference gene. The
primers are shown in Table S1.

Germination assays

Seeds were delinted using 100% sulfuric acid and washed
thoroughly at least three times by using sterilized ddH,O.
For in house germination assay, seeds of control groups
and transgenic lines were planted in soils and grown
under the room temperature: 25 °C/23 °C day/night and
60% relative humidity with 16 h /8 h light/dark photo-
period. Germinated seedlings were counted and exam-
ined at 7 days after sowing. To evaluate germination of
transgenic cotton and control in the field, 30 seeds were
planted for each row and each line was planted for 4 rows.
About three weeks after germination, seedling number
were counted and calculated for germination rate. Both
in house and field germination assays were performed at
least three independent biological replicates for each year
with two year replications.

For water absorption and germination time curve, 2
layers of filter paper were laid in a germination box. In
each box, one hundred seeds were put and 40 mL water
was added. Three independent biological replicates were
performed. Germination boxes were put in an incubator
to cultivate under the temperature: 25 °C/23 °C day/night
and 80% relative humidity with 16 h /8 h light/dark pho-
toperiod. Seeds was weighted at a 2 h interval until 24 h.
After 24 h, the seed germination percentage was count
at a 12 h interval time points, and the water absorption
value also measured at the same time point.
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Quantitative real-time PCR

Total RNA was isolated from 100 mg leaf tissue of wild-
type and transgenic cotton lines using CTAB-acidic
phenolic method. Isolated total RNAs (0.5 pg) were
reverse-transcribed into cDNA using the HiScript Q RT
SuperMix for qPCR (+gDNA wiper) (Vazyme, Nanjing,
China). Gene-specific primers for qRT-PCR analysis were
designed using Beacon Designer 7.0. Real-time PCRs
were performed in a Roche 480 PCR system using AceQ
SYBR Green Master (Low Rox Premixed) (Vazyme), with
three technical replicates for each biological sample. The
expression data were evaluated using the comparative
cycle threshold method described previously [51]. Data
analyses were presented as means=standard deviation
(SD) of three biological replicates. Detailed information
of primers for qRT-PCR was shown in Table S1.

Callose extraction and detection

Callose contents in 2 h and 4 h imbibed seeds were quan-
tified by using spectrophotometric methods, that aniline
blue staining was widely assumed to indicate the pres-
ence of 1,3-B-glucans [52]. Seeds were dissected, and
embryo, testa and ii, separately. The samples (100 mg)
were ground in liquid nitrogen and disintegrated in 3 mL
NaOH. The suspension was incubated at 80 °C for 15 min
to solubilize the callose and then centrifuged (5 min,
380 x g). About 200 pL of supernatant was then removed
to a new 2 mL tube, and mixed with 400 pL of 0.1% (w/v)
aniline blue. pH of solution was adjusted using 210 pL
HCI and 590 upL glycine-NaOH buffer (pH 9.5). The
solution was incubated at 50 °C for 20 min and another
30 min at room temperature later. Fluorescence was read
on an Inifinitc M200 (Tecan) spectrofluorometer (exci-
tation 400 nm, emission 510 nm, and slit 10 nm). Cali-
bration curves were established using a freshly prepared
solution of the 1,3-B-glucan laminarin (L9634, Sigma)
in NaOH buffer. The standard curve was calibrated by 0,
0.1, 1, 2.5, 5 and 10 pg uL~*. Using the calibration curve,
amounts of callose in cottonseeds were estimated as
laminarin-equivalents. Data analyses were presented as
means £ SD of three biological replicates.

In vitro expression of GhGLU19 and enzyme activity assay
The predicted signal peptide (amino acids 1-23) was
removed from GhGLUI9 open reading frame sequence,
and the remaining sequences were cloned into pET-30a
under control of a strong bacteriophage T7 transcription
and translation signals. The recombinant Escherichia coli
strain BL21 (DE3) carrying constructs (the pET-30a plas-
mid as control) were cultivated and induced with 0.5 mg
L' Isopropyl B-D-thiogalactopyranoside for protein
expression.
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Enzyme activity of GhGLU19 was detected by the dini-
tro salicylic acid (DNS) assay, in which glucanase activ-
ity was calculated by measuring the rate of increase in
the absorbance at 530 nm due to the formation of glu-
cose, as described previously [53]. The enzyme assay was
performed by adding 0.1 mL of crude enzyme solution
to 0.4 mL of 0.1% (w/v) laminarin solution. The reaction
mixture was incubated at 40 °C for 30 min, followed by
incubation in boiling water for 5 min, then added 0.5 mL
of DN solution and incubated at boiling water for 5 min.
The glucose was detected using a spectrophotomet-
ric method as an indicator of -glucanase activity. Data
analyses were presented as means =+ SD of three biologi-
cal replicates.

ABA extraction and detection
Endogenous ABA was extracted in imbibed cottonseeds
following the previous report [54]. After grinding under
liquid N, to fine powder, 500 mg was used for extrac-
tion. Extraction of the free analytes was carried out with
5 mL isopropanol/hydrochloric acid extraction buffer
and the internal standard Abscisic Acid-d6 (ChemeGen).
Samples were incubated at 4 °C for 30 min after adding
dichloromethane. After centrifugation at 13,000 x g, the
organic supernatant was transferred to a new tube. After
drying in a gentle stream of N,, the pellets were dissolved
in 400 pL methanol. Determination of the analytes in
1 mL injected volume was performed by HPLC-MS/MS.
ABA was measured with a HPLC-ESI-QTRAP MS
instrument (6500 Qtrap, Applied Biosystems / MDS
SCIEX, Concord, ON) fitted with Poroshell 120 SB-C18
(2.7 pm, 2.1 x 150 mm, Agilent, Portland, OR). The col-
umn temperature was kept at 30 °C. A binary mobile
phase system consisting of 0.1% (v/v) formic acid (A)
and methanol (B) under a gradient condition [0—1 min,
20% (B), 1-9 min, 20% (B) to 80% (B), 9-10 min, 80% (B)
and 10-15 min, 80% (B) to 20% (B)] with a flow rate of
0.3 mL min~! was used. Each injection volume was 2 pL.
Products were further quantified in multiple-reaction-
monitoring mode for ABA detection. Electrospray ioni-
zation was performed in the negative ionization mode,
curtain gas of 25.0 psi, collision gas medium, 4500 V for
ion spray voltage, source temperature at 400 °C, nebulize
gas of 65 psi and desolution gas of 70 psi.

iTRAQ assay

Total protein of 8 h imbibed seeds was extracted using
phenol-based method and the concentrations were meas-
ured with bovine serum albumin. Next, 100 pg protein
was used for iTRAQ labelling proteomics analysis [55].
Protein digestion and labelling were performed according
to the manufacturer’s instructions (AB SCIEX, Concord,
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ON). Data acquisition was performed with a TripleTOF
5600 mass spectrometer (MS) (AB SCIEX, Concord, ON)
fitted with a Nanospray III source (AB SCIEX, Concord,
ON). Data were acquired on the parameters as previously
reported [55]. The original mass data were processed
with ProteinPilot 5.0 (AB SCIEX, Concord, ON) and
searched against the Uniprot protein database (http://
www.uniprot.org) and G. hirsutum TM-1 protein FASTA
(https://www.cottongen.org/) [56]. For identification of
reliable protein, the following filters were used: signifi-
cance threshold P-value < 0.05 (with 95% confidence) and
for which at least one unique peptide was detected. The
quantitative protein ratios were weighted and normal-
ized to the median ratio. The significantly differentially
expressed proteins (DEPs) were quantified in two biologi-
cal replicates, along with a Fisher’s combined probability
0f<0.05 and a fold change +1.5.

The Kyoto Encyclopedia of Genes and Genomes data-
base (KEGG; http://www.genome.jp/kegg/pathway.html)
was used to identify DEPs involved in biological, meta-
bolic and signal transduction pathways. Fisher’s exact
test was applied to compare the distribution of each
KEGG pathway in the target protein cluster and the over-
all protein cluster. The background was constituted by
the whole annotated gene sequence of G. hirsutum acc.
TM-1 genome (ZJU-improved_v2.1_al). P<0.05 were
considered statistically significant using a two-tailed
Fisher’s exact test.

Transcriptome sequencing

GhGLU19 transgenic and WO seeds were sown on two-
layer filter paper with 30 mL water. After 8 h imbibition,
seeds were collected and ground for total RNA extrac-
tion. RNA-seq (NovaSeq6000 platform) was performed
to compare the transcript patterns of GEGLUI19 trans-
genic lines and WO0. The raw data were processed qual-
ity control by using an NGS QC toolkit. Hisat2 was used
for mapping the processed reads to the Gossypium hir-
sutum acc. TM-1 genome (ZJU-improved_v2.1_al) with
default parameters [57]. Finally, the transcript abundance
was determined using HTSeq package, and differential
expression analysis was accomplished with a P-adjusted
value<0.05 cutoff (q-value) and a fold change of>2 by
edgeR [58]. Differentially expressed genes (DEGs) were
analyzed by KEGG pathway enrichment. All samples
contained three biological repeats. Mev 4.9 was used for
a heatmap illustration of the expression patterns, based
on transcripts per million (TPM) values [59].

Seed fixation, embedding and sectioning

Seed fixation, embedding and sectioning were con-
ducted according to Pugh et al. [60]. After 2 h imbibi-
tion, seed was cut from central section, and testa was

Page 13 of 15

removed carefully without contacting inner seed coat.
Immediately, dissected seed samples were fixed in a
20% step-graded ethanol series from 30 to 100% at
2 h intervals. The 100% ethanol was treated with 5%
(w/v) molecular sieve for water absorption. Samples
were then stored in 100% ethanol at 4 °C, with ethanol
changes every day, for 3 days. Samples were infiltrated
into LR White Resin (ProSci Tech, Inc., Qld, Australia)
20% step-graded series from 30 to 70% with a 2 h
interval. Infiltration into resin was performed by 10%
step-graded series from 70 to 100%. The samples were
treated with resin changes every 3 days for six times.
Infiltrated samples were transferred to fresh resin in
an appropriate mold and baked at 60 °C for 24 h. Thin
Sects. (2 pm thick) were cut using an ultramicrotome
(UC7, Leica, Germany) with a glass knife. The sections
were placed onto glass slides and fixed for staining.

Aniline blue staining

Aniline blue staining was performed using aniline blue
(A113197, Aladdin) as described by Vate’'n et al. [61]. A
stock solution (10 mg mL™" in ddH,0) was diluted 1:10
ratio with PBS (pH 9.5). Sections were incubated in the
staining solution for 1 h at room temperature. The sig-
nal of aniline blue was imaged in PBS solution on an
Olympus BX53 microscope (Japan) using a UV laser.
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Availability of data and materials

The genomic database of different cotton species was downloaded from the
CottonGen database, and links to all databases as follows. G. arboreum: https://
www.cottongen.org/species/Gossypium_arboreum/bgi-A2_genome_v2.0;
G. barbadense: https.//www.cottongen.org/species/Gossypium_barbadense/
nbi-AD2_genome_v1.0; G.hirsutum: https://www.cottongen.org/species/
Gossypium_hirsutum/nbi-AD1_genome_v1.1; G. mustelinum: https://www.
cottongen.org/species/Gossypium_mustelinum/JGI-AD4_v1.1; G. raimondii:
https://www.cottongen.org/species/Gossypium_raimondii/jgi_genome_
221; G. tomentosum: https:.//www.cottongen.org/species/Gossypium_tomen
tosum/HGS-AD3_v1.1;

The genome sequence data of 15 plant species were downloaded from

the public databases, and links to all databases as follows. Abrus precatorius:
https://www.ncbi.nlm.nih.gov/bioproject/PRINA510631; Arabidopsis thaliana:
https://www.ncbi.nlm.nih.gov/bioproject/PRINA116; Carica papaya: https:.//
www.ncbi.nlm.nih.gov/bioproject/PRINA264084; Durio zibethinus: https.//
www.ncbi.nlm.nih.gov/bioproject/PRINA407962; Glycine max: https://www.
ncbi.nim.nih.gov/bioproject/PRINA48389; Herrania umbratica: https.//www.
ncbi.nim.nih.gov/bioproject/PRINA389730; Hevea brasiliensis: https://www.
ncbi.nim.nih.gov/bioproject/PRINA394253; Manihot esculenta: https://www.
ncbi.nlm.nih.gov/bioproject/PRINA394209; Mucuna pruriens: https://www.
ncbi.nim.nih.gov/bioproject/PRINA414658; Nicotiana attenuata: https://www.
ncbi.nlm.nih.gov/bioproject/PRINA355166; Oryza sativa: https://www.ncbi.
nim.nih.gov/bioproject/PRINA122; Populus alba: https://www.ncbi.nlm.nih.
gov/bioproject/PRINA638679; Theobroma cacao: https:.//www.ncbi.nlm.nih.
gov/bioproject/PRINA341501; Vitis vinifera: https://www.ncbi.nlm.nih.gov/
bioproject/PRINA399599; Zea mays: https://www.ncbi.nlm.nih.gov/bioproject/
PRINA358298.

RNA-seq datasets of germinating seeds (at 0, 5, 10, 24 h), seedlings (leaf, stem
and root), reproductive tissues (petal, stamen, pistil, calycle and flower) and
developing seeds (at 0, 5, 10 and 20 days post anthesis) of G. hirsutum acc.
TM-1 were downloaded from the NCBI SRA database under accession code
PRINA248163 (https://www.ncbi.nim.nih.gov/bioproject/PRINA248163/).
RNA-seq in this study have been deposited at the National Center of Biotech-
nology Information under the accessions PRINA706043 (https://www.ncbi.
nim.nih.gov/bioproject/PRINA706043).

Declarations

Ethics approval and consent to participate

All methods were performed in accordance with the relevant guidelines and
regulations. All necessary permits for planting and investigating of transgenic
materials and receptor G. hirsutum cv. WO were obtained from Nanjing Agri-

cultural University, Jiangsu Province, China.

Consent for publication
Not applicable.

Page 14 of 15

Competing interests
The authors declared that they had no competing interests.

Received: 25 April 2022 Accepted: 12 July 2022
Published online: 22 July 2022

References

1. Leubner-Metzger G. Beta-1,3-Glucanase gene expression in low-hydrated
seeds as a mechanism for dormancy release during tobacco after-ripen-
ing. Plant J. 2005;41:133-45.

2. Linthorst HJ, Melchers LS, Mayer A, van Roekel JS, Cornelissen BJ, Bol JF.
Analysis of gene families encoding acidic and basic beta-1,3-glucanases
of tobacco. Proc Natl Acad Sci U S A. 1990;87:8756-60.

3. Leubner-Metzger G, Frundt C, Vogeli-Lange R, Meins F Jr. Class | [beta]-
1,3-Glucanases in the endosperm of tobacco during germination. Plant
Physiol. 1995;109(3):751-9.

4. Jin W, Horner HT, Palmer RG, Shoemaker RC. Analysis and mapping
of gene families encoding beta-1,3-glucanases of soybean. Genetics.
1999;153(1):445-52.

5. Wu CT, Leubner-Metzger G, Meins F Jr, Bradford KJ. Class | beta-
1,3-glucanase and chitinase are expressed in the micropylar
endosperm of tomato seeds prior to radicle emergence. Plant Physiol.
2001;126(3):1299-313.

6. Doxey AC, Yaish MW, Moffatt BA, Griffith M, McConkey BJ. Functional
divergence in the Arabidopsis beta-1,3-glucanase gene family inferred
by phylogenetic reconstruction of expression states. Mol Biol Evol.
2007;24(4):1045-55.

7. Luo M, Liu J, Lee RD, Scully BT, Guo B. Monitoring the expression of maize
genes in developing kernels under drought stress using oligo-microarray.
JIntegr Plant Biol. 2010;52(12):1059-74.

8. WanL, ZhaW, Cheng X, et al. A rice 3-1,3-glucanase gene Osg1 is
required for callose degradation in pollen development. Planta.
2011;233(2):309-23.

9. XuX, FengV, Fang S, Xu J, Wang X, Guo W. Genome-wide characteriza-
tion of the 3-1,3-glucanase gene family in Gossypium by comparative
analysis. Sci Rep. 2016;6:29044.

10. Leubner-Metzger G, Meins F Jr. Sense transformation reveals a novel
role for class | beta-1, 3-glucanase in tobacco seed germination. Plant J.
2000;23(2):215-21.

11. Yim KO, Bradford KJ. Callose deposition is responsible for apoplastic
semipermeability of the endosperm envelope of muskmelon seeds. Plant
Physiol. 1998;118(1):83-90.

12. Gama-Arachchige NS, Baskin JM, Geneve RL, Baskin CC. Acquisition of
physical dormancy and ontogeny of the micropyle-water-gap complex
in developing seeds of Geranium carolinianum (Geraniaceae). Ann Bot.
2011;108(1):51-64.

13. Scheler C, Weitbrecht K, Pearce SP, et al. Promotion of testa rupture
during garden cress germination involves seed compartment-specific
expression and activity of pectin methylesterases. Plant Physiol.
2015;167(1):200-15.

14. Weitbrecht K, Muller K, Leubner-Metzger G. First off the mark: early seed
germination. J Exp Bot. 2011,62(10):3289-309.

15. Bewley JD, Bradford KJ, Hilhorst HW, Nonogaki H. Seeds: physiology of
development, germination and dormancy. 3rd ed. New York: Springer;
2013.

16. DoroneY, Boeynaems S, Flores E, et al. A prion-like protein regulator of
seed germination undergoes hydration-dependent phase separation.
Cell. 2021;184(16):4284-98.

17. Petruzzelli L, Kunz C, Waldvogel R, Meins F Jr, Leubner-Metzger G. Distinct
ethylene- and tissue-specific regulation of beta-1,3-glucanases and
chitinases during pea seed germination. Planta. 1999,209(2):195-201.

18. Amritphale D, Yoneyama K, Takeuchi Y, Ramakrishna P, Kusumoto D. The
modulating effect of the perisperm-endosperm envelope on ABA-inhibi-
tion of seed germination in cucumber. J Exp Bot. 2005;56(418):2173-81.

19. SiA SunZ LiZ ChenB,GuQ Zhang Y, Wu L, Zhang G, Wang X, Ma Z. A
genome wide association study revealed key single nucleotide polymor-
phisms/genes associated with seed germination in Gossypium hirsutum L.
Front Plant Sci. 2022;16(13):844946.


https://www.cottongen.org/species/Gossypium_arboreum/bgi-A2_genome_v2.0
https://www.cottongen.org/species/Gossypium_arboreum/bgi-A2_genome_v2.0
https://www.cottongen.org/species/Gossypium_barbadense/nbi-AD2_genome_v1.0
https://www.cottongen.org/species/Gossypium_barbadense/nbi-AD2_genome_v1.0
https://www.cottongen.org/species/Gossypium_hirsutum/nbi-AD1_genome_v1.1
https://www.cottongen.org/species/Gossypium_hirsutum/nbi-AD1_genome_v1.1
https://www.cottongen.org/species/Gossypium_mustelinum/JGI-AD4_v1.1
https://www.cottongen.org/species/Gossypium_mustelinum/JGI-AD4_v1.1
https://www.cottongen.org/species/Gossypium_raimondii/jgi_genome_221
https://www.cottongen.org/species/Gossypium_raimondii/jgi_genome_221
https://www.cottongen.org/species/Gossypium_tomentosum/HGS-AD3_v1.1
https://www.cottongen.org/species/Gossypium_tomentosum/HGS-AD3_v1.1
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA510631
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA116
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA264084
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA264084
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA407962
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA407962
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA48389
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA48389
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA389730
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA389730
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA394253
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA394253
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA394209
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA394209
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA414658
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA414658
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA355166
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA355166
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA122
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA122
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA638679
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA638679
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA341501
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA341501
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA399599
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA399599
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA358298
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA358298
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA248163/
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA706043
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA706043

Wang et al. BMC Plant Biology

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33

34

35.

36.

37.

38.

39.

40.

41.

42.

(2022) 22:357

Ma W, Guan X, Li J, et al. Mitochondrial small heat shock protein medi-
ates seed germination via thermal sensing. Proc Natl Acad Sci U S A.
2019;116(10):4716-21.

Kanehisa M, Furumichi M, Sato Y, Ishigurowatanabe M, Tanabe M.

KEGG: integrating viruses and cellular organisms. Nucleic Acids Res.
2021;49(D1):545-51.

Martinez-Andujar C, Pluskota WE, Bassel GW, Asahina M, Pupel P, Nguyen
TT, Takeda-Kamiya N, Toubiana D, Bai B, Gérecki RJ, Fait A, Yamaguchi S,
Nonogaki H. Mechanisms of hormonal regulation of endosperm cap-
specific gene expression in tomato seeds. Plant J. 2012,71(4):575-86.
Kranner I, Minibayeva FV, Beckett RP, Seal CE. What is stress? Con-

cepts, definitions and applications in seed science. New Phytol.
2010;188(3):655-73.

Nietzel T, Mostertz J, Ruberti C, et al. Redox-mediated kick-start of mito-
chondrial energy metabolism drives resource-efficient seed germination.
Proc Natl Acad Sci U S A. 2020;117(1):741-51.

Plaxton WC. The organization and regulation of plant glycolysis. Annu
Rev Plant Physiol Plant Mol Biol. 1996;47:185-214.

Magneschi L, Perata P. Rice germination and seedling growth in the
absence of oxygen. Ann Bot. 2009;103(2):181-96.

Tadege M, Dupuis II, Kuhlemeier C. Ethanolic fermentation: new functions
for an old pathway. Trends Plant Sci. 1999;4(8):320-5.

Mustroph A, Boamfa El, Laarhoven LJ, Harren FJ, Albrecht G, Grimm B.
Organ-specific analysis of the anaerobic primary metabolism in rice and
wheat seedlings. I: Dark ethanol production is dominated by the shoots.
Planta. 2006;225(1):103-14.

Webb BA, Dosey AM, Wittmann T, Kollman JM, Barber DL. The glycolytic
enzyme phosphofructokinase-1 assembles into filaments. J Cell Biol.
2017;216(8):2305-13.

Bewley JD, Burton RA, Morohashi Y, Fincher GB. Molecular cloning of a
cDNA encoding a (1->4)-beta-mannan endohydrolase from the seeds of
germinated tomato (Lycopersicon esculentum). Planta. 1997;203(4):454-9.
Shu K, Liu XD, Xie Q, He ZH. Two faces of one seed: Hormonal regulation
of dormancy and germination. Mol Plant. 2016;9(1):34-45.

Nambara E, Okamoto M, Tatematsu K, Yano R, Seo M, Kamiya Y. Abscisic
acid and the control of seed dormancy and germination. Seed Sci Res.
2010;10:55-67.

Okamoto M, Kuwahara A, Seo M, et al. CYP707A1 and CYP707A2, which
encode abscisic acid 8"-hydroxylases, are indispensable for proper
control of seed dormancy and germination in Arabidopsis. Plant Physiol.
2006;141(1):97-107.

Mdller K, Tintelnot S, Leubner-Metzger G. Endosperm-limited Brassicaceae
seed germination: abscisic acid inhibits embryo-induced endosperm
weakening of Lepidium sativum (cress) and endosperm rupture of cress
and Arabidopsis thaliana. Plant Cell Physiol. 2006;47(7).864-77.

Liao P, Wang H, Hemmerlin A, et al. Past achievements, current status
and future perspectives of studies on 3-hydroxy-3-methylglutaryl-CoA
synthase (HMGS) in the mevalonate (MVA) pathway. Plant Cell Rep.
2014;33(7):1005-22.

Chen Q, Li J, MaY, Yuan W, Zhang P, Wang G. Occurrence and biosynthesis
of plant sesterterpenes (C25), a new addition to terpene diversity. Plant
Commun. 2021;2(5):100184.

Gonzélez-Guzmén M, Apostolova N, Bellés JM, et al. The short-chain
alcohol dehydrogenase ABA2 catalyzes the conversion of xanthoxin to
abscisic aldehyde. Plant Cell. 2002;14(8):1833-46.

Seo M, Aoki H, Koiwai H, Kamiya Y, Nambara E, Koshiba T. Comparative
studies on the Arabidopsis aldehyde oxidase (AAO) gene family revealed
a major role of AAO3 in ABA biosynthesis in seeds. Plant Cell Physiol.
2004;45(11):1694-703.

Wei H, Xu C, Movahedi A, Sun W, Li D, Zhuge Q. Characterization and
function of 3-Hydroxy-3-Methylglutaryl-CoA reductase in Populus
trichocarpa: Overexpression of PtHMGR enhances terpenoids in trans-
genic poplar. Front Plant Sci. 2019;10:1476.

Henry LK, Thomas ST, Widhalm JR, et al. Contribution of isopentenyl
phosphate to plant terpenoid metabolism. Nat Plants. 2018;4(9):721-9.
Née G, Kramer K, Nakabayashi K, et al. DELAY OF GERMINATION1 requires
PP2C phosphatases of the ABA signalling pathway to control seed dor-
mancy. Nat Commun. 2017;8(1):72.

Kim H, Hwang H, Hong JW, et al. A rice orthologue of the ABA receptor,
OsPYL/RCARS, is a positive regulator of the ABA signal transduction

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Page 15 of 15

pathway in seed germination and early seedling growth. J Exp Bot.
2012,63(2):1013-24.

Ma'Y, Szostkiewicz I, Korte A, et al. Regulators of PP2C phosphatase activ-
ity function as abscisic acid sensors. Science. 2009;324(5930):1064-8.
Miyakawa T, Fujita Y, Yamaguchi-Shinozaki K, Tanokura M. Structure and
function of abscisic acid receptors. Trends Plant Sci. 2013;18(5):259-66.
Nakashima K, Fujita Y, Kanamori N, et al. Three Arabidopsis SnRK2 protein
kinases, SRK2D/SnRK2.2, SRK2E/SnRK2.6/OST1 and SRK21/SnRK2.3,
involved in ABA signaling are essential for the control of seed develop-
ment and dormancy. Plant Cell Physiol. 2009;50(7):1345-63.
Lopez-Molina L, Mongrand S, McLachlin DT, Chait BT, Chua NH. ABI5 acts
downstream of ABI3 to execute an ABA-dependent growth arrest during
germination. Plant J. 2002;32(3):317-28.

Sun TP. Gibberellin metabolism, perception and signaling pathways in
Arabidopsis. Arabidopsis Book. 2008;6:e0103.

Hedden P, Kamiya Y. Gibberellin biosynthesis: enzymes, genes and their
regulation. Annu Rev Plant Physiol Plant Mol Biol. 1997;48:431-60.

Wang H, GuoY, Lv F, et al. The essential role of GhPEL gene, encod-

ing a pectate lyase, in cell wall loosening by depolymerization of the
de-esterified pectin during fiber elongation in cotton. Plant Mol Biol.
2010;72(4-5):397-406.

Li FF, Wu SJ, Chen TZ, Zhang J, Wang HH, Guo WZ, Zhang TZ. Agrobac-
terium-mediated co-transformation of multiple genes in upland cotton.
Plant Cell Tissue Organ Cult. 2009,97:225-35.

Livak KJ, Schmittgen TD. Analysis of relative gene expression data using
real-time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods.
2001;25(4):402-8.

Kohle H, Jeblick W, Poten F, Blaschek W, Kauss H. Chitosan-elicited callose
synthesis in soybean cells as a ca-dependent process. Plant Physiol.
1985;77(3):544-51.

Gusakov AV, Kondratyeva EG, Sinitsyn AP. Comparison of two methods for
assaying reducing sugars in the determination of carbohydrase activities.
Int J Anal Chem. 2011;2011:283658.

Song W, Hao Q, Cai M, et al. Rice OsBT1 regulates seed dormancy through
the glycometabolism pathway. Plant Physiol Biochem. 2020;151:469-76.
Yu J,Fan N, Li R, Zhuang L, Xu Q, Huang B. Proteomic profiling for meta-
bolic pathways involved in interactive effects of elevated carbon dioxide
and nitrogen on leaf growth in a perennial grass species. J Proteome Res.
2019;18(6):2446-57.

Zhang T, HuY, Jiang W, et al. Sequencing of allotetraploid cotton (Gos-
sypium hirsutum L. acc. TM-1) provides a resource for fiber improvement.
Nat Biotechnol. 2015;33(5):531-7.

Kim D, Paggi JM, Park C, Bennett C, Salzberg SL. Graph-based genome
alignment and genotyping with HISAT2 and HISAT-genotype. Nat Bio-
technol. 2019;37(8):907-15.

Anders S, Huber W. Differential expression analysis for sequence count
data. Genome Biol. 2010;11(10):R106.

Saeed Al, Sharov V, White J, et al. TM4: a free, open-source system

for microarray data management and analysis. Biotechniques.
2003;34(2):374-8.

Pugh DA, Offler CE, Talbot MJ, Ruan YL. Evidence for the role of transfer
cells in the evolutionary increase in seed and fiber biomass yield in cot-
ton. Mol Plant. 2010;3(6):1075-86.

Vatén A, Dettmer J,Wu S, et al. Callose biosynthesis regulates symplastic
trafficking during root development. Dev Cell. 2011;21(6):1144-55.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.



	Suppression of GhGLU19 encoding β-1,3-glucanase promotes seed germination in cotton
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Results
	GhGLU19 encoded β-1,3-glucanase and was preferentially expressed during seed germination
	Down-regulation of GhGLU19 increased seed germination percentage in transgenic cotton
	GhGLU19-AS transgenic cottonseeds accumulated callose and showed altered imbibition curve
	Glycolysis and pyruvate metabolism was affected in imbibition seeds of GhGLU19 transgenic cotton lines
	Endogenous ABA content and ABA signaling was altered in imbibition seeds of GhGLU19 transgenic cotton lines

	Discussion
	Physiological roles of GhGLU19 during seed germination
	Downregulation of GhGLU19 causes the decrease of glycolysis and pyruvate metabolisms in imbibed seeds
	GhGLU19 is involved in regulating ABA homeostasis during germination

	Conclusions
	Methods
	Plant materials, vector construction and plant transformation
	Germination assays
	Quantitative real-time PCR
	Callose extraction and detection
	In vitro expression of GhGLU19 and enzyme activity assay
	ABA extraction and detection
	iTRAQ assay
	Transcriptome sequencing
	Seed fixation, embedding and sectioning
	Aniline blue staining

	Acknowledgements
	References


