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Abstract

Gibberellin (GA), auxin (IAA) and brassinosteroid (BR) are indispensable in the process of plant growth and development.
Currently, research on the regulatory mechanism of phytohormones in banana dwarfism is mainly focused on GA, and few
studies are focused on IAA and BR. In this study, we measured the contents of endogenous GA, IAA and BR and compared
the transcriptomes of wild-type Williams banana and its dwarf mutant across five successive growth periods. We investigated
the relationship between hormones and banana dwarfism and explored differential gene expression through transcriptome
analysis, thus revealing the possible metabolic regulatory mechanism. We inferred a complex regulatory network of banana
dwarfing. In terms of endogenous hormone levels, GA and IAA had significant effects on banana dwarfing, while BR had
little effect. The key gene in GA biosynthesis of is GA2ox, and the key genes in IAA biosynthesis are TDC and YUCCA. The
differential expression of these genes might be the main factor affecting hormone levels and plant height. In terms of hor-
mone signal transduction, DELLA and AUX/IAA repressor proteins were the core regulators of GA and IAA, respectively.
They inhibited the process of signal transduction and had feedback regulation on hormone levels. Finally, the transporter
protein PIN, AUX1/LAX protein family and ABCB subfamily played supplementary roles in the transport of IAA. These
results provide new insights into GA and IAA regulation of banana growth and a reliable foundation for the improvement
of dwarf varieties.
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Introduction

Banana (plantain) is one of the most important fruit crops
worldwide and is of great significance to human life. It is
not only a popular tropical high-quality fruit but also an
important staple crop for more than 400 million people
in the tropics. Generally, the height of cultivated banana
is more than 2 m, which makes the plant prone to lodg-
ing under the influence of typhoons and storms, resulting in
great economic loss.
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Cultivation of dwarf plants has always been one of the
important objectives of modern breeding. Since the last cen-
tury, a ‘Green revolution’ in crop breeding has been initi-
ated, along with the discovery of plant dwarfing genes and
the international selection of dwarfing varieties of rice and
wheat (Hedden 2003). Through breeding for dwarf varie-
ties, scientists have obtained many ‘modern varieties’ of
crops with dwarfing characteristics. However, banana has
remained practically unaffected under the ‘Green revolution’
due to its characteristic triploid sterility, which limits con-
ventional breeding (Dash and Rai 2016).

Currently, the phenotype and mechanism of banana
dwarfing have not been thoroughly studied because of the
lack of dwarfing materials available for study. The reported
studies on banana dwarfing mainly focused on dwarf mutant
materials, including the analysis and identification of dwarf
mutant plants in tissue culture and mutation generation using
RAPD (Damasco et al. 1996), AFLP and SCAR.
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It has been reported that mutants with defects in plant
hormone biosynthesis or signaling could result in dwarfism
(Chen et al. 2016; Durbak et al. 2012; Richards et al. 2001;
Wei et al. 2018). Gibberellin (GA), auxin (IAA) and brassinos-
teroid (BR) are three important phytohormones well known to
control and regulate plant growth and development (Ma et al.
2016; Nemhauser et al. 2006; Wang et al. 2018). The GAs con-
tent was significantly different between Williams banana and
its dwarf mutant, as well as between those lines and the dwarf-
ing type recovered under exogenous GA; application. A series
of subsequent studies were carried out to further explore the
dwarfing mechanisms and discover dwarfing genes. Genome-
wide screening revealed 36 candidate GA metabolism genes,
which were systematically identified for the first time (Chen
et al. 2016). Shao illustrated the effect of GA on banana dwarf-
ing. They obtained six mutant lines through gene editing of
five GA200x2 homologous genes in the banana cultivar ‘Gros
Michel’ using the CRISPR/Cas9 system. The height of the
mutants was significantly reduced compared with that of the
wild type at three developmental stages (Shao et al. 2020).

At present, most of the research on the effects of plant
hormones on banana dwarfism has mainly focused on the
regulatory mechanism of GA, but there is limited knowledge
about the effects of IAA and BR. In this study, we analyzed
the changes in the contents of GAs, IAA and BR between
wild-type Williams banana and its dwarf mutant to reveal the
possible relationship between plant hormone changes and
banana dwarfism.

Nanning has a subtropical monsoon climate, with an aver-
age annual temperature of 21.6 degrees and an average annual
rainfall of 1304.2 mm. The lowest temperature is in December,
with an average of 12.8 degrees. The highest temperature is
in July and August, with an average of 28.2 degrees. The suit-
able temperature and sufficient water make Nanning one of
the major banana-producing areas. In this work, WGH and
‘WGH Dwarf’ were taken as the research group. ‘Tianbao’
banana and ‘Nalong Dwarf” banana were used as the reference
group. We measured the contents of endogenous GA, [AA
and BR across five successive growth periods and performed
transcriptome analysis. The correlation analysis that combined
the hormone level results and plant heights was performed to
reveal the effects of endogenous GAs, IAA and BR on plant
height. Then, we proposed a possible explanation for banana
dwarfism, hoping to contribute to the following research on
banana dwarfism breeding.

Materials and Methods
Plant Materials and Cultivation Conditions

In this work, four banana resources were selected for experi-
mentation. ‘WGH Dwarf” (referred to as W2) is a stable

dwarf mutant of wild-type Williams banana “WGH’ (Musa
spp- AAA group) (referred to as H2). In addition, the com-
parison between ‘Tianbao’ banana (Musa spp. AAA group,
referred to as H1) and ‘Nalong Dwarf’ banana (Musa spp.
AAA group, referred to as W1) was selected as reference.
All the materials used in this research were grown in the
same field in Nanning, China, with the same growing envi-
ronment and the same standard cultivation mode of ferti-
lizer and water management. Each banana resource had 3
biological repeats. The second generation of sucker tissues
without any diseases or insect damage was selected for
experimentation, and the growth period of all these plants
was basically the same when sampled and measured. The
pseudostem heights were recorded on April 11, April 25,
May 13, May 28 and July 1, which relatively evenly cov-
ered the vegetative growth period before the budding stage
of banana plants. During this period, the temperature and
other conditions were suitable for growth, 1-2 new leaves
sprouted every 15 days, and the pseudostem gradually elon-
gated. Moreover, the first leaf tip of the plants was selected
for sampling at every time point. At 10-11 o’clock am at
each sampling timepoint, 5 ~8 cm of the tip was taken and
torn in half along the vein. One half was quickly frozen with
liquid nitrogen for RNA extraction, and the other half was
stored in dry ice for hormone detection.

Detection of Plant Hormones

Enzyme-linked immunosorbent assay (ELISA) was used for
the detection of plant hormones (GA,, GA;, GA,, BR, and
IAA). The kit was produced by Jianglai Biological Co., Ltd.
(Shanghai, China) (Cat.no. JL47815, JL22720, JL47820,
JL14098, JL22806). The experimental procedure followed
the instructions of the kit. Each tissue sample was repeated
twice for the analysis of hormone content, and 0.1 g fresh
weight of tissue was taken each time.

Data Processing and RNA-seq Analysis

A total of 60 samples (4 resources * 5 time points * 3 bio-
logical repeats) were prepared and analyzed by Genedenovo
Biotechnology Co., Ltd. (Guangzhou, China), including
RNA extraction, construction of cDNA libraries, quality
detection of RNA and cRNA libraries, RNA-seq and tran-
scriptome analysis.

The RNA-seq libraries were sequenced on the Illumina
sequencing platform. All data in this study can be viewed at
the National Center for Biotechnology Information (NCBI)
under the bioproject number PRINA631124. First, we used
fastp (version 0.18.0) to filter low-quality data and obtain
clean reads. Then, the short read alignment tool Bowtie2
(version 2.2.8) was used to map reads to the ribosomal
RNA (rRNA) database. The rRNA mapped reads were then
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removed. The remaining clean reads were further used for
assembly and gene abundance calculations. The paired-end
clean reads were mapped to the reference genome using
HISAT2.2.4. The reference genome data can be downloaded
from https://www.ncbi.nlm.nih.gov/assembly/GCF_00031
3855.2/.

The mapped reads of each sample were assembled
through StringTie v1.3.1, and an FPKM (fragment per
kilobase of transcript per million mapped reads) value was
calculated to quantify expression abundance and variation.
Then, the genes discovered in the sequencing results were
aligned with the genes included in the reference genome.
The genes that matched the genes in the reference genome
were called “Refer Genes”, while the others were called
“Novel genes”.

Screening and Functional Analysis of Differentially
Expressed Genes

The differential expression of genes was analyzed by
DESeq2. Our imported data included the read counts
obtained from the gene expression level analysis, and
the genes that met the selection criterion of P <0.05 and
[log2FCI> 1 were regarded as significantly differentially
expressed genes (DEGs). All the DEGs were submitted to
GO annotation term (http://www.geneontology.org/) and
KEGG pathway enrichment (http://www.genome.jp/kegg/)
analysis for functional annotation, and the genes with Bon-
ferroni (Q-value) < 0.05 were regarded as significant. Using
the online analysis platform OmicShare (www.omicshare.
com), we screened out the genes related to the biosynthesis
and signaling of GA, BR and TAA from the KEGG path-
way; we show the expression differences and changes in the
KEGG pathway in a schematic sketch.

WGCNA

WGCNA (weighted gene coexpression network analysis) is
an analysis method for the gene expression patterns of mul-
tiple samples. It can cluster genes with similar expression
patterns and analyze the correlation between each module
and specific traits or phenotypes. Coexpression networks
were constructed using the WGCNA (v1.47) package in R
(Langfelder and Horvath 2008). After filtering the genes
with low expression, gene expression values were imported
into WGCNA to construct coexpression modules using the
automatic network construction function blockwise modules
with default settings, except that the power was 15, TOM
type was unsigned, merge cut height was 0.8, and min mod-
ule size was 50.

To identify significant modules, module eigengenes were
used to calculate the correlation coefficient data for specific
traits. Pearson’s correlation between each gene and trait
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within each module was also calculated for the most rel-
evant modules (positive correlation and negative correlation)
corresponding to each phenotype, and the gene significance
value (GS) was obtained.

gRT-PCR Analysis

To verify the RNA-seq data, eight genes were selected for
gqRT-PCR analysis. The three biological repeats of each
material at the same time point were mixed as one sample.
Total RNA was extracted from all 20 samples (4 resources
* 5 time points), and cDNA was obtained by a reverse tran-
scription kit (R223, Vazyme Biotech, Nanjing, China). ABI
Step One Plus (ABI, USA) was used to carry out fluores-
cence quantitative PCR, and each sample was repeated three
times. The reaction system included 5 pl of 2 X ChamQ
SYBR qPCR Master Mix (Q341, Vazyme Biotech, Nanjing,
China), 0.4 pl of 0.01 mM dissolved forward and reverse
primer (Table S2) and 5 pl of cDNA. The final system had
a volume of 20 pl. The cycling conditions were as follows:
initial denaturation for 90 s at 95 °C, followed by 40 cycles
of 5sat 95 °C, 15 s at 60 °C, and 20 s at 72 °C. UBQI10
(ncbi_103994099) was chosen as the reference gene. The
data were processed according to the Ct (2724¢Y) method.

Statistical Analysis

All statistics and data for plant heights, hormone contents
and qRT-PCR were processed by Excel 365. The signifi-
cance of the data was calculated by one-way ANOVA in
Excel 365. Under the criteria of F>F crit, a P-value <0.05
was regarded as significantly different, and a P-value <0.01
was regarded as extremely significantly different. The fig-
ures, pathway diagrams and flow charts were drawn and cor-
rected by Adobe Illustrator CC 2017.

Results

Analysis of Plant Height Differences and Hormone
Content Changes

‘Tianbao’ banana (Musa spp. AAA group, referred to as H1),
‘Nalong Dwarf’ banana (Musa spp. AAA group, referred
to as W1) and Williams banana “‘WGH’ (Musa spp. AAA
group, referred to as H2) are three elite, high-quality banana
varieties. In a previous study by our team, the stable dwarf
mutant ‘WGH Dwarf” (referred to as W2) was obtained from
bud mutations by continuous tissue culture. In this work, we
take H2 and W2 as the research group, where H2 is used as
a control. HI and W1 were selected for the comparison of
plant height, where H1 was used as a control. There was a
significant difference in the pseudostem height at flowering
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between the two groups (W1 vs. H1, W2 vs. H2, P<0.01,
Fig. 1A). In addition, the morphological characteristics of
W2 were also significantly different from those of H2, with
a smaller leaf spacing. Table 1 describes the general charac-
teristics of these four materials over three consecutive years
(summer of 2017-2019).

GA,, GA;, GA,, BR and IAA contents were determined
in the leaves of the two groups (W1 vs. H1, W2 vs. H2).
Overall, the contents of GA; and GA, were lower in dwarf
bananas (W1 and W2) than in the corresponding wild-type
bananas (HI1 and H2), while the contents of GA;, BR and
TAA were higher in the dwarf bananas. Regarding the con-
tents of GA |, GA, and IAA, the differences in phytohormone

D 2300

levels between the dwarf banana and the corresponding
wild-type banana were extremely significant (P <0.01),
while the contents of BR and GA; were not significantly dif-
ferent (P> 0.05, Fig. 1D—H). Similar results were described
by Chen et al (2016); compared with “8818”, the GAs con-
tent in the pseudostem and root of its dwarf mutant "8818—1"
was significantly lower. Interestingly, this trend was not
present in young leaves. Likewise, dwarf banana "# 31"
obtained by gene editing had the same level of GAs (GA,,
GA;, GA)) as its wild type (Shao et al. 2020). It should be
noted that the materials used in these studies were in the
seedling growth stage, and they grew relatively slowly. In
this study, the selected sampling time points were in the
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Fig.1 A The growth of plants at the bud stage. Bar=1 m; B Plant
heights at 5 time points. The line connects the changes in height in
the same period. C The relationship between hormone concentra-
tion and plant height. Red represents a positive correlation; blue
represents a negative correlation. In each grid, the upper numbers
represent the Pearson correlation coefficient between plant height
and hormone concentration, and the lower numbers represent the
corresponding P value (the test value of the correlation between the

two modules, calculated by Student’s t test). D-H Mean values of
hormone contents. The abscissa represents different growth periods,
and the ordinate represents hormone contents. The five small squares
represent the significant differences at the five time points. The aster-
isks behind the squares represent the significance of the whole period
(excluding the fourth time point). *P <0.05, **P<0.01; no mark
indicates no significant difference (Color figure online)
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Table 1 General characteristics of the four materials

Fruit weight(g)

Fruit length  Fruit girth (cm)

Bunch Bunch Bunch
(cm)

Leaf blade
width (cm)

Petiole Leaf blade
length (cm)

Pseudostem girth at
30 cm height (cm)

Pseudostem
height (m)

width (cm)  weight (kg)

length (cm)

length (cm)

150
210
133
175

36 19.3 19.1 12.7
31.9

45

152 68 80
79
61

200

42

52

1.6

W1

12.9

154

82
59
80

38
20
24

722

H1

12.6

13.4

21.8

34
39

118
212

37.8

1.2
1.9

w2

12.2

14.8

27.7

85

63.5

H2

vegetative growth period of the plant. The plants grew more
vigorously in the vegetative growth period, the number of
leaves and leaf area increased rapidly along with stem elon-
gation, and hormone metabolism was much more active, so
the change in the hormones in leaves in this study probably
had a greater correlation with plant height.

By calculating the Pearson correlation coefficient and P
value of the plant heights and contents of different hormones
(Fig. 1C), it can be seen that the GA, level had the highest
correlation with plant height, followed by GA |, BR and IAA,
with quite high correlation coefficients and P <0.01, while
the GA; level had a lower correlation and larger P value.
This result suggested that banana dwarfism was closely
related to the contents of the endogenous hormones GA,,
GA, and TAA. BR may play a small role, but GAj; is likely
not involved. Notably, at the first, second, third and fifth
timepoints of the experiment, the height of dwarf banana
at each time point was significantly shorter than that of the
corresponding wild-type banana (P <0.05, Figs. 1B, S1).
However, the increase in height at the fourth time point was
much slower than expected (Fig. 1B). Additionally, the con-
tents of GA, IAA and BR fluctuated greatly (Fig. 1D-H).

This inconsistency may be caused by the influence of
continuous rainy days around the fourth timepoint, result-
ing in abnormal changes in plant hormones. Therefore, the
experimental data at the fourth time point may not reflect
the normal growth and metabolism changes of the plant, so
they were temporarily removed in the subsequent analysis.

RNA-seq Analysis and Functional Analysis of DEGs

To further explore the differential expression of genes
between dwarf banana plants (W1 and W2) and their con-
trols (H1 and H2), we analyzed the RNA-seq and transcrip-
tome data of all 60 samples from four experimental materi-
als at five time points. A total of 36,419,962 ~ 55,357,258
clean reads without adaptor sequences, low-quality reads or
N-containing reads were obtained from each library, with
a clean read ratio of 99.74% ~99.90% and an average out-
put of 45,621,928 reads for each sample (Fig. 2, Table S3).
Other than one library with a relatively low mapping ratio
(56.8%), the other libraries had mapping ratios against the
reference genome that ranged from 74.80% to 91.19%. It can
be concluded that the quality of the sequencing results was
high, and the results were reliable. We counted the num-
ber of reference genes and novel genes that aligned in the
sequencing data. Among the 32,890 genes obtained, 30,737
were reference genes, and 2153 were novel genes, with a
mapping ratio between 93.47% and 93.95%. The data from
each sample is shown in Fig. S2.

With the RNA-seq data, the gene expression of
each dwarf banana and its control (W1 vs. HI, W2
vs. H2) were compared at each time point, and the
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Fig.2 Overall status of RNA-seq data, including categorization and abundance of sequence tags (Color figure online)

analysis of differentially expressed genes (DEGs) was car-
ried out. A total of 12,974 DEGs were obtained. As shown
in Fig. 3, there were more upregulated genes than downregu-
lated genes in dwarf bananas.

Remarkably, the number of DEGs at the fourth time-
point was significantly higher than that at other time points
(Fig. 3). This phenomenon may be caused by unusual cli-
mate fluctuations, which resulted in an unusual change in
gene expression. Since there was no significant difference in
the change in the hormone contents and plant heights at the
fourth time point (Fig. 1), it can be inferred that the differ-
entially expressed genes at this time point had little effect on
the change in plant heights and hormone contents. Thus, the
genes that were differentially expressed solely at the 4th time
point were regarded as interference. When selecting genes
closely related to plant height and hormone changes, we
excluded these interfering genes from the RNA-seq analysis.

After excluding the DEGs from the fourth time point,
there were a total of 6438 DEGs between dwarf bananas and
their controls. These DEGs were annotated via GO term and
KEGG pathway analysis. GO term classification showed that
1300 DEGs were classified into three top-level ontologies
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and 44 secondary functional GO terms. In the biological
process category, 963 DEGs were classified into 20 func-
tional groups, among which “metabolic”, “cellular” and
“single-organism” were the most abundant terms. Forty-five
out of 301 genes belonged to the “signaling” term as well.
In the molecular function category, the DEGs were classi-
fied into 10 secondary functional GO terms, and most of
the DEGs were concentrated in the term “catalytic activity
and binding”. In the cellular component category, the DEGs
were classified into 14 secondary functional GO terms, and
the top three terms were “cell part”, “cell” and “membrane”.
The top terms in each category after removing several GO
terms with little enrichment or statistical value are shown
in Fig. 4.

The KEGG pathway enrichment results showed that 1444
DEGs were classified into 128 KEGG pathways. The top 20
statistically significant enriched pathways based on the dif-
ference in the significance values of genes enriched in each
pathway (P value) are shown in Fig. 5. The top 3 pathways
were “plant hormone signal transduction”, “biosynthesis
of secondary metabolites” and “MAPK signaling pathway-
plant”. The metabolic pathways we mainly focused on were
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Fig.3 Summary of the number of DEGs between dwarf plants and controls at different timepoints (Color figure online)
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those related to the biosynthesis of GA, BR and [AA, includ-

ing “monoterpenoid biosynthesis”, “sesquiterpenoid and
99 <

triterpenoid biosynthesis”, “zeatin biosynthesis”, “tropine”,
“piperidine and pyridine alkaloid biosynthesis” and “brassi-
nosteroid biosynthesis”. Additionally, the “plant hormone
signal transduction” pathway had quite a high enrichment
degree and was significant (P < 0.05). These pathways may
be significantly related to the dwarf phenotype. In addition,
some other pathways, such as “biosynthesis of secondary

99 ¢

metabolites”, “plant-pathogen interaction”, “MAPK sign-
aling pathway-plant”, “phenylpropanoid biosynthesis”, and
“flavor biosynthesis”, were found to be enriched, indicating

that they may have a role in dwarfism.

Analysis of DEGs Involved in GA, IAA and BR
Biosynthesis

Within the 6438 selected DEGs, KEGG pathway analysis
of the DEGs related to the biosynthesis of GA, IAA and BR
was also carried out. First, we selected 6 DEGs related to
GA biosynthesis in ko00904, 12 DEGs related to BR biosyn-
thesis in ko00905, and 9 DEGs related to IAA biosynthesis
in ko00380. Second, we ruled out the DEGs with low levels
of expression in these pathways (4 YUCCA genes, 1 GA3ox
gene, 1 GA20x gene, 2 DWF4 genes and 1 BASI gene), and
only 19 DEGs remained. After normalizing their expression
levels, we classified these 19 DEGs and produced a heat

Fig.4 Classification of DEGs
based on GO function. The
abscissa represents the number
of genes annotated with each
GO term, and the ordinate rep-
resents the functional classifica-
tion (Color figure online)
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Fig.5 Bubble diagram of the top 20 enriched KEGG pathway clas-
sifications of the identified DEGs. The abscissa represents the rich
ratio, which is the ratio of the number of genes annotated to a par-
ticular item to the total number of genes in this item in one species.
The calculation formula was Rich Ratio=Term Candidate Gene

Num/Term Gene Num. The ordinate represents the KEGG pathway.
The size of the bubbles indicates the number of genes annotated to a
KEGG pathway, and the color represents the Q-value. The deeper the
color is, the smaller the Q-value (Color figure online)
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map of the remaining 19 DEGs. Figure 6 shows a schematic
diagram of the differentially expressed genes and their roles
in the biosynthesis pathway.

In the GA biosynthesis pathway, DEGs were not signif-
icantly different at most time points. However, across all
timepoints, GA3ox genes were upregulated at the early stage
and then downregulated at the late stage in dwarf banana
plants (W1 and W2). GA20x genes were downregulated at
each timepoint in both dwarf banana plants (W1 and W2)
and their corresponding control plants (H1 and H2).

In the TAA biosynthesis pathway, during almost the whole
growth process, the TDC and YUCCA genes were upregu-
lated in W1 but downregulated in W2. The AAO gene was
upregulated drastically during the whole period of growth.

In the BR biosynthesis pathway, the DET2 and DWF4/
D11 genes were upregulated at the early stage and then
downregulated at the late stage in dwarf banana plants. The
ROT3 and CYP92A6 genes were downregulated, while the
D2, BR6ox1,2 and BSAI genes were upregulated at each
time point.

Overall, the enrichment degree of DEGs in the three
KEGG pathways was not high, and the relationship between
gene expression and hormone content changes did not match

the results of published papers. For instance, the upregu-
lation of GA3ox genes or downregulation of GA2ox genes
caused an increase in GA| and GA, contents (Yamaguchi
2008). However, in our research, these two hormone con-
tents were lower in dwarf banana plants, which was con-
trary to the expected results. Similar contradictions were
also found in the biosynthesis pathways of IAA and BR.
These phenomena suggested that the mechanisms of hor-
mone metabolism regulation were not the same among
different plant species, which may be much more complex
than we expected. There was no significant difference in the
expression levels of genes related to the metabolic pathways
of GA (P=0.15 in ko00904) and IAA (P=1 in ko00380).
Although the DEGs in the metabolic pathway of BR changed
significantly (P=0.003 in ko00905), there was no significant
difference in the hormone level.

We also noted that most of the coding genes had the same
up- or downregulation trend in groups W1-H1 and W2-H2.
The increase or decrease in hormone levels (Fig. 1) was con-
sistent with the up- or downregulated expression levels of
their synthetic genes at every timepoint, especially the first
three timepoints. The differential expression of many genes
was positively or negatively related to changes in hormone
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upregulation, and green represents downregulation. 1-1 to 1-5 repre-
sent the 5 timepoints of W1-H1, and 2-1 to 2-5 represent the 5 time-
points of W2-H2 (Color figure online)
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contents. It can be concluded that the differential expression
of genes in metabolic pathways can affect the change in the
content of the corresponding hormone.

Analysis of DEGs Involved in GA, IAA and BR Signal
Transduction

There were 147 DEGs out of 481 genes in the plant hormone
signal transduction pathway (ko04075), and the proportion
of DEGs was 0.31. The plant hormone signal transduction
pathway ranked first according to the P value (-log10(P
value) =8.94), demonstrating an extremely significant dif-
ference and indicating that it was closely related to dwarfing
in banana plants. In this pathway, we found 6, 11 and 40
DEGs related to the signal transduction of GA, BR and TAA,
respectively. A schematic diagram of the hormone signal

transduction and expression differences of related genes is
shown in Fig. 7.

Figure 7 shows the differential expression of genes related
to plant hormone signal transduction between dwarf banana
and the corresponding control. The DEGs in the GA signal-
ing pathway, such as GID1 (GIDIC), DELLA (GAI, RHTI)
and TF (PIF4, PIL13, PIL15), were significantly upregulated
at almost every time point in dwarf banana. In the BR signal-
ing pathway, BRI1 and BKI] were upregulated, while TCH4
and CYCD3 were downregulated in dwarf banana. However,
TAA signal transduction was more complex, and many cod-
ing genes showed irregular changes. For instance, all the
DEGs were upregulated in W1 during the whole growth
process. However, in W2, they were upregulated at some
time points and downregulated at others. It was necessary
to further explore and analyze the major genes related to the
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Fig.7 GA, IAA, BR signal transduction diagram. The five rows of
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control group WI1-H1 (upper) and the experimental group W2-H2
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regulation of plant height and hormones in dwarf mutant
banana.

Using WGCNA to Analyze the DEGs Related
to Hormone Levels and Plant Height

Many DEGs were identified in the anabolism and signal
transduction pathways of GA, IAA and BR. However, the
up- or downregulation of many DEGs, such as YUCCA,
ALDG or AUX/IAA in the TAA biosynthesis pathway, was
different across different groups or different time points. In
this complex case of differential gene expression, we used
the WGCNA method to further search for genes with a high
correlation with plant height and hormone levels.

First, a hierarchical clustering tree was constructed
according to the correlation between gene expression lev-
els. Then, according to the clustering relationship between
genes, the DEGs were divided into 21 modules. Each mod-
ule contained genes with a similar expression pattern. Each
module is represented by a different color, and the gray
color represents the genes that could be classified into any
module (Fig. 8A). To determine the genes related to char-
acteristics in the modules, correlation analyses were car-
ried out between the eigenvalues of each module and the
hormone level and plant height data to calculate the Pear-
son correlation coefficient and significance value between
each module and trait (Fig. 8B). Based on this method, we
finally obtained the gene significance value (GS), which is

A Cluster Dendrogram

Height

Dynamic Tree Cut

Merged dynamic

an important analysis parameter of hormone metabolism and
plant height (Fig. S3).

We screened several modules with a high correlation
with hormone biosynthesis and signaling from the WGCNA
results (P <0.5). Concerning GA, 4 modules were selected:
“lavenderblush3”, “darkseagreen4”, “coral2” and “cyan”.
Concerning GA;, 4 modules were selected: “darksea-
greend”, “lavenderblush3”, “mediumorchid” and “brown2”.
Concerning GA,, 2 modules were selected: “coral2” and
“darkviolet”. Concerning IAA, 5 modules were selected:
“lightsteelbluel”, “honeydew1”, “mediumorchid”, “brown”
and “lightcyan”. Concerning BR, 4 modules were selected:
“coral2”, “lavenderblush3”, “brown” and “cyan”. The
selected modules were combined into a new module for each
of the five hormones, named “WGCNA-GA,”, “WGCNA-
GA;”, “WGCNA-GA,”, “WGCNA-TAA” and “WGCNA-
BR”. It can be concluded that the genes in each new module
had the highest correlation with the corresponding hormone
contents.

Then, we analyzed the DEGs in each new module to
identify the key genes in the corresponding hormone bio-
synthesis and signal transduction processes. The number of
genes selected is shown in Venn diagrams (Fig. S4). The
results further showed that there were 2 genes that had a
high correlation with GAs contents: GAI (ncbi_103990128)
and GIDIC (ncbi_104000617). There were 4 genes
that had a high correlation with IAA contents: TYDC2
(ncbi_103990339), YUCII (ncbi_103994209), IAA6

Fig.8 WGCNA of the DEGs related to hormone levels and plant
height. A Gene dendrogram after dynamic tree cutting and after
dynamic merging. B Correlation of each module identified by
WGCNA to hormones and height. The upper number in each small
square represents the Pearson correlation coefficient, and the number
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(ncbi_103978455) and IAA27 (ncbi_103991365). However,
no DEGs with a high correlation with BR contents were
found.

Using the same method, we selected five modules signifi-
cantly related to plant height: "indianred 4", "darkviolet",
" lavendrblush3", "honeydew 1" and "brown 2". Then, the
genes in these modules were combined into a new gene set
(WGCNA-Height). All genes in this gene set were regarded
as significantly related to plant height in the subsequent anal-
ysis. The KEGG pathway analysis showed that 176 DEGs
were involved in 96 pathways. According to the enrichment
results, the top 10 KEGG pathways are shown in Fig. 9. The
DEGs were mainly enriched in “metabolic pathways” and
“biosynthesis of secondary metabolites”. Other pathways,
including “phenylpropanoid biosynthesis”, “fructose and
mannose metabolism”, “amino sugar and nucleotide sugar
metabolism” and “plant-pathogen interaction”, were found
to be enriched.

We also noticed that in the KEGG enrichment graphic
of the gene set with a high correlation with plant height,
“plant hormone signal transformation” had a relatively
high enrichment degree. There were 10 DEGs, 6 of which
were in the IAA, GA and BR signal transduction pathways,
including 4 coding genes in the IAA pathway, AUX22D
(ncbi_103995122), AUX22E (ncbi_103983123), IAA30
(ncbi_103984124) and SAUR32 (ncbi_103971028). In addi-
tion, GAI (ncbi_103990128) in the GA pathway and CURL3
(ncbi_103973700) in the BR pathway were also present.
Additionally, in the KEGG functional enrichment analysis
of the WGCNA_Height gene set, several DEGs were related

to hormone biosynthesis and signal transduction, such as
GA20x8 (ncbi_103997678) in the GA anabolic pathway,
CYP75B2 (ncbi_103975053) in the BR anabolic pathway,
and TYDC2 (ncbi_103990399), TDCI (ncbi_103999582)
and YUCI1I (ncbi_103994209) in the IAA anabolic path-
way. These genes were supposed to be more closely related
to plant height.

Verification of DEGs by qRT-PCR

The expression level of eight genes related to hormone bio-
synthesis and signal transduction (Table S2) was verified
by qRT-PCR. In the 80 verifications (8 genes * 2 groups * 5
time points), the relative expression level of 62 comparison
groups was consistent with that of RNA-seq, and the compli-
ance rate reached 77.5% (Fig. 10). The inconsistent results
were mainly concentrated within the time points where the
gene expression differences were not significant. The overall
correlation coefficient of the linear regression analysis was
0.9126. This result suggested that our RNA-seq data and
analyses were robust.

Discussion

Some studies have shown that the distribution of hormones
in plants is uneven, and the hormone levels in roots, stems,
leaves and other parts of plants vary (Clouse and Sasse 2018;
Shao et al. 2020). In this study, it was necessary to analyze
the same plant continuously from the seedling stage. Due

Fig.9 KEGG pathway analysis
of DEGs related to WGCNA_ Biosynthesis of secondary metabolites O
Height (Color figure online)
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to this special limitation, we sampled leaves rather than
pseudostems to reduce the effect on the growth of plants.
The results showed that there were significant differences
in the contents of GA |, GA, and IAA in the leaves of dwarf
banana and its corresponding control, which confirmed the
reliability and rationality of the sampling method. In this
study, there were significant differences in plant height and
in the hormone contents in leaves between dwarf banana and
the control materials. In addition, according to the RNA-seq
analysis, there were significant differences in DEGs related
to the biosynthesis and signaling of many hormones, such
as GA, BR and TAA (Table S1). Considering that the differ-
ences in hormone contents and plant heights were caused by
the differences in gene expression, we tried to look for the
relationship between dwarfism and the expression pattern
of these DEGs to understand the molecular mechanism of
hormones affecting plant growth.

The Relationship Between GA and Banana Dwarfism

Bioactive GAs mainly include GA;, GA;, GA,, and GA,
(Yamaguchi 2008). Among them, GA, and GA, have
been confirmed to play an essential role in plant dwarfism
in many species (MacMillan 2001) and are known as the
main growth-active GAs (Yamaguchi 2008). In this study,
the contents of GA; and GA, in dwarf banana plants were
significantly lower than those in the corresponding control,
which showed a significant correlation with plant dwarfing
(P <0.05). The lack of bioactive GAs can cause dwarfism
in many species, including banana, which can be restored
by the exogenous application of bioactive GAs (Chen
et al. 2016; Richards et al. 2001; Shao et al. 2020). It is
well known that dynamic changes in the GA content and
metabolism directly affect the height of plants, but the spe-
cific mechanism in banana is still unknown. In this study,
we aimed to explore the differentially expressed genes that
cause variation in dwarfism in banana based on hormone
metabolism and signal transduction processes.

Some reports have shown that the 20G-Fe(II) oxygenase
superfamily is involved in the mid-late stage catalysis of
the synthesis of GA, among which GA200x, GA3ox and
GAZ2o0x play crucial catalytic roles (Han and Zhu 2011).
These genes affected the contents of both bioactive GA | and
GA,. The expression of GA20ox and GA3ox can increase
the level of active GAs in plants. In contrast, the expression
of GA2ox repressed the production of active GAs (Hedden
and Kamiya 1997; Sun and Gubler 2004). Plants with loss-
of-function mutations in GA20o0x and GA3ox displayed a
dwarf phenotype. On the other hand, overexpression of the
GA2o0x gene also produced dwarf plants (Ma et al. 2016). In
our study, it was unexpected that the expression of GA20ox
in the dwarf plants did not show a significant difference
compared to that in the control materials, the expression of

GA3ox was downregulated at the early stage and upregulated
at the later stage, and GA20x was significantly downregu-
lated. According to the inference in the published reports, it
can be assumed that the differential expression of GA20ox,
GA3ox and GA20x we detected could cause higher levels of
GA, and GA, in dwarf bananas; this result was inconsistent
with those of the GA,; and GA, content in this study (Fig. 1F,
H). This paradox may be due to the feedback regulation of
the expression of these enzymes and suggests that there are
more complex signal transduction mechanisms in the physi-
ological regulation mechanism of banana dwarfing.

The gene expression of enzymes involved in the later
stage of GA biosynthesis is usually regulated by GA con-
tent and environmental signals (such as light) (Hedden and
Kamiya 1997). The regulation of the GA content is mainly
because the content of active GA| and GA, negatively regu-
lates GA20ox and GA3ox and positively regulates GA2ox
(Olszewski et al. 2002; Thomas et al. 1999). This regula-
tion is called feedback regulation. Negative feedback regu-
lation of GA200x and GA3ox at the mRNA level has been
demonstrated in several plant species (Hedden and Kamiya
1997; Yamaguchi 2008). Phillips found that the transcrip-
tional levels of three GA20ox genes were higher in the gal-
3 (CPS deficient type) mutant than in Landsberg erecta in
Arabidopsis, and their transcriptional levels were greatly
reduced in the mutant type after exogenous GA application
(Phillips et al. 2002). Reduced GA levels caused subsequent
signal transduction, resulting in the increased transcription
of AtGA3oxI in Arabidopsis, while increased GA levels
caused the opposite effect (Dill and Sun 2001). The levels
of GA, and Le were upregulated in GA-deficient mutants
and downregulated after GA application, showing feedback
inhibition (Martin et al. 1997).

In bananas with extremely significant dwarfism, the con-
centrations of active GAs (GA, and GA,) were relatively
low at the early growth stage (Fig. 1F, H). As an influential
feedback loop, the expression of GA3ox was downregu-
lated at the early stage and then upregulated, while GA20x
was not significantly different at the early stage and then
downregulated.

The results of the hormone test showed that the contents
of GA, and GA, were significantly lower in the leaves of
dwarf banana than in those of the control material. However,
the difference in GA; content was not significant between
dwarf banana and control materials, and the GA; content in
dwarf banana was even higher than that in the control mate-
rial in both groups. The change trend of the GA; content
may not be large enough to have an obvious impact on plant
height, so its role in plant height may not be significant.
This result was similar to that of Chen and Shao (Chen et al.
2016; Shao et al. 2020). In addition, exogenous active GAs
(including GA;, GA;, GA,, and GA;) can reduce negative
feedback regulation and directly participate in metabolism
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and signal transduction so that plant height can be restored
(Chiang et al. 1995; Phillips et al. 1995; Richards et al.
2001).

There is a close interaction between metabolism and
signaling pathways to maintain GA homeostasis in plants.
In GA signal transduction, DELLA plays an important role
as a negative regulator (Daviere et al. 2008; Ueguchi-Tan-
aka et al. 2007). DELLA belongs to a subfamily of plant-
specific GRAS proteins and is part of a highly conserved
gene family. The main pathway of GA signaling depends
on DELLA degradation (Daviere et al. 2008). GID1 is a
soluble gibberellin receptor that usually has a high binding
affinity with biologically active GA but a low affinity with
bioinert GA (Nakajima et al. 2006). GID1 combines with
active GA to form the GID1-GA complex, while DELLA
inhibits GA signaling and degrades upon interaction with the
GID1-GA complex (Ueguchi-Tanaka et al. 2007). Addition-
ally, the DELLA protein is involved in feedback regulation,
regulating GA homeostasis by upregulating GA biosynthe-
sis and gene expression of the GA receptor (Zentella et al.
2006). GID2 gene encodes a kind of F-box protein. As a
positive regulator, it regulates GA signaling by controlling
the stability of DELLA, a negative regulator (McGinnis
et al. 2003). In this study, we found that DELLA was the
core factor of the GA signaling pathway and participated in
the feedback regulation of GA. The expression of GIDI and
DELLA genes in dwarf plants was significantly higher than
that in the control, inhibiting GA signaling and leading to the
upregulation of GA3ox genes and downregulation of GA20x
genes. It was speculated that this may be the key process of
dwarfing caused by GA signaling.

TF factor phytochrome-interacting factors (PILs/PIFs)
play an essential role in the activation of elongation genes.
DELLA could interact with the bHLH DNA-recognition
domain and sequester these factors into an inactive complex
to repress the transcriptional activity of PIF factors (De et al.
2008). However, in this study, TF was upregulated in dwarf
banana. Light and hormones play an important role in cell
expansion. In a growth regulatory program integrating light-
and hormone-related pathways, PIFs act as the central hubs
(De et al. 2014). Signaling by gibberellin (GA), brassinoster-
oid (BR) and auxin is integrated at the transcriptional level
(Durbak et al. 2012). Therefore, it is necessary to combine
the gene regulation of GA metabolism with that of BR and
auxin for further discussion.

The Relationship Between IAA and Banana
Dwarfism

Almost every aspect of plant life could be affected by auxin
(Leyser 2018). The synthesis process of IAA is complex
and involves the transformation of tryptophan (Trp) into
IAA through a two-step catalytic reaction of the tryptophan
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aminotransferase of Arabidopsis (TAA) family of ami-
notransferases and the YUC family of flavin monooxyge-
nases (YUCCA), which are part of the essential synthesis
path of IAA (Zhao et al. 2012). YUCCA is the key gene
in IAA metabolism (Kasahara 2016). In another synthesis
pathway, tryptophan decarboxylase (TDC) family enzymes
can convert Trp to tryptamine (TAM) (Mano and Nemoto
2012). The aldehyde oxidase (AAQO) family catalyzes the
conversion of indole-3-acetaldehyde (IAD) to IAA (Kasa-
hara 2016; Mano and Nemoto 2012), and AAO is also the
key gene in IAA metabolism. In this study, there were 9 dif-
ferentially expressed genes related to IAA anabolism, 6 of
which belong to the YUCCA gene family, but most of them
were expressed at low levels. The two genes with relatively
high expression did not have consistent change trends in
the two experimental groups; both had higher expression in
dwarf banana W1 but lower expression in dwarf banana W2.
Moreover, DEGs related to TDC and AAO showed similar
irregularities. Considering that the IAA contents in W1 and
W2 were extremely significantly higher than those in H1
and H2, respectively (P <0.01) (Fig. 1E), it was obvious that
in the local biosynthesis of banana leaves, the differences
in IAA contents were not caused by any of the abovemen-
tioned DEGs. The synthesis and metabolism of IAA may
be regulated by other DEGs at the same time, thus affecting
plant height.

Local auxin biosynthesis cooperates with the auxin trans-
port mechanism to produce a strong morphogenetic auxin
gradient to regulate plant growth and to interact with the
changing environment. According to the classical view
of auxin research, most auxin in plants is produced in the
shoot tip meristem, young leaves and flower buds (Teale
et al. 2006). Auxin is transported from the biosynthesis
site to the action site through auxin efflux carriers, such
as PIN-FORMED (PIN) protein (Kleine and Friml 2008).
The AUX1/LAX family and ABCB subfamily are two other
transporters of polar auxin (Cho and Cho 2013) that play
an important role in the process of synthesis and transport
coordination. In Arabidopsis, it was found that auxin trans-
port between stems and roots could not compensate for local
auxin deficiency in stems or roots, such as that due to the
yucQ mutant (Chen et al. 2014). In this study, we found
that there were 4 PIN genes and 8 ABCB genes with signifi-
cant differences in expression (Table S1). Although it is not
clear how auxin is transported in banana plants, it is obvi-
ous that the differences in transport mechanisms and in the
expression of biosynthesis genes lead to different gradients
of auxin, resulting in higher apoplastic auxin levels in dwarf
banana and dynamic extracellular and intracellular IAA lev-
els. However, the intracellular IAA concentration cannot be
detected at present (Leyser 2018), so the mechanism can-
not be confirmed. A similar phenomenon was observed in
Arabidopsis thaliana; that is, the free IAA concentration in
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the dwarf mutant was not lower than that in the control (Li
et al. 2009).

Aux/IAA encodes transcriptional repressors that respond
to auxin changes and is a key component of auxin signal-
ing (Mockaitis and Estelle 2008; Tian et al. 2018). Auxin
functions by stimulating the ubiquitin-mediated proteoly-
sis of Aux/IAAs (Teale et al. 2006). ARF proteins contain
domains related to DNA binding, transcriptional activation
or inhibition, and protein interaction (Tiwari et al. 2003).
The degradation of Aux/IAA repressors depends on the level
of auxin to affect the activity of ARF transcription factors
(Chapman and Estelle 2009). Therefore, this process can
activate the expression of target genes, which play an impor-
tant role in auxin signal transduction. In this study, we found
that most AUX/IAA genes were upregulated in dwarf plants,
which inhibited the release of active ARF, leading to IAA
deficiency and the dwarfing phenotype in plants. In addition,
there were significant differences in the genes involved in
TAA anabolism and signal transduction in both experimental
groups, which may lead to differences in phenotype, such as
the smaller leaf spacing in W2 than H2.

In conclusion, the IAA content in dwarf banana was sig-
nificantly lower than that of the control material. The differ-
ences in IAA level and plant height were more likely caused
by the differential expression of transporter proteins (such as
PIN, ABCB and AUX1/LAX) and signal transducer genes
(such as AUX/IAA). Differential expression of anabolic genes
(such as YUCCA, DCC and AAO) may have a relatively weak
impact.

The Relationship Between BRs and Banana
Dwarfism

Facing the complicated impact caused by development and
the environment, plants have different coping strategies;
among them, BRs play fundamental roles. BRs regulate a
series of biological processes, including photomorphogen-
esis, cell elongation, senescence, vasculature differentiation
and stress responses (Yu et al. 2011). In general, cell expan-
sion or elongation is the main growth-promoting role of BRs
(Clouse and Sasse 1998).

In the two BR synthesis pathways, the key genes down-
stream were BR6ox1,2 and CYP92A6. Plants with loss-of-
function mutations in these genes exhibit a dwarf phenotype
(Kim et al. 2009; Shimada et al. 2003). In this study, we
found that these genes showed irregular up- or downregula-
tion, and there was no significant difference in BR hormone
contents between dwarf banana and the control materials.

BRII and its homologous protein are receptor kinases
of BR (He et al. 2005). Brassinolide (BL) is the first active
BR to be isolated, and it can promote basal BRI1 kinase

activity by binding to the extracellular domain of the BRI
receptor kinase. The negative regulator BKI1, which acts on
Y211, could be phosphorylated by BRI1 kinase. After being
released from the membrane, it can associate with BAK1
or its homologs BKK1 and SERK1 (Clouse 2011). In this
study, there was no obvious difference in the expression of
genes lying downstream of BR signaling, which may be due
to the interaction between BRI1 and BKI1. BRASSINA-
ZOLE RESISTANT 1 (BZR1) and bril-EMS-SUPPRES-
SOR 1 (BES1) are nuclear components of the BR signaling
pathway. They mediate different kinds of responses in plants,
including BR-induced growth responses and feedback regu-
lation of BR biosynthesis (Wang et al. 2002). However, in
this study, there was no significant difference between BZR1
and BESI. A similar finding was reported in which many
target genes were not controlled by BZR! and BES] (Clouse
2011). The expression of TCH4 and CYCD3 in dwarf banana
decreased significantly and may be affected by other factors.

The determination of hormone contents showed that
the content of BRs in dwarf banana was higher than that
in the corresponding control material (P> 0.05, Fig. 1D),
so the dwarfism in this research is likely not caused by BR
deficiency. On the other hand, the analysis of differential
gene expression showed that the signal transduction of BR
was not inhibited in dwarf banana, so the dwarfism in this
research is likely not caused by insensitivity to BR. There-
fore, BR may have little effect on banana dwarfism.

The Interactions Among the Three Hormones

Signaling pathways interconnect with each other in a com-
plex network. This interconnection affects the growth and
development of plants and is particularly important in hor-
mone signaling (Blazquez et al. 2020), very often in response
to the environment (Gallego et al. 2012). Hormone signaling
cascades usually regulate their own biosynthesis, resulting in
feedback regulation (Depuydt and Hardtke 2011).

Auxin can be used as a mobile signal to regulate the
biosynthesis of GA (Frigerio and Alabadi 2006). Under
the condition of low GA activity, auxin has been demon-
strated to induce the expression of the GA biosynthesis gene
GA20ox in tobacco and Arabidopsis, while in pea, auxin
induces the expression of GA3ox and inhibits the expression
of GA20x (Weiss and Ori 2007). In this study, it was very
likely that GA3ox and GA2o0x were regulated by negative
feedback under the combined influence of low concentra-
tions of active GAs (GA; and GA,) and extractive TIAA,
which was significantly higher in dwarf banana. Auxin
could also activate the transcription of GA biosynthesis by
degrading the transcriptional repressor of the GA signaling
pathway, namely, DELLA (Salanenka et al. 2018). In turn,
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the interaction between the intermediate region of ARF6
and the DELLA protein repressor prevented the binding of
ARF6 to the target DNA (Oh et al. 2014). In this study,
ARF was significantly upregulated overall. However, DELLA
was also upregulated at the same time, which may inhibit
the interaction of ARF6 with its target DNA. Affected by
the interaction between ARF6 and DELLA, CH4 and SAUR
showed downregulation.

GA was also related to the transporter PIN. Insufficiency
of GA can strongly inhibit the process of PIN transfer, while
high levels of GA can promote PIN transporters (Lofke et al.
2013; Salanenka et al. 2018). However, the specific regula-
tory mechanism was not clear. In addition, ARF6 directly
interacts with PIF4 through the bHLH domain, and they
have many common target genes (Oh et al. 2014). Although
it was not clear how they interact with each other, this inter-
dependence provided a good model to explain the expression
of ARF and PIF and the regulation of their target genes. In
summary, in this study, [AA may participate in the feedback
regulation of GA, while a low level of GA in turn inhibited
the transport of IAA. The regulation between GA and [AA
jointly regulated the hormone contents and the expression
level of related genes, resulting in significant phenotypic
differences between dwarf banana and the control.

BR signaling participates in the cell elongation promoted
by GA; on the other hand, BR or active BZR1 could sup-
press the dwarf phenotype in GA-deficient plants. DELLA
inhibited BZR1-DNA binding and directly interacted with
BZR1 both in vitro and in vivo (Bai et al. 2012; Gallego
et al. 2012). It has been shown that the BR and auxin signal-
ing pathways interact with each other. BIN2 can phosphoryl-
ate the transcription factor AUXIN RESPONSE FACTOR-2
(ARF2) to inhibit its activity (Vert et al. 2008). In the two
regulatory modules of BR interacting with GA and TAA,
there was no difference in the BZR1 and BIN2 genes, which
were the key genes in the BR signaling pathway. According
to the results discussed above, BR had little effect on banana
dwarfing. Moreover, the increase in auxin levels saturated
the growth response stimulated by BR. As a result, the reg-
ulatory effect of BR on gene expression could be greatly
reduced (Nemhauser et al. 2004). The increase in extracel-
lular IAA may also reduce the effect of BR on gene expres-
sion. In conclusion, the anabolism and signal transduction
of BR may not have a significant effect on the levels of GA
and TAA or plant height.

Hypothesized Model of Banana Dwarfing
Based on the results of WGCNA, we further screened the

DEGs related to hormone metabolism and signal transduc-
tion of GA and IAA and obtained a series of genes with a
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high correlation with hormone levels and plant height. We
speculated that these genes may play a key role in dwarfing
and hormone regulation, including GAZox in the anabolic
pathway of GA, DELLA and GID] in the signal transduction
pathway of GA, and TDC, YUCCA, AUX/IAA and SAUR in
the anabolic pathway of IAA. Based on these key genes from
WGCNA, we attempted to build a model to explain banana
dwarfing (Fig. 11).

The differential expression of genes involved in GA anab-
olism led to a significant decrease in GA levels. Under the
influence of anabolism and transporter DEGs, intracellular
IAA was reduced significantly as a result of signal transduc-
tion. Then, the activities of PIF and ARF were inhibited by
DELLA and AUX/TAA, respectively, which resulted in the
inhibition of plant growth and led to banana dwarfing.

Conclusions

At present, the dwarfing mechanism of banana is not clear,
and there is little correlational research. In this study, we
investigated the relationship between hormones and banana
dwarfism and revealed the metabolic regulatory mechanism
and the differences in gene expression at the molecular level
through transcriptome analysis.

According to the results, we inferred a complex regula-
tory network of banana dwarfing. First, in terms of endog-
enous hormone levels, GA (GA,, GA,) and TAA had sig-
nificant effects on banana dwarfing, but BR had little effect.
Second, in terms of anabolism and metabolic genes related
to hormones, the genes most associated with banana plant
height were GA2o0x for GA and TDC and YUCCA for IAA.
The differential expression of these genes was the main
factor affecting hormone levels and plant height. Third, in
terms of hormone signal transduction, DELLA and AUX/
TAA repressor proteins were the core regulators of GA and
TAA, respectively. They inhibited the process of signal trans-
duction and had feedback regulation on hormone levels. It
cannot be ignored that the transporter protein PIN, AUX1/
LAX protein family and ABCB subfamily play an impor-
tant role in the transport of IAA. In addition, it should be
noted that the factors affecting plant height were complex
and diverse. This study mainly explored the changes in hor-
mone contents and gene expression in the young leaves of
dwarf banana plants, which was completed without varying
external factors (external application of hormones or inhibi-
tors, light control, temperature control, etc.). Whole-plant
analysis of plant hormones and the transcriptome was not the
focus of this study. Further studies are worth pursuing to pro-
vide a reliable basis for the improvement of dwarf varieties.
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Fig. 11 A schematic diagram
of the hypothesized regulatory
mechanism of banana dwarfing. /
Red represents upregulation, ’ L
and green represents downregu-

lation. PIN is shown in black ‘
because it does not represent all

PIN transporters, and its regula- \
tory mechanism is not clear.
Solid lines represent the meta-
bolic or signaling pathways, and
dotted lines represent feedback
regulation. The arrows represent
positive regulation, and short
lines represent negative regula-
tion (Color figure online)
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