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Abstract: Leaf size is a crucial trait in eggplant breeding, as it influences photosynthesis, plant biomass
and management. However, little is known about the molecular mechanism regulating leaf size in
eggplant. This study reports a small leaf mutant (slf ) generated with the mutagen ethyl methane
sulfonate (EMS). The slf mutant showed restricted cell proliferation and an increased content of auxin.
Transcriptome analysis revealed that several genes involved in auxin signaling are upregulated in
slf. Exogenous application of auxinole, an auxin antagonist of TIR1/AFB receptors, repressed the
expression of these genes and restored leaf growth of slf, suggesting that the small leaf size of slf is
likely associated with auxin signaling. This study provides essential clues to unveil the molecular
mechanism of leaf size regulation in eggplant.
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1. Introduction

Eggplant (Solanum melongena L.), also known as aubergine and brinjal, is one of the
most economically important vegetable crops of the Solanaceae. It is widely produced in
India and China [1–3] and has rich genetic diversity [4]. Leaves play crucial roles in plant
fitness and stress responses [5–8] and are the primary site of photosynthesis. Their size
affects photosynthetic capacity and causes variability in sugar contents and yield [9,10]. In
eggplant, leaf size has a direct impact on plant growth and yield [11,12], compromising, in
many cases, food security in poor areas [11].

Leaf size is determined by the complex coordination of cell proliferation and expan-
sion [13]. These two different processes are strictly controlled by various integrated signals
from the intrinsic genetic network and the growth environment [14], among which many
proteins, such as CDC27a, GRFs, CYCD3, EXP10 and EBP1, are involved in positive regula-
tion [15–19], while other proteins, such as DELLA, ARF2, DA1 and TCP4, are involved in
negative regulation [20–23]. Among these, many factors, such as DELLA and ARFs, are
important components of phytohormone transduction, showing that phytohormones are
essential in controlling leaf size. However, little is known about the mechanism of leaf size
regulation in eggplant.

Auxin is one of the most critical phytohormones in plants [24] and plays a key role
in leaf size regulation [12,25,26]. Auxin regulates the transcription of auxin-responsive
genes through the action of several key components, including Transport Inhibitor Re-
sponse1/Auxin signaling F-Box proteins (TIR1/AFBs), Auxin/indole-3-acetic acid family
proteins (Aux/IAAs) and Auxi Response Factors (ARFs) [27]. At lower auxin concen-
trations, TIR1/AFBs interact with Aux/IAA proteins to form an auxin coreceptor that
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bonds with ARFs. At higher auxin concentrations, IAA or auxin-like substances enhance
the interaction of TIR1/AFBs with Aux/IAA, promote ubiquitination and degradation of
Aux/IAA [28–30] and then release ARFs [31,32], which activate the expression of auxin
response genes [33–35].

TIR1/AFBs were demonstrated to be an auxin coreceptor and a controller of leaf
development in Arabidopsis [36,37]. Aux/IAAs, auxin-responsive genes, can be induced
rapidly by auxin and affect leaf morphogenesis, growth and development in many plants,
including tomato [38–40], Arabidopsis [41] and tobacco [42], mediated by changes in tran-
script levels [43,44]. ARFs, which function as transcriptional activators/repressors, can
confer changes in leaf size in plants by modulating the transcription of downstream genes
(Aux/IAAs) in auxin signaling pathways [31,45,46]. In addition, the Auxin uptake carrier
(AUX1) is also an important component in the auxin signaling pathway, as it was found to
be a key protein involved in IAA uptake [47].

In this study, we characterized a leaf size mutant slf isolated from an EMS mutagenesis
library of the inbred line ‘14–345’. The mutant slf had smaller leaves than the wild type.
RNA-seq analysis revealed that the transcription of Aux/IAA genes was upregulated in
the slf mutant. Auxin antagonist auxinole treatment largely restored leaf growth of the
slf mutant.

2. Materials and Methods
2.1. Plant Materials and Growth Conditions

The slf mutant was isolated from the M2 population of EMS mutagenized eggplant
inbred line ‘14–345’. Three thousand seeds of ‘14–345’ were mutagenized with 0.8% EMS to
produce the M1 population, and individuals from the M1 population were self-pollinated to
obtain M2 seeds. Ten seeds obtained from each surviving M1 plant were sown as one M2 line
to produce the M2 population. Four hundred M2 mutant lines were sown and one mutant
with small leaf size was isolated and named slf. The slf mutant was self-pollinated to obtain
M3 seeds. The slf mutant and WT seedlings were grown at Hebei Agricultural University
in the spring of 2022 in a greenhouse at 28 ◦C with a 16/8 h light/dark photoperiod.

2.2. Leaf Size Measurement

The third leaf sizes of WT and slf were measured at the sixth-true-leaf stage using an
A3 scanner. Fresh leaves were collected and scanned to obtain a picture. The surface area
of each leaf was determined using a scanner (Type: Uniscan M1 Plus; Unis, Beijing, China)
to obtain data. Then leaf area was analyzed by Image J ecosystem [48]. Leaves from six
individual plants of WT and slf were measured. Three biological replicates were measured,
each with two plants per genotype.

2.3. Histological Analysis

The mature leaf at the seventh internode of the plant was taken at 80 days after
transplantation and was analyzed by differential interference contrast microscopy (DICM).
Briefly, leaf samples from a similar area in mature leaves of WT and slf were collected
and then kept in 10% chloral hydrate for 36 h. Fifty-micrometer sections were prepared
(Olympus DP71). Three sections of one biological sample and approximately 100 cells were
observed in our study.

2.4. Measuring the Main Hormone Content

Fresh leaf samples were taken from similar positions at the fourth-leaf stage, fifth-leaf
stage and seventh-leaf stage, and approximately 0.5 g of each sample was used to deter-
mine the contents of abscisic acid (ABA), zeatin riboside (ZR), indole-3-acetic acid (IAA),
brassinosteroid (BR) and gibberellin (GA3). Hormone measurements were performed by
using the enzyme-linked immunosorbent assay (ELISA) described by Popova et al. [49].
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2.5. RNA-seq Analysis

Young leaves of WT and slf plants at the first-leaf stage 20 days after transplant and
at fourth-leaf stages 40 days after transplant were collected. These samples were stored
quickly in liquid nitrogen and then stored at −80 ◦C. Total RNA was extracted using an
EASTEP Super Total RNA Kit (Promega, Shanghai, China) according to the manufacturer’s
instructions.

Three biological replicates were designed for each genotype. The RNA quality analysis,
cDNA library preparation and sequence analysis were conducted by the Novogene Tech-
nology Company, Beijing, China. Quality of RNA was checked by determining the RNA
integrity and concentration using RNase-free 1% agarose gel electrophoresis, RNA Assay
Kit in Qubit2.0 Flurometer (Life Technologies, Carlsbad, CA, USA) and RNA Nano6000
Assay Kit of the Bioanalyzer 2100 system (Agilent Technologies, Palo Alto, CA, USA).
Sequencing libraries were generated using the NEBNext UltraTM RNA Library Prep Kit
for Illumina (NEB, Ipswich, MA, USA) following the manufacturer’s recommendations.
Index codes were added to attribute sequences to each sample [50,51]. The gene expression
level, differential gene expression analysis and Gene Ontology (GO) enrichment were
performed by using the feature Counts v1.5.0-p3, the DESeq2 R package (1.16.1) (Novogene
Technology Company, Beijing, China) and the cluster Profiler R package [52–54].

2.6. Validation of Selected DEGs Using Real-Time Quantitative Reverse Transcription
PCR (qRT-PCR)

Four µm of total RNA was reverse transcribed using a One-step gDNA Removal
and cDNA Synthesis SuperMix kit (EasyScript@ AE311) according to the manufacturer’s
instructions. Tubulin gamma (Smechr0302615) was used for normalization [55], and the
primer sequences for all genes analysed are listed in Table S1. qRT-PCR was performed
with ChamQ Universal SYBR qPCR Master Mix. This reaction mixture was 20 µL and
run in a BIO-RAD CFX96 TOUCH Real-time qPCR detection system (Bio-Rad, Hercules,
CA, USA), with three biological replicates for each type of sample. The PCR program
used was as follows: each reaction included 2µL of 1:10 diluted cDNA, 10µL SYBR Green,
0.5µL forward primer, 0.5µL reverse primer and 8.0µL double-distilled (dd)H2O. The
PCR reaction was conducted as follows: initial activation at 95 ◦C for 3 min, followed by
40 cycles of 95 ◦C for 10 s, 57 ◦C for 30 s. The 2−∆∆Ct method was used to analyze the
relative expression levels of each gene [56]. The RNA samples used for RNA-seq were also
used for qRT-PCR analysis.

2.7. Exogenous Auxinole Treatments

From the first-leaf stage, the second leaf of WT and slf plants were sprayed with
20 µm/L auxinole, an Aux/IAA expression inhibitor [57], which was dissolved in 10 µm/L
DMSO. The treatments were conducted with one application every 3 days for 20 days. The
plants treated with 10 µm/L DMSO were used as controls. The second-leaf sample for
gene expression testing and investigation of leaf size was collected six hours after the last
application of auxinole and DMSO. Three biological replicates were performed to evaluate
the leaf size, each with five plants per genotype.

2.8. Statistical Analysis

For statistical analysis, Student’s t-test was used [58]. All data represent the mean ± SD
of at least three replicates. Asterisks denote significant differences (* p < 0.05; ** p < 0.01) as
determined by Student’s t-tests.

3. Results
3.1. Phenotypic Comparison of the WT and Slf Mutant

The slf plant showed a small leaf size phenotype from the seedling stage compared to
that of the WT (Figure 1A,B). To further characterize the slf mutant, we compared the WT
and slf mutant leaf sizes at mature stages 80 days after transplantation. The palisade layer
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cell area of leaves from both the WT and slf was analyzed at the mature stage; the cell area
of slf was 100% larger than that of WT, indicating that cell proliferation inhibition is key
for leaf size changes in slf (Figure 1C,D,F). Moreover, the leaf size of the slf mutant was
continuously smaller than that of the WT, significantly reduced to approximately 25.4% in
slf (Figure 1E). The fruit size is approximately 10% smaller in slf than those in WT; however,
more flowers in slf and good management keep a similar yield between slf and WT.
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Figure 1. Phenotypic analysis of WT (14–345) and slf. (A) WT and slf plants at the seedling stage,
(B) leaf size of the WT and slf at the seedling stage; white scale bar = 1 cm. Mature leaf cell area of
palisade layer of WT (C) and slf (D), scale bars = 50 µm; analysis of mature leaf area of WT and slf
(E) and palisade layer call area of WT and slf (F). ** indicates significant differences compared with
the WT (Student’s t-test, p < 0.01). Values are the mean ± SE of three biological replicates.

3.2. Analysis of the Contents of ABA, IAA, BR, GA3 and ZR

We tested the contents of ABA, IAA, BR, GA3 and ZR in slf and WT leaves. A
significantly higher content of IAA was observed in slf at different growth stages from
the fourth-leaf stage to the seventh-leaf stage, whereas the contents of ABA, BR, GA3
and ZR differed between slf and WT at different growth stages (Figure 2). These results
indicated that the small leaf size in slf might be related to altered auxin homeostasis or
auxin signaling.
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3.3. Transcriptome Profiles Showed That Genes Involved in Auxin Signalling Are Enhanced in Slf

To further characterize the genes involved in the small leaf size of the slf mutant, we
performed RNA-seq experiments using total RNA isolated from young leaves of the slf
mutant and WT. High-throughput RNA-seq generated 40.22–51.14 million raw reads for
each sample and 2.68 hundred million raw reads for all six libraries (Supplementary Mate-
rials Table S2). After the original data were filtered and adapter sequences were removed,
39.66–50.61 million clean reads were mapped to the eggplant genome (Supplementary
Materials Table S2).

Transcriptome analysis identified totally 1207 differentially expressed genes (DEGs) in
first-stage leaves of slf and WT (Figure 3A), 851 of which were upregulated and 356 were
downregulated in slf.
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Figure 3. Differentially expressed genes in WT (14–345) and slf leaves. (A) Total numbers of differen-
tially expressed genes of WT and slf leaves; (B) GO classification of DEGs in WT and slf leaves. The
X-axis represents the number of genes annotated into the GO terms, and the Y-axis represents the
functional classification.

To understand the potential function of the DEGs, we performed GO classification
analysis of DEGs and obtained the top ten GO terms in biological process, cellular com-
ponent and molecular function. GO: 0016052 (carbohydrate catabolic process) was the
most highly enriched term among the biological processes. Of the ten dominant terms in
molecular function were GO: 0020037 (heme binding), GO: 0046906 (tetrapyrrole binding)
and GO: 0022857 (transmembrane transporter activity). GO: 0005634 (nucleus) was highly
enriched in cellular components (Figure 3B).

Kyoto Encyclopedia of Genes and Genomes (KEGG) term enrichment analyses were
performed in upregulated or downregulated genes of two comparison sets (Figure 4).
Remarkably, the KEGG term “plant hormone signal transduction” was enriched in upregu-
lated genes in slf compared to WT (Figure 4A). In addition, upregulated genes involved in
the “carbon metabolism”, “starch and sucrose metabolism”, “mRNA surveillance pathway”
and “plant pathogen interaction” terms were enriched in slf compared to WT (Figure 4A).
Among the downregulated DEGs, genes related to “carbon metabolism” were signifi-
cantly enriched in slf in comparison to WT at the first-leaf stage (Figure 4B), while genes
related to “carbon fixation in photosynthetic organisms” and “glyoxylate and dicarboxy-
late metabolism” were also significantly enriched in the slf in comparison to WT group
(Figure 4B). However, the downregulated DEGs were related to the essential metabolic
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processes of plants. Thus, transcriptional activation essentially targeted the mechanism con-
trolling leaf development in eggplant. DEG analysis further showed that six upregulated
genes were enriched in the plant hormone transduction pathway (Figure 4A), five were
enriched in auxin signaling (Figure 5A,B) and three were related to Aux/IAA (Figure 5).
The other upregulated genes Smechr0100111 and Smechr0402457 in slf encode AUX1 and
ARF5, respectively. These studies indicated that auxin signaling is enhanced and plays a
key role in regulating leaf size in slf.
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To validate the RNA-seq data, the expression levels of DEGs were measured using
quantitative real-time PCR (qRT-PCR). A total of eight genes related to auxin signaling and
the pathogen interaction pathway were selected (Figure 6A and Supplementary Materials
Table S1). The overall correlation coefficient of a linear regression analysis was 0.8796
(Figure 6B).
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3.4. The Effect of Exogenous Auxinole on the Leaf Size of WT and slf

To validate whether the upregulated Aux/IAA genes play key roles in the mechanism
of small leaf formation in slf, leaf size and the expression level of SmAux/IAA under
auxinole treatment were studied.

Under control treatment, slf shows a small leaf compared to WT; however, the leaf
size of the slf mutant was significantly increased under auxinole treatment (Figure 7A,B).
We then tested the expression of Smechr0902429, Smechr0303536 and Smechr0502523, which
have been shown to be upregulated in slf , as shown in transcriptome analyses. These
three genes were significantly downregulated in both WT and slf under auxinole treatment
compared to the control (Figure 7C). These data suggested that enhanced auxin signaling
and upregulation of the Aux/IAA genes are responsible for the small leaf phenotype of slf.
Interestingly, other SmAux/IAA genes, such as Smechr0601560 and Smechr0101209, were
changed little in slf but decreased significantly in WT under auxinole treatment compared
to the control (Supplementary Materials Figure S1), and the leaf size of WT was slightly
decreased compared to that of the control (Figure 7A,B).
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4. Discussion

Leaf size has considerable economic relevance in crops [59], as it directly influences
yield [60,61] or stress tolerance [62]. Therefore, understanding the mechanism of leaf
development is essential to improve crop management. This study identifies a small
leaf size mutant, slf , and shows that auxin signaling plays an important role in leaf size
regulation in eggplant.

To further characterize the genes involved in the small leaf size of the slf mutant, the
RNA-seq experiments were performed. GO annotation and GO enrichment analysis were
conducted to understand the probable functions of the DEGs and the difference of DEGs
between the WT and slf. The unique DEGs were enriched in the carbohydrate metabolic
process (Figure 3B) which is highly associated with leaf development [63].

KEGG analysis showed plant hormone signal transduction was the representative
pathway of DEGs in slf vs. WT (Figure 4). Shwartz found that hormone signal transduction
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was highlighted during leaf development [64]. Interestingly, five out of six DEGs involved
in auxin signaling pathway were upregulated in slf vs. WT. The other DEG related to plant
hormone pathway was related to cytokinin. These results indicated that auxin signal was
dominant during leaf development in slf.

The DEGs in the auxin signaling pathway were related to AUX1 (Smechr0100111),
ARF5 (Smechr0402457) and three Aux/IAA genes.

AUX1 is an IAA transmembrane transporter [65], and it acts as a regulator in cell
elongation but not in cell proliferation in Arabidopsis [66]. In this study, the slf mutant had
small leaves but increased leaf cell size (Figure 1C,D,F), indicating that cell proliferation was
inhibited and AUX1 is not the key factor in controlling leaf size of slf in eggplant. However,
the detailed mechanism of Aux1 in the leaf development needs further exploration.

ARFs function as transcription factors in modulating the expression of downstream
genes such as Aux/IAA [31]. It was also reported that ARF5 is involved in leaf vascular
pattern regulation [44], and mutant analysis showed that ARF5 also acts in the process
of leaf vein development; what is more, the arf3 arf5 double mutant does not form leaves
in Arabidopsis [67]. It was also found that ARF5 plays a key role in leaf development in
grapevine [68]. These reports suggested that ARF5 is an important transcription factor
related to leaf development. However, no research currently shows whether or not ARF5 is
directly involved in the regulation of leaf size. Aux/IAAs were reported to be involved
in leaf growth or leaf morphogenesis [39,42]. Additionally, considering that Aux/IAA is
activated by and functions downstream of ARFs, Aux/IAAs were the focus of this study to
elucidate the mechanism of leaf size of slf in eggplant.

To further characterize the function of upregulated expression of Aux/IAAs of slf
in leaf size controlling, auxinole was used to repress the expression level of Aux/IAA.
Auxinole is an auxin antagonist of TIR1/AFB receptors, and molecular analysis indicates
that the auxinole strongly interacts with TIR1/AFB family members, which can repress
the expression of earlier auxin responsive genes such as Aux/IAAs in Arabidopsis or other
plants such as the moss Physcomitrella patens [57,65,69]. Exogenous auxinole inhibited
the transcriptional expression of Smechr0902429, Smechr0303536 and Smechr0502523 and
recovered the leaf size in slf mutants. Interestingly, the result also shows that the leaf size
of WT was slightly inhibited compared to the control. Further investigation showed that
the transcript levels of some SmAux/IAAs, such as Smechr0601560 and Smechr0101209,
were downregulated in WT under auxinole treatment, but in slf , the expression showed
no significant difference compared to the control (Figure S2). We hypothesized that the
function of auxinole may be partially inhibited in the slf mutant compared to WT, leading to
uncontrolled transcriptional activation of the transcript level of some Aux/IAAs. The break-
in transcriptional homeostasis of Aux/IAA, such as Smechr0601560 and Smechr0101209,
may contribute to the decrease in leaf size in WT plants. These results indicated that
transcriptional changes in Smechr0902429, Smechr0303536 and Smechr0502523 play key roles
in regulating leaf growth. In addition, the function of other Aux/IAA family members,
such as Smechr0601560 and Smechr0101209, deserve deeper study in eggplant.

The endogenous IAA content is continuously higher in slf than in WT, a conclusion that
coincides with other research [70]. This should be a result that is regulated by other factors.
Although reports showed that IAA content was tightly connected with the transcript level
of Aux/IAAs or auxin signaling [31,35], more studies are needed to elucidate the reason for
the continuously higher level of IAA contents in slf.

Further detailing the important role of auxin was addressed between the auxin sig-
naling pathway and some enriched GO or KEGG terms. In Prunus sibirica, transcriptomic
data and gene co-expression network analysis characterized that the ARF-related genes
involved in carbohydrate metabolic process and were mediated by ARFs such as PsARF3
or PsARF5 [71]. Other enriched GO terms in our result such as transmembrane transporter
activity were also reported to relate to auxin signaling [72,73]. KEGG analysis showed
that one DEG (Smechr0101117) which encodes a histidine phosphotransfer protein (AHP)
was found upregulated in slf and enriched in the cytokinin signaling pathway; research
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showed that the transcription of Aux/IAA initiated by type-B response regulators (ARR)
and this process was mediated by phosphorylated AHP [74]. In addition, other enriched
KEGG pathways in our result such as phenylpropanoid biosynthesis or the starch and
sucrose pathway were also reported to be correlated with the auxin signaling pathway.
Jasmina Kurepa found that auxin sensitivity is controlled and fine-tuned by a cinnamate-
4-hydroxylase step in early phenylpropanoid biosynthesis in Arabidopsis [75]. In tomato,
overexpression of SlARF10 improved the accumulation of starch and sucrose in fruit, while
SlARF10-RNAi lines showed decreased accumulation of starch and sucrose [76]. These
results further imply the key role of the auxin signaling pathway in the leaf size regulation
in eggplant.

5. Conclusions

In this study, we characterize an EMS mutant (slf ) with an unusually small leaf size by
EMS mutagenesis. Transcriptome analyses revealed that 1207 genes were differentially ex-
pressed in the first-leaf stage of the slf mutant compared to the WT. Hormone concentration
measurements and KEGG pathway analyses indicated that the auxin signaling pathway
was significantly affected in the slf mutant. Three Aux/IAA-related genes from the DEG
list, Smechr0902429, Smechr0303536 and Smechr0502523, have much higher expression in
the slf mutant than in the wild type. Auxin antagonist auxinole treatment repressed the
transcription of Smechr0902429, Smechr0303536 and Smechr0502523 and largely restored
the leaf growth of the slf mutant, indicating that the Aux/IAA transcript level plays an
important role in slf. Our findings offer a germplasm resource to study the mechanistic con-
nection between auxin and leaf growth of eggplant, which would help facilitate eggplant
breeding with ideal leaf sizes.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/agronomy12112647/s1, Table S1: Primers for qRT-PCR analysis;
Table S2: Summary of read numbers in WT and slf ; Figure S1: Expression levels of some other
auxin response genes after treatment with auxinole. The asterisks show significant differences (t-test;
* p < 0.05, ** p < 0.01) between plants treated with control and auxinole.

Author Contributions: Conceptualization, N.L., X.C. and S.S.; Writing—review and editing, W.D.;
Validation, Y.L., S.L., P.Y. and J.S.; Methodology, Y.L., X.W., S.X., Y.W. and J.Z.; Funding acquisition,
X.C. and S.S.; Project administration, N.L., X.C. and S.S. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (grant
no. 32172567), the Vegetable Innovation Team Project of Hebei Modern Agricultural Industrial
Technology System (grant no. HBCT2018030203), the Key Research & Development Project of Hebei
Province (grant no. 21326309D), The Innovation Ability Training Project for Graduate Student of
Hebei Province (grant no. CXZZBS2018114), and the grant from ‘Giant Plan’ of Hebei Province.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We thank Wei Ma and Lisong Ma for their helps in preparation of this manuscript.

Conflicts of Interest: The authors declare no competing interests.

References
1. Wei, Q.; Wang, J.; Wang, W.; Hu, T.; Hu, H.; Bao, C. A high-quality chromosome-level genome assembly reveals genetics for

important traits in eggplant. Hortic. Res. 2020, 7, 153. [CrossRef] [PubMed]
2. Kashyap, V.; Kumar, S.V.; Collonnier, C.; Fusari, F.; Haicour, R.; Rotino, G.L.; Sihachakr, D.; Rajam, M. Biotechnology of eggplant.

Sci. Hortic. 2003, 97, 1–25. [CrossRef]
3. Hanifah, A.; Maharijaya, A.; Putri, S.P.; Lavina, W.A.; Sobir. Untargeted metabolomics analysis of eggplant (Solanum melongena L.)

fruit and its correlation to fruit morphologies. Metabolites 2018, 8, 49. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/agronomy12112647/s1
https://www.mdpi.com/article/10.3390/agronomy12112647/s1
http://doi.org/10.1038/s41438-020-00391-0
http://www.ncbi.nlm.nih.gov/pubmed/33024567
http://doi.org/10.1016/S0304-4238(02)00140-1
http://doi.org/10.3390/metabo8030049
http://www.ncbi.nlm.nih.gov/pubmed/30200482


Agronomy 2022, 12, 2647 11 of 13

4. Mauceri, A.; Bassolino, L.; Lupini, A.; Badeck, F.; Rizza, F.; Schiavi, M.; Toppino, L.; Abenavoli, M.R.; Rotino, G.L.; Sunseri, F.
Genetic variation in eggplant for nitrogen use efficiency under contrasting NO3− supply. J. Integr. Plant Biol. 2020, 62, 487–508.
[CrossRef]

5. Liu, N.; Wang, Q.; He, C.; An, B. CgMFS1, a major facilitator superfamily transporter, is required for sugar transport, oxidative
stress resistance, and pathogenicity of colletotrichum gloeosporioides from Hevea brasiliensis. Curr. Issues Mol. Biol. 2021, 43,
1548–1557. [CrossRef] [PubMed]

6. Mahalle, M.D.; Chetia, S.K.; Dey, P.C.; Sarma, R.N.; Baruah, A.R.; Kaldate, R.C.; Verma, R.K.; Modi, M.K. Assessing the leaf shape
dynamic through marker-trait association under drought stress in a rice germplasm panel. Plant Genet. Resour. 2022, 19, 477–483.
[CrossRef]

7. Chitwood, D.H.; Ranjan, A.; Kumar, R.; Ichihashi, Y.; Zumstein, K.; Headland, L.R.; Ostria-Gallardo, E.; Aguilar-Martinez, J.A.;
Bush, S.; Carriedo, L.; et al. Resolving distinct genetic regulators of tomato leaf shape within a heteroblastic and ontogenetic
context. Plant Cell 2014, 26, 3616–3629. [CrossRef]

8. Yang, D.; Li, G.; Sun, S. The effects of leaf size, leaf habit, and leaf form on leaf/stem relationships in plant twigs of temperate
woody species. J. Veg. Sci. 2009, 20, 359–366. [CrossRef]

9. Fu, Z.; Martin, C.E.; Do, J.; Ho, C.-L.; Wagner, B. Functional relationship between leaf/stem pseudobulb size and photosynthetic
pathway in the orchidaceae. Can. J. Plant Sci. 2022, 102, 419–426. [CrossRef]

10. Valencia, E.; Quero, J.L.; Maestre, F.T. Functional leaf and size traits determine the photosynthetic response of 10 dryland species
to warming. J. Plant Ecol. 2016, 9, 773–783. [CrossRef]

11. Famuwagun, A.A.; Alashi, A.M.; Gbadamosi, S.O.; Taiwo, K.A.; Oyedele, D.; Adebooye, O.C.; Aluko, R.E. Effect of protease type
and peptide size on the in vitro antioxidant, antihypertensive and anti-diabetic activities of eggplant leaf protein hydrolysates.
Foods 2021, 10, 1112. [CrossRef]

12. Hay, A.; Barkoulas, M.; Tsiantis, M. PINning down the connections: Transcription factors and hormones in leaf morphogenesis.
Curr. Opin. Plant Biol. 2004, 7, 575–581. [CrossRef] [PubMed]

13. Gonzalez, N.; Vanhaeren, H.; Inze, D. Leaf size control: Complex coordination of cell division and expansion. Trends Plant Sci.
2012, 17, 332–340. [CrossRef] [PubMed]

14. Karamat, U.; Sun, X.; Li, N.; Zhao, J. Genetic regulators of leaf size in brassica crops. Hortic. Res. 2021, 8, 91. [CrossRef] [PubMed]
15. Rojas, C.A.; Eloy, N.B.; Lima, M.d.F.; Rodrigues, R.L.; Franco, L.O.; Himanen, K.; Beemster, G.T.S.; Hemerly, A.S.;

Gomes Ferreira, P.C. Overexpression of the Arabidopsis anaphase promoting complex subunit CDC27a increases growth rate
and organ size. Plant Mol. Biol. 2009, 71, 307–318. [CrossRef]

16. Kim, J.H.; Kende, H. A transcriptional coactivator, AtGIF1, is involved in regulating leaf growth and morphology in Arabidopsis.
Proc. Natl. Acad. Sci. USA 2004, 101, 13374–13379. [CrossRef]

17. Dewitte, W.; Scofield, S.; Alcasabas, A.A.; Maughan, S.C.; Menges, M.; Braun, N.; Collins, C.; Nieuwland, J.; Prinsen, E.;
Sundaresan, V.; et al. Arabidopsis CYCD3 d-type cyclins link cell proliferation and endocycles and are rate-limiting for cytokinin
responses. Proc. Natl. Acad. Sci. USA 2007, 104, 14537–14542. [CrossRef] [PubMed]

18. Cho, H.T.; Cosgrove, D.J. Altered expression of expansin modulates leaf growth and pedicel abscission in Arabidopsis thaliana.
Proc. Natl. Acad. Sci. USA 2000, 97, 9783–9788. [CrossRef]

19. Horvath, B.M.; Magyar, Z.; Zhang, Y.; Hamburger, A.W.; Bako, L.; Visser, R.G.F.; Bachem, C.W.B.; Bogre, L. EBP1 regulates organ
size through cell growth and proliferation in plants. Embo J. 2006, 25, 4909–4920. [CrossRef] [PubMed]

20. Schruff, M.C.; Spielman, M.; Tiwari, S.; Adams, S.; Fenby, N.; Scott, R.J. The AUXIN RESPONSE FACTOR 2 gene of Arabidopsis
links auxin signalling, cell division, and the size of seeds and other organs. Development 2006, 133, 251–261. [CrossRef]

21. Ubeda-Tomas, S.; Federici, F.; Casimiro, I.; Beemster, G.T.S.; Bhalerao, R.; Swarup, R.; Doerner, P.; Haseloff, J.; Bennett, M.J.
Gibberellin signaling in the endodermis controls Arabidopsis root meristem size. Curr. Biol. 2009, 19, 1194–1199. [CrossRef]

22. Rodriguez, R.E.; Mecchia, M.A.; Debernardi, J.M.; Schommer, C.; Weigel, D.; Palatnik, J.F. Control of cell proliferation in
Arabidopsis thaliana by microRNA mir396. Development 2010, 137, 103–112. [CrossRef] [PubMed]

23. Li, Y.; Zheng, L.; Corke, F.; Smith, C.; Bevan, M.W. Control of final seed and organ size by the DA1 gene family in Arabidopsis
thaliana. Gene Dev. 2008, 22, 1331–1336. [CrossRef] [PubMed]

24. Lv, B.; Yan, Z.; Tian, H.; Zhang, X.; Ding, Z. Local Auxin biosynthesis mediates plant growth and development. Trends Plant Sci.
2019, 24, 6–9. [CrossRef] [PubMed]

25. Keller, C.P.; Stahlberg, R.; Barkawi, L.S.; Cohen, J.D. Long-term inhibition by auxin of leaf blade expansion in bean and arabidopsis.
Plant Physiol. 2004, 134, 1217–1226. [CrossRef] [PubMed]

26. De Vos, D.; Nelissen, H.; AbdElgawad, H.; Prinsen, E.; Broeckhove, J.; Inze, D.; Beemster, G.T.S. How grass keeps growing: An
integrated analysis of hormonal crosstalk in the maize leaf growth zone. New Phytol. 2020, 225, 2513–2525. [CrossRef]

27. Hagen, G. Auxin signal transduction. Plant Horm. Signal. 2015, 58, 1–12. [CrossRef]
28. Salehin, M.; Bagchi, R.; Estelle, M. SCFTIR1/AFB-based Auxin perception: Mechanism and role in plant growth and development.

Plant Cell 2015, 27, 9–19. [CrossRef]
29. Todd, O.E.; Figueiredo, M.R.A.; Morran, S.; Soni, N.; Preston, C.; Kubes, M.F.; Napier, R.; Gaines, T.A. Synthetic auxin herbicides:

Finding the lock and key to weed resistance. Plant Sci. 2020, 300, 110631. [CrossRef]

http://doi.org/10.1111/jipb.12823
http://doi.org/10.3390/cimb43030109
http://www.ncbi.nlm.nih.gov/pubmed/34698108
http://doi.org/10.1017/S1479262121000587
http://doi.org/10.1105/tpc.114.130112
http://doi.org/10.1111/j.1654-1103.2009.05573.x
http://doi.org/10.1139/cjps-2020-0311
http://doi.org/10.1093/jpe/rtv081
http://doi.org/10.3390/foods10051112
http://doi.org/10.1016/j.pbi.2004.07.007
http://www.ncbi.nlm.nih.gov/pubmed/15337101
http://doi.org/10.1016/j.tplants.2012.02.003
http://www.ncbi.nlm.nih.gov/pubmed/22401845
http://doi.org/10.1038/s41438-021-00526-x
http://www.ncbi.nlm.nih.gov/pubmed/33931619
http://doi.org/10.1007/s11103-009-9525-7
http://doi.org/10.1073/pnas.0405450101
http://doi.org/10.1073/pnas.0704166104
http://www.ncbi.nlm.nih.gov/pubmed/17726100
http://doi.org/10.1073/pnas.160276997
http://doi.org/10.1038/sj.emboj.7601362
http://www.ncbi.nlm.nih.gov/pubmed/17024182
http://doi.org/10.1242/dev.02194
http://doi.org/10.1016/j.cub.2009.06.023
http://doi.org/10.1242/dev.043067
http://www.ncbi.nlm.nih.gov/pubmed/20023165
http://doi.org/10.1101/gad.463608
http://www.ncbi.nlm.nih.gov/pubmed/18483219
http://doi.org/10.1016/j.tplants.2018.10.014
http://www.ncbi.nlm.nih.gov/pubmed/30448230
http://doi.org/10.1104/pp.103.032300
http://www.ncbi.nlm.nih.gov/pubmed/14988474
http://doi.org/10.1111/nph.16315
http://doi.org/10.1042/bse0580001
http://doi.org/10.1105/tpc.114.133744
http://doi.org/10.1016/j.plantsci.2020.110631


Agronomy 2022, 12, 2647 12 of 13

30. Pan, J.; Fujioka, S.; Peng, J.; Chen, J.; Li, G.; Chen, R. The E3 Ubiquitin Ligase SCFTIR1/AFB and membrane sterols play key
roles in Auxin regulation of endocytosis, recycling, and plasma membrane accumulation of the Auxin efflux transporter PIN2 in
Arabidopsis thaliana. Plant Cell 2009, 21, 568–580. [CrossRef]

31. Yu, Z.; Zhang, F.; Friml, J.; Ding, Z. Auxin signaling: Research advances over the past 30 years. J. Integr. Plant Biol. 2022, 64,
371–392. [CrossRef] [PubMed]

32. Strader, L.C.; Zhao, Y. Auxin perception and downstream events. Curr. Opin. Plant Biol. 2016, 33, 8–14. [CrossRef] [PubMed]
33. Dezfulian, M.H.; Jalili, E.; Roberto, D.K.A.; Moss, B.L.; Khoo, K.; Nemhauser, J.L.; Crosby, W.L. Oligomerization of SCFTIR1 is

essential for Aux/IAA degradation and Auxin signaling in Arabidopsis. PLoS Genet. 2016, 12, 1–18. [CrossRef] [PubMed]
34. Quint, M.; Gray, W.M. Auxin signaling. Curr. Opin. Plant Biol. 2006, 9, 448–453. [CrossRef]
35. Takato, S.; Kakei, Y.; Mitsui, M.; Ishida, Y.; Suzuki, M.; Yamazaki, C.; Hayashi, K.-i.; Ishii, T.; Nakamura, A.; Soeno, K.; et al. Auxin

signaling through SCFTIR1/AFBs mediates feedback regulation of IAA biosynthesis. Biosci. Biotech Bioch. 2017, 81, 1320–1326.
[CrossRef]

36. Si Ammour, A.; Windels, D.; Arn Bouldoires, E.; Kutter, C.; Ailhas, J.; Meins, F., Jr.; Vazquez, F. miR393 and secondary siRNAs
regulate expression of the TIR1/AFB2 Auxin receptor clade and Auxin-related development of Arabidopsis leaves. Plant Physiol.
2011, 157, 683–691. [CrossRef]

37. Xu, J.; Li, J.; Cui, L.; Zhang, T.; Wu, Z.; Zhu, P.; Meng, Y.; Zhang, K.; Yu, X.; Lou, Q.; et al. New insights into the roles of cucumber
TIR1 homologs and miR393 in regulating fruit/seed set development and leaf morphogenesis. BMC Plant Biol. 2017, 17, 130.
[CrossRef]

38. Rouse, D.; Mackay, P.; Stirnberg, P.; Estelle, M.; Leyser, O. Changes in auxin response from mutations in an AUX/IAA gene. Science
1998, 279, 1371–1373. [CrossRef]

39. Wang, H.; Jones, B.; Li, Z.G.; Frasse, P.; Delalande, C.; Regad, F.; Chaabouni, S.; Latche, A.; Pech, J.C.; Bouzayen, M. The tomato
Aux/IAA transcription factor IAA9 is involved in fruit development and leaf morphogenesis. Plant Cell 2005, 17, 2676–2692.
[CrossRef]

40. Deng, W.; Yan, F.; Liu, M.; Wang, X.; Li, Z. Down-regulation of SlIAA15 in tomato altered stem xylem development and production
of volatile compounds in leaf exudates. Plant Signal Behav. 2012, 7, 911–913. [CrossRef] [PubMed]

41. Windels, D.; Bielewicz, D.; Ebneter, M.; Jarmolowski, A.; Szweykowska Kulinska, Z.; Vazquez, F. miR393 is required for
production of proper Auxin signalling outputs. PLoS ONE 2014, 9, e95972. [CrossRef]

42. Trainotti, L.; Pavanello, A.; Casadoro, G. Differential expression of genes in apical and basal tissues of expanding tobacco leaves.
Plant Sci. 2004, 167, 679–686. [CrossRef]

43. Ku, S.; Park, J.; Ha, S.; Kim, J. Overexpression of iaa1 with domain II mutation impairs cell elongation and cell division in
inflorescences and leaves of Arabidopsis. J. Plant Physiol. 2009, 166, 548–553. [CrossRef] [PubMed]

44. Krogan, N.T.; Ckurshumova, W.; Marcos, D.; Caragea, A.E.; Berleth, T. Deletion of MP/ARF5 domains III and IV reveals a
requirement for Aux/IAA regulation in Arabidopsis leaf vascular patterning. New Phytol. 2012, 194, 391–401. [CrossRef]

45. Matthes, M.S.; Best, N.B.; Robil, J.M.; Malcomber, S.; Gallavotti, A.; McSteen, P. Auxin evodevo: Conservation and diversification
of genes regulating Auxin biosynthesis, transport, and signaling. Mol. Plant 2019, 12, 298–320. [CrossRef]

46. Okushima, Y.; Mitina, I.; Quach, H.L.; Theologis, A. AUXIN RESPONSE FACTOR 2 (ARF2): A pleiotropic developmental
regulator. Plant J. 2005, 43, 29–46. [CrossRef]

47. Bennett, M.J.; Marchant, A.; Green, H.G.; May, S.T.; Ward, S.P.; Millner, P.A.; Walker, A.R.; Schulz, B.; Feldmann, K.A. Arabidopsis
AUX1 gene: A permease-like regulator of root gravitropism. Science 1996, 273, 948–950. [CrossRef]

48. Schroeder, A.B.; Dobson, E.T.A.; Rueden, C.T.; Tomancak, P.; Jug, F.; Eliceiri, K.W. The imagej ecosystem: Open-source software
for image visualization, processing, and analysis. Protein Sci. 2021, 30, 234–249. [CrossRef]

49. Popova, L.P.; Tsonev, T.D.; Lazova, G.N.; Stoinova, Z.G. Drought- and ABA-induced changes in photosynthesis of barley plants.
Physiol. Plant. 1996, 96, 623–629. [CrossRef]

50. Kim, D.; Langmead, B.; Salzberg, S.L. Hisat: A fast spliced aligner with low memory requirements. Nat. Methods 2015, 12, 357–360.
[CrossRef]

51. Trapnell, C.; Pachter, L.; Salzberg, S.L. Tophat: Discovering splice junctions with RNA-seq. Bioinformatics 2009, 25, 1105–1111.
[CrossRef] [PubMed]

52. Liao, Y.; Smyth, G.K.; Shi, W. Featurecounts: An efficient general purpose program for assigning sequence reads to genomic
features. Bioinformatics 2014, 30, 923–930. [CrossRef]

53. Love, M.I.; Huber, W.; Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data with deseq2. Genome
Biol. 2014, 15, 550. [CrossRef] [PubMed]

54. Tarazona, S.; Garcia-Alcalde, F.; Dopazo, J.; Ferrer, A.; Conesa, A. Differential expression in RNA-seq: A matter of depth. Genome
Res. 2011, 21, 2213–2223. [CrossRef] [PubMed]

55. Zhang, M.; Zhang, H.; Tan, J.; Huang, S.; Chen, X.; Jiang, D.; Xiao, X. Transcriptome analysis of eggplant root in response to
root-knot nematode infection. Pathogens 2021, 10, 470. [CrossRef] [PubMed]

56. Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2−∆∆Ct method.
Methods 2001, 25, 402–408. [CrossRef]

57. Hayashi, K.-i.; Neve, J.; Hirose, M.; Kuboki, A.; Shimada, Y.; Kepinski, S.; Nozaki, H. Rational design of an Auxin antagonist of
the SCFTIR1 Auxin receptor complex. ACS Chem. Biol. 2012, 7, 590–598. [CrossRef]

http://doi.org/10.1105/tpc.108.061465
http://doi.org/10.1111/jipb.13225
http://www.ncbi.nlm.nih.gov/pubmed/35018726
http://doi.org/10.1016/j.pbi.2016.04.004
http://www.ncbi.nlm.nih.gov/pubmed/27131035
http://doi.org/10.1371/journal.pgen.1006301
http://www.ncbi.nlm.nih.gov/pubmed/27618443
http://doi.org/10.1016/j.pbi.2006.07.006
http://doi.org/10.1080/09168451.2017.1313694
http://doi.org/10.1104/pp.111.180083
http://doi.org/10.1186/s12870-017-1075-6
http://doi.org/10.1126/science.279.5355.1371
http://doi.org/10.1105/tpc.105.033415
http://doi.org/10.4161/psb.20723
http://www.ncbi.nlm.nih.gov/pubmed/22836503
http://doi.org/10.1371/journal.pone.0095972
http://doi.org/10.1016/j.plantsci.2004.04.010
http://doi.org/10.1016/j.jplph.2008.07.006
http://www.ncbi.nlm.nih.gov/pubmed/18771815
http://doi.org/10.1111/j.1469-8137.2012.04064.x
http://doi.org/10.1016/j.molp.2018.12.012
http://doi.org/10.1111/j.1365-313X.2005.02426.x
http://doi.org/10.1126/science.273.5277.948
http://doi.org/10.1002/pro.3993
http://doi.org/10.1111/j.1399-3054.1996.tb00235.x
http://doi.org/10.1038/nmeth.3317
http://doi.org/10.1093/bioinformatics/btp120
http://www.ncbi.nlm.nih.gov/pubmed/19289445
http://doi.org/10.1093/bioinformatics/btt656
http://doi.org/10.1186/s13059-014-0550-8
http://www.ncbi.nlm.nih.gov/pubmed/25516281
http://doi.org/10.1101/gr.124321.111
http://www.ncbi.nlm.nih.gov/pubmed/21903743
http://doi.org/10.3390/pathogens10040470
http://www.ncbi.nlm.nih.gov/pubmed/33924485
http://doi.org/10.1006/meth.2001.1262
http://doi.org/10.1021/cb200404c


Agronomy 2022, 12, 2647 13 of 13

58. Mishra, P.; Singh, U.; Pandey, C.M.; Mishra, P.; Pandey, G. Application of student’s t-test, analysis of variance, and covariance.
Ann. Card. Anaesth. 2019, 22, 407–411. [CrossRef]

59. Schrader, J.; Shi, P.; Royer, D.L.; Peppe, D.J.; Gallagher, R.V.; Li, Y.; Wang, R.; Wright, I.J. Leaf size estimation based on leaf length,
width and shape. Ann. Bot. 2021, 128, 395–406. [CrossRef]

60. Wang, P.; Zhou, G.; Cui, K.; Li, Z.; Yu, S. Clustered QTL for source leaf size and yield traits in rice (Oryza sativa l.). Mol. Breed.
2012, 29, 99–113. [CrossRef]

61. Zhao, C.; Bao, Y.; Wang, X.; Yu, H.; Ding, A.; Guan, C.; Cui, J.; Wu, Y.; Sun, H.; Li, X.; et al. QTL for flag leaf size and their influence
on yield-related traits in wheat. Euphytica 2018, 214, 209. [CrossRef]

62. Serce, S.; Navazio, J.P.; Gokce, A.F.; Staub, J.E. Nearly isogenic cucumber genotypes differing in leaf size and plant habit exhibit
differential response to water stress. J. Am. Soc. Hortic. Sci. 1999, 124, 358–365. [CrossRef]

63. Schurr, U.; Heckenberger, U.; Herdel, K.; Walter, A.; Feil, R. Leaf development in ricinus communis during drought stress:
Dynamics of growth processes of cellular structure and of sink-source transition. J. Exp. Bot. 2000, 51, 1515–1529. [CrossRef]
[PubMed]

64. Shwartz, I.; Levy, M.; Ori, N.; Bar, M. Hormones in tomato leaf development. Dev. Biol. 2016, 419, 132–142. [CrossRef]
65. Dindas, J.; Scherzer, S.; Roelfsema, M.R.G.; von Meyer, K.; Mueller, H.M.; Al Rasheid, K.A.S.; Palme, K.; Dietrich, P.; Becker, D.;

Bennett, M.J.; et al. AUX1-mediated root hair auxin influx governs SCFTIR1/AFB-type Ca2+ signaling. Nat. Commun. 2018, 9, 1174.
[CrossRef] [PubMed]

66. Street, I.H.; Mathews, D.E.; Yamburkenko, M.V.; Sorooshzadeh, A.; John, R.T.; Swarup, R.; Bennett, M.J.; Kieber, J.J.; Schaller, G.E.
Cytokinin acts through the auxin influx carrier AUX1 to regulate cell elongation in the root. Development 2016, 143, 3982–3993.
[CrossRef]

67. Schuetz, M.; Fidanza, M.; Mattsson, J. Identification of Auxin response factor-encoding genes expressed in distinct phases of leaf
vein development and with overlapping functions in leaf formation. Plants 2019, 8, 242. [CrossRef]

68. Li, Y.M.; Fei, T.; Zhang, H.X.; Xie, Z.S.; Li, B. Observation of the development of leaf vein and stomata and identification candidate
transcription factors related to vein/stoma development in grapevine leaf (Vitis vinifera L.). Sci. Hortic. 2023, 307, 111518.
[CrossRef]

69. Kuang, J.; Wu, J.; Zhong, H.; Li, C.; Chen, J.; Lu, W.; Li, J. Carbohydrate stress affecting fruitlet abscission and expression of genes
related to Auxin signal transduction pathway in Litchi. Int. J. Mol. Sci. 2012, 13, 16084–16103. [CrossRef]

70. Eun, C.H.; Ko, S.M.; Matsubayashi, Y.; Sakagami, Y.; Kamada, H. Phytosulfokine-alpha requires auxin to stimulate carrot
non-embryogenic cell proliferation. Plant Physiol. Bioch. 2003, 41, 447–452. [CrossRef]

71. Niu, J.; Bi, Q.X.; Deng, S.Y.; Chen, H.P.; Yu, H.Y.; Wang, L.B.; Lin, S.Z. Identification of AUXIN RESPONSE FACTOR gene family
from Prunus sibirica and its expression analysis during mesocarp and kernel development. BMC Plant Biol. 2018, 18, 21. [CrossRef]
[PubMed]

72. Geisler, M.; Bailly, A.; Ivanchenko, M. Master and servant: Regulation of auxin transporters by FKBPs and cyclophilins. Plant Sci.
2016, 245, 1–10. [CrossRef] [PubMed]

73. Yang, T.; Feng, H.; Zhang, S.; Xiao, H.; Hu, Q.; Chen, G.; Xuan, W.; Moran, N.; Murphy, A.; Yu, L.; et al. The potassium transporter
OsHAK5 alters rice architecture via ATP-dependent transmembrane Auxin fluxes. Plant Commun. 2020, 1, 100052. [CrossRef]
[PubMed]

74. Bishopp, A.; Benkova, E.; Helariutta, Y. Sending mixed messages: Auxin-cytokinin crosstalk in roots. Curr. Opin. Plant Biol. 2011,
14, 10–16. [CrossRef]

75. Kurepa, J.; Shull, T.E.; Karunadasa, S.S.; Smalle, J.A. Modulation of auxin and cytokinin responses by early steps of the
phenylpropanoid pathway. BMC Plant Biol. 2018, 18, 278. [CrossRef]

76. Yuan, Y.J.; Mei, L.H.; Wu, M.B.; Wei, W.; Shan, W.; Gong, Z.H.; Zhang, Q.; Yang, F.Q.; Yan, F.; Zhang, Q.; et al. SlARF10, an
auxin response factor, is involved in chlorophyll and sugar accumulation during tomato fruit development. J. Exp. Bot. 2018, 69,
5507–5518. [CrossRef]

http://doi.org/10.4103/aca.ACA_94_19
http://doi.org/10.1093/aob/mcab078
http://doi.org/10.1007/s11032-010-9529-7
http://doi.org/10.1007/s10681-018-2288-y
http://doi.org/10.21273/JASHS.124.4.358
http://doi.org/10.1093/jexbot/51.350.1515
http://www.ncbi.nlm.nih.gov/pubmed/11006303
http://doi.org/10.1016/j.ydbio.2016.06.023
http://doi.org/10.1038/s41467-018-03582-5
http://www.ncbi.nlm.nih.gov/pubmed/29563504
http://doi.org/10.1242/dev.132035
http://doi.org/10.3390/plants8070242
http://doi.org/10.1016/j.scienta.2022.111518
http://doi.org/10.3390/ijms131216084
http://doi.org/10.1016/S0981-9428(03)00052-4
http://doi.org/10.1186/s12870-017-1220-2
http://www.ncbi.nlm.nih.gov/pubmed/29368590
http://doi.org/10.1016/j.plantsci.2015.12.004
http://www.ncbi.nlm.nih.gov/pubmed/26940487
http://doi.org/10.1016/j.xplc.2020.100052
http://www.ncbi.nlm.nih.gov/pubmed/33367257
http://doi.org/10.1016/j.pbi.2010.08.014
http://doi.org/10.1186/s12870-018-1477-0
http://doi.org/10.1093/jxb/ery328

	Introduction 
	Materials and Methods 
	Plant Materials and Growth Conditions 
	Leaf Size Measurement 
	Histological Analysis 
	Measuring the Main Hormone Content 
	RNA-seq Analysis 
	Validation of Selected DEGs Using Real-Time Quantitative Reverse Transcription PCR (qRT-PCR) 
	Exogenous Auxinole Treatments 
	Statistical Analysis 

	Results 
	Phenotypic Comparison of the WT and Slf Mutant 
	Analysis of the Contents of ABA, IAA, BR, GA3 and ZR 
	Transcriptome Profiles Showed That Genes Involved in Auxin Signalling Are Enhanced in Slf 
	The Effect of Exogenous Auxinole on the Leaf Size of WT and slf 

	Discussion 
	Conclusions 
	References

