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Abstract 

Background In plants, the leaf functions as a solar panel, where photosynthesis converts carbon dioxide and water 
into carbohydrates and oxygen. In soybean, leaf type traits, including leaf shape, leaf area, leaf width, and leaf width 
so on, are considered to be associated with yield. In this study, we performed morphological characterization, tran-
scriptome analysis, and endogenous hormone analysis of a rolled and narrow leaf mutant line (rl) in soybean.

Results Compared with wild type HX3, mutant line rl showed rolled and narrower leaflet, and smaller leaf, meanwhile 
rl also performed narrower pod and narrower seed. Anatomical analysis of leaflet demonstrated that cell area of upper 
epidermis was bigger than the cell area of lower epidermis in rl, which may lead rolled and narrow leaf. Transcriptome 
analysis revealed that several cytokinin oxidase/dehydrogenase (CKX) genes (Glyma.06G028900, Glyma.09G225400, 
Glyma.13G104700, Glyma.14G099000, and Glyma.17G054500) were up-regulation dramatically, which may cause lower 
cytokinin level in rl. Endogenous hormone analysis verified that cytokinin content of rl was lower. Hormone treatment 
results indicated that 6-BA rescued rolled leaf enough, rescued partly narrow leaf. And after 6-BA treatment, the cell 
area was similar between upper epidermis and lower epidermis in rl. Although IAA content and ABA content were 
reduced in rl, but exogenous IAA and ABA didn’t affect leaf type of HX3 and rl.

Conclusions Our results suggest abnormal cytokinin metabolism caused rolled and narrow leaf in rl, and provide 
valuable clues for further understanding the mechanisms underlying leaf development in soybean.
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Introduction
Soybean (Glycine max (L.) Merr) is an important crop, 
which is crucial source of vegetable protein and ani-
mal feed. Continual increases in soybean yield is criti-
cal to meet global demands. Leaf is the main organ of 

photosynthesis for soybean, meanwhile, leaf morphologi-
cal also is associated with canopy and is the key deter-
minant of light interception and distribution dynamics 
[1–4]. Leaf type traits, such as leaf size, leaf shape, and 
leaf distribution, are associated with yield, because leaf 
traits not only affect photosynthetic efficiency, but also 
affect planting density [5–9]. Several researches have 
supported that leaf type has significant effect on light 
environments of canopy and soybean yield [10]. Thus, the 
study of leaf development is essential for improving soy-
bean yield.

Leaf development is a complicated process, complex 
genetic networks regulate leaf morphogenesis together 
[11, 12]. Soybean leaf shape mainly includes broad leaflet 
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and narrow leaflet. So far, a number of QTLs about leaf 
shape in soybean had been reported [13–18], among 
them, a few genes were cloned. Ln was mapped by RILs 
on chromosome 20, encoded a protein which contained 
EAR motif, and was homologous to Arabidopsis JAGGED 
(JAG). The transition from broad leaflet (Ln) to narrow 
leaflet (ln) was associated with an amino acid substitution 
in the EAR motif. Furthermore, ln could increase num-
ber of seeds per pod [19, 20]. GmCTP was mapped using 
mutant on chromosome 05, and could regulate many 
key regulators in leaf development. ctp leaded to chicken 
toes-like leaf [17]. For leaflet area,  GmSIZ1a and  GmSIZ1b 
are small ubiquitin-related modifier (SUMO) E3 ligase, 
and positively regulate vegetable growth through medi-
ating SUMO modification. GmSIZ1RNAi plants showed 
smaller leaf area [21]. In contrast, CRISPR/Cas9-induced 
mutation in GmKIX8-1 resulted in larger leaflet size and 
seed size by increasing cell proliferation [22].

Hormones also play an important role in the forma-
tion process of leaf. Leaf begins as a simple primordium 
at the shoot apical meristem (SAM). Leaf initiation activ-
ity is intimate connected to the auxin. The accumulation 
of auxin is created by PIN which is the efflux transporter 
with polar localization at defined points [23, 24]. Auxin 
maxima could reduce the expression of KNOX in the 
presumptive region of leaf primordia in the SAM, which 
results in the initiation of leaf primordia [25]. In SAM, the 
KNOX transcription factors express, positively regulate 
cytokinin synthesis and keep their high level [26]. Then, 
cytokinin promote the expression of WUS, which main-
tain a high cell division rate in SAM [27, 28]. Therefore, 
the leaf initiation at the SAM is controlled by auxin and 
cytokinin together. What’s more, auxin/cytokinin ratio 
could change the initiation of lateral organs, which may 
lead phyllotactic shift [29]. For leaf growth, auxin influ-
ences leaf size through cell proliferation and cell expan-
sion. Auxin homeostasis and signaling are disordered 
that lead to smaller leaf size [30, 31]. When GA synthesis 
or signaling is abnormal, leaf size is reduced [32]; while, 
over-expressing GA20ox1 produce larger leaf [33]. Thus, 
GA promotes leaf growth by regulating cell proliferation 
and cell expansion. Similarly, brassinosteroid (BR) also 
facilitates leaf growth via its positive effect on cell prolif-
eration and cell expansion [34, 35]. Meanwhile, cytokinin 
controls leaf development also via cell proliferation and 
cell expansion [36, 37].

In crop, leaf usually is flattening, but sometimes, leaves 
of several varieties are rolled. In rice, rolled leaf could 
remain leaf upright, reduce shadow, increase planting 
density, improve photosynthetic efficiency, and increase 
crop yield [38–40]. SRL1, SLL2, and OsHox32 result 
rolled leaf by regulating bulliform cells [41–43]. SLL1 
and SRL2 lead rolled leaf through altering structure and 

processes of sclerenchyma cells [44, 45]. And ADL1 and 
RFS cause rolled leaf by controlled leaf polarity [46, 47]. 
For soybean, there are also several researches on rolled 
leaf. GmFILa encodes a YABBY transcription factor, 
and belongs to FIL subfamily. GmFILa showed specific 
expression patterns in leaf and bud primordia. Ectopic 
expression of GmFILa in Arabidopsis altered the par-
tial abaxialization of the adaxial epidermises of leaves, 
which resulted leaf rolled [48, 48]. E1, is known as flow-
ing repressor, which affects soybean flowing and matu-
rity largest, also regulates leaf development. Unifoliolate 
leaves of E1-overexpression lines were smaller and curlier, 
and which may due to E1 negatively control the expres-
sion of TCP family genes in soybean [49]. TCP family 
genes play a crucial role in leaf development [50–52]. In 
soybean, although some genes have been linked to rolled 
leaf, there is still gap to draw the molecular mechanism 
that regulates rolled leaf.

To better understand leaf development of soybean, a 
mutant line with rolled and narrow leaves (named rl) was 
charactered in this study. We analysed the phenotype of 
rl, and using transcriptome analysis revealed the different 
expression genes between rl and wild type HX3. Mean-
while, endogenous hormone analysis and exogenous hor-
mone treatment represented the hormone factors which 
regulated rolled and narrow leaf in soybean. Our findings 
contributed to promote the insights into the molecular 
regulation of leaf morphogenesis in soybean.

Materials and methods
Plant materials and measurement of phenotypic traits
In this study, soybean cultivar HX3 (wild-type) and the 
mutant line rl were used. Mutant line rl was selected 
from mutant library which derived from HX3 treated 
with EMS. First, the seeds of HX3 dipped in water 4 h 
and dipped in EMS (40 mmol/L) 8 h. After using water 
flushed seeds several times, the seeds were planted and 
formed the mutant library. Plants were grown in soil in 
growth cabinet with 28℃/16 h light and 25℃/8 h dark 
condition. When plants were flowering, leaf traits were 
measured by ImageJ. Pod width, pod length and hundred 
seed weight were measured after pod dried three days.

Anatomical analysis
Anatomical analysis process was based on others 
research with some changed [53, 54]. The fully expanded 
leaflet was sampled from HX3 and rl for anatomical 
analysis. Leaflet was fixed by FAA fixative (70% etha-
nol: glacial acetic acid: formaldehyde = 89:6:5) for 48 h. 
Then, samples were dehydrated by 70%, 80%, 90%, and 
95% ethanol ordinal, and were treated 30 min every 
time. Then, samples were dipped in semi-penetrant 
(ethanol: penetrant = 1:1, penetrant was 100 mL liquid 
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with 1 g HardenerI) overnight at 4℃, and were dipped 
in penetrant 2–3 h at room temperature. Later, samples 
were embedded by solution that contained 15 mL pen-
etrant and 1ml HardenerII (Technovit 7100, Heraeus 
Kulzer). The embedded samples were cut by microtome, 
the thickness of section was 5 mm. Then the tissue sec-
tions were observed under microscope (NE610, Nexcope, 
Ningbo, China).

Total RNA extraction and transcriptome sequencing
The third tender leaves which were not unfolded of 
HX3 and rl were collected for RNA extraction and 
sequencing, and three biological replicates of each sam-
ple were used. Trizol Reagent Kit (GENSTONE BIO-
TECH, Beijing, China) was used to extract RNA. After 
the content and integrity of RNA reaching the stand-
ard, RNA was revers transcription and cDNA librar-
ies were built using VAHTS® Universal V8 RNA-seq 
Library Prep Kit (Vazyme, Nanjing, China). Then, the 
cDNA was sequenced by T7 PE150 platform (YINGZI 
GENE, Wuhan, China).

Quantitative real‑time PCR (qRT‑PCR)
RNA was extracted from samples that were used in RNA-
seq. After testing content and quality of RNA, first-stand 
cDNA was synthesized using Evo M-MLV RT Mix Kit 
with gDNA Clean for qPCR (Accurate Biology, Chang-
sha, China). qRT-PCR analysis was performed using 

SYBR Green Premix Pro Tag HS qPCR Kit (Accurate 
Biology, Changsha, China) with the CFX Connnect Real-
Time PCR System (Bio-Rad, California, USA). And the 
primers used for qRT-PCR were showed in Table S2.

Endogenous hormone content determination
When the third leaves of HX3 and rl were not fully 
unfolded, the leaves were collected, and were stored in 
liquid nitrogen. Endogenous hormone content was deter-
mined by BIOTREE TECH (Shanghai, China). Three bio-
logical replicates were prepared.

Hormone treatment
At seeding stage, 6-BA, IAA, and ABA were used to 
spraying plants until solution distributed on all leaf 
surface, spraying  H2O was the control group. Treat-
ment took one every two days, and remained 10 days. 
After stopping treatment, leaf traits were observed. 
6-BA content was 50 µM, IAA content and ABA con-
tent were 10 µM.

Results
The difference of leaf morphology between mutate line rl 
and wild‑type
Compared with HX3, the mutant (rl) showed appar-
ently rolled and narrow leaf. The leaf of rl curled, and 
was narrower (Fig. 1). Averagely, the leaf width of mutant 
reduced 23.8% compared with HX3. The leaf length of 

Fig. 1 Comparison of plant leaflet between HX3 and rl. A Phenotype of HX3 (left) and rl (right). B Leaf length. C Leaf width. D Leaf index. E Leaf 
area. Data are mean ± SD, n = 4. Scale bar represents 5 cm. ‘**’ indicates significant differences at p = 0.01 level, ‘***’ indicates significant differences 
at p = 0.001 level
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mutant increased, but didn’t reach significant difference. 
Therefore, leaf index (the radio of leaf length to width) 
was increased 44.4% dramatically, and leaf area reduced 
significantly.

The mutant also revealed narrow pod (Fig. 2A, B). By 
contrast with HX3, the pod width of rl was reduced 25%, 
but the pod length was unchanged. Perhaps, the devel-
opment of pod affected seeds, seeds of rl were also nar-
rower (Fig.  2C, D), and hundred seed weight reduced 
significantly (Fig. 2E).

The difference of leaf tissue and cell size between mutate 
line rl and wild‑type
In order to investigate the difference of leaf between HX3 
and rl, transverse sections of leaflet were used for histo-
logical observation (Fig.  3A-D). Compared with HX3, 
vascular tissue in the main vein of rl leaflet was smaller 
(Fig. 3A, B). Then, using ImageJ analysed leaf cross-sec-
tion of HX3 and rl (Fig. 3C, D). It showed that rl leaflet 
was thicker, because there was thicker upper epidermis, 
lower epidermis, palisade tissue, and spongy tissue in 
rl (F ig. 3E-I). Though, the differences about thickness 
of lower epidermis wasn’t significant, the thickness of 
upper epidermis, palisade tissue, and spongy tissue was 
strikingly different between HX3 and rl. In contrast with 
HX3, the cell area of upper epidermis and lower epider-
mis increased significantly in rl (Fig.  3J). For HX3, the 
cell size was similar between upper epidermis and lower 
epidermis. However, the cell size of upper epidermis was 
bigger than that of lower epidermis in rl (Fig. 3J). There-
fore, the difference of cell growth in upper epidermis 
and lower epidermis may lead rolled leaf of rl. Through 
histological observation, leaflet structure of rl changed 
prominently.

The differential expression genes between mutate line rl 
and wild‑type
In order to understand the molecular mechanism that 
control soybean rolled and narrow leaf, we performed 
transcriptome analysis. In this study, a total of 360.41 
million reads were generated. The mapping ratio of clean 
reads to reference genome and reference genes were 
97.17% and 93.33% in average, respectively (Table S1). 
All reads located in each region of the transcripts evenly, 
which indicated that the sequencing data could reveal 
accurately gene expression level. In all, 357 differentially 
expressed genes (DEGs) were identified between HX3 
and rl. Compared with HX3, there were 102 down-regu-
lated genes and 255 up-regulated genes in rl, respectively 
(Fig. 4A).

To explore the function of DEGs between HX3 and 
rl, Gene Ontology (GO) enrichment analysis and Kyoto 
Encyclopedia of Genes and Genomes (KEGG) pathway 
analysis were conducted. For GO enrichment analysis, 
the DEGs were classified into three categories: biologi-
cal process, cellular component, and molecular function 
(Fig.  4B). In biological process term, hormone catabolic 
process, hormone metabolic process, and cytokinin met-
abolic process were the top three term. For cellular com-
ponent, the number of DEGs in mitochondrial envelope 
was largest.

Down-regulation DEGs and up-regulation DEGs 
were carried out KEGG pathway enrichment respec-
tively, they were classified into different pathway, but 
were mainly in metabolism class and signaling path-
way. “Flavonoid biosynthesis” was the most significantly 
enrichment pathway, and “Plant hormone signal trans-
duction” had the largest number of genes for down-
regulation DEGs (Fig. 4C). While, “Zeatin biosynthesis” 
was most significantly enrichment pathway and was in 

Fig. 2 Comparison of pod and seed between HX3 and rl. Phenotype of pod (A) and seed (C) of HX3 and rl. B Pod width. D Seed length, width, 
and thickness. E Hundred seed weight. Data are mean ± SD, n = 10. Scale bar represents 1 cm. ‘***’ indicates significant differences at p = 0.001 level
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up-regulation DEGs only, the largest number of genes 
appeared in “Biosynthesis of secondary metabo-
lites” class (Fig.  4D). “Zeatin biosynthesis” class was 

consistent with GO enrichment analysis. Therefore, 
DEGs related to cytokinin metabolism deserve more 
attention.

Fig. 3 Leaf anatomical structure of HX3 and rl. Cross-section of leaf veins of HX3 (A) and rl (B). Blade cross-section of HX3 (C) and rl (D). E-I Leaf 
thickness and the thickness of epidermis, palisade tissue and spongy tissue. Data are mean ± SD, n = 3. J Cell area of epidermis. Data are mean ± SD, 
n = 30. Scale bar represents 50 μm. ‘***’ indicates significant differences at p = 0.001 level. Different letters denote significant difference at p = 0.05 
level



Page 6 of 13Xu et al. BMC Plant Biology          (2024) 24:686 

Several DEGs (Glyma.06G028900, Glyma.09G225400, 
Glyma.13G104700, Glyma.14G099000, and 
Glyma.17G054500) were significantly enriched in cyto-
kinin metabolism. Those genes were up-regulation, 
which had been validated by qRT-PCR. Those five genes 
belonged to cytokinin oxidase/dehydrogenase (CKX) 
genes (Fig.  5). Cytokinin oxidase/dehydrogenase cata-
lyzes the degradation of cytokinin [55]. Therefore, the 
cytokinin content in rl was reduced possibly due to the 
up-regulation cytokinin oxidase/dehydrogenase genes.

In this study, two DEGs about auxin metabolism were 
also founded. Glyma.13G048200 and Glyma.13G048500 
were down-regulation genes, which had been validated 
by qRT-PCR (Fig. 6). They were orthologs of AT1G14130 
(DAO1) that caused IAA degradation [56, 57]. Thus, the 
IAA content may increase in rl.

The difference of endogenous hormone level between HX3 
and rl
For purpose of verifying suppose, endogenous hor-
mone content was measured of HX3 and rl (Fig.  7, 
Table S3). By contrast with HX3,  GA1 content was 
lower strikingly in rl (Fig.  7A), but  GA3 content was 
significantly higher in rl, and GA content  (GA1,  GA3, 
 GA4 and  GA7) was similar between HX3 (0.9754 ng/g) 
and rl (0.9269 ng/g). IAA content was down-regu-
lation in rl, which was opposite of RNA-seq results, 
and, IBA and IPA content were up-regulation in rl 
(Fig.  7B). ABA content also was significantly lower in 
rl (Fig.  7C). Compared with HX3, zeatin content of 
rl decreased significantly, which was consistent with 
RNA-seq results (Fig.  7D). Therefore, according to 

Fig. 4 Analysis of different expression genes about HX3 and rl. A Volcano map of different expression genes. B GO analysis of different expression 
genes. KEGG pathway enriched of down-regulation genes (C) and up-regulation genes (D)
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RNA-seq results and endogenous hormone content, 
cytokinin deserved more attention.

The effect of exogenous 6‑BA, IAA, and ABA for rl
To explore the possible effects of cytokinin on leaf 
type, using cytokinin 6-BA sprayed HX3 and rl. After 

6-BA treatment, leaf of rl was expanded and not rolled 
(Fig. 8A, B). Leaf length and leaf width of HX3 reduced 
significantly all, but leaf index was not changed. Leaf 
length of rl decreased, but leaf width was not changed, 
thus the leaf index of rl decreased significantly. How-
ever, the leaf index of rl still was larger, and the leaf 

Fig. 5 DEGs about cytokinin metabolism pathway. A DEGs took part in cytokinin degradation pathway. B qRT-PCR validation of the transcriptome 
data

Fig. 6 DEGs about auxin metabolism. A DEGs took part in auxin degradation pathway. B qRT-PCR validation of the transcriptome data
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shape of rl was narrower (Fig. 8C-E). Therefore, 6-BA 
could rescue rolled leaf enough and narrow leaf partly 
in soybean. After 6-BA treatment, the cell area of new 
leaf epidermis in HX3 and rl were both reduced, and 
the cell area of rl was similar between upper epidermis 
and lower epidermis, however, the cell area of upper 
epidermis was bigger than that of lower epidermis 
without 6-BA treatment (Fig.  3, Fig. S1). Thus, 6-BA 
rescued leaf type of rl through regulating cell develop-
ment of epidermis. In addition, 6-BA affected only the 
tender leaves; the mature leaves after treatments were 
still rolled, demonstrating that the phenotype of rolled 
and narrow leaves was determined in the early stage of 
leaf development (Fig.  8A). What’s more, after 6-BA 
treatment, the expression level of CKX genes was both 
up-regulation in HX3 and rl (Fig. S2), thus the expres-
sion of those CKX genes was induced by 6-BA. How-
ever, CKX genes increased more greatly in HX3.

In order to test whether lower IAA and lower ABA 
result in leaf type of rl, 10 µM IAA and 10 µM ABA were 
used to spray HX3 and rl. After IAA treatment, leaf was 
still rolled of rl (Fig. 9A). Leaf length didn’t change, leaf 
width reduced slightly and leaf index increased slightly 

both of HX3 and rl (Fig. 9B-D). After ABA treatment, leaf 
type of rl wasn’t rescued also (Fig, 10). Those results indi-
cated that lower IAA and ABA didn’t affect rolled and 
narrow leaf type of HX3 and rl.

Discussion
Leaves are not only the main organ of photosynthesis, 
but also determine variation in canopy closure, which 
controls crop yield [58, 59]. In soybean, canopy cover-
age is a desirable trait that is a major determinant of 
yield, and leaflet shape is associated with canopy cov-
erage, which determines distribution of light through 
the canopy [4]. Therefore, it’s necessary to study the 
leaflet development of soybean for improving yield.

In soybean, some genes have been identified that 
regulate leaflet development. Furthermore, sev-
eral genes control leaf development and grain yield 
together. Ln is known as a crucial gene that controls 
both leaflet shape and number of seeds per pod [19, 
20]. Silencing GmFAD3 changed leaflet morphology, 
increased seeds size and enhanced seed yield [60]. 
Similarly, GmKIX8-1 knockout lines showed larger 
leaf size and seed size, 100 seed weight increased [22]. 

Fig. 7 Endogenous hormone content of HX3 and rl. A The content of gibberellin. B The content of auxin. C The content of cytokinin. D The content 
of abscisic acid. Data are mean ± SD, n = 3. ‘*’ indicates significant differences at p = 0.05 level, ‘**’ indicates significant differences at p = 0.01 level



Page 9 of 13Xu et al. BMC Plant Biology          (2024) 24:686  

And BS1 also could lead to similar results. Down-reg-
ulation of BS1 orthologs resulted in increscent organ 
size and seed weight in soybean [61]. While, overex-
pression of GmMYB reduced leaf area, but increased 
pod number per plant, seed number per plant and seed 
weight per plant, hence, GmMYB could improve soy-
bean yield [62]. Similar phenomenon also was founded 
in rice [63]. Therefore, leaf morphology and yield traits 
may be selected together in the process of domestica-
tion. In this study, rl also showed narrow pod, narrow 
seed, and reduced 100 seed weight. Probably, in HX3 
and rl, a mutation gene resulted rolled and narrow leaf, 
narrow pod and narrow seed simultaneously. Besides 
narrow leaflet phenotype, rolled leaflet was another 
distinct character of rl. Few genes have been founded, 
which control rolled leaflet in soybean, but the molec-
ular mechanism of rolled leaf is still unknown, and 
the relationship between curly leaflet and yield is still 
unknown also. Thus, rl is a suitable material for fur-
ther study about rolled leaf. In this study, using RNA-
seq data, we analysed the expression level of several 

genes that were identified to regulate leaf type in soy-
bean. Those 15 genes had similar expression pattern 
between HX3 and rl (Fig. S3). Thus, those 15 genes 
didn’t contribute leaf type of rl under transcriptional 
level.

Leaf development includes leaf initiation, polarity 
establishment and maintenance, leaf flattening, and 
intercalary growth [64], so many genes and hormones 
participate in this complex process, and cytokinin 
plays an important role in leaf development. Cytokinin 
managed SAM maintenance, and inhibited leaf initia-
tion [65], and it acted downstream of KNOX1, which 
was responsible for stem cell maintenance in SAM 
[26, 66]. Cytokinin oxidase/dehydrogenase (CKX) is 
the enzyme that catalyzes the irreversible degradation 
of active cytokinin. Using the lateral organ-specific 
promoter expressed AtCKX3 in Arabidopsis insulted 
in smaller leaf and using the 35S promoter expressed 
AtCKX3 in tomato leaded to a strong phenotype of 
small plants with inhibited growth and small, sim-
plified leaves, which was similar to phenotype of 

Fig. 8 Cytokinin rescued rolled and narrow leaf. Plant phenotype (A) and leaf phenotype (B) after 6-BA treatment. Leaf length (C), leaf width (D) 
and leaf index (E) after 6-BA treatment. Data are mean ± SD, n = 3. Scale bar represents 5 cm. Different letters denote significant difference at p = 0.05 
level
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35Spro:CKX3 in Arabidopsis [67, 68]. Lateral research 
showed the epidermal cell size of 35Spro:CKX3 and 
ANT:CKX3 was increased significantly [69]. In rl, the 
upper epidermal cell size was also increased, and that 
was consistent with others results. In this study, five 
genes which encoded cytokinin oxidase/dehydroge-
nase were identified (Fig.  5). The expression level of 
these genes was higher in rl, which may reduce the 
level of cytokinin in rl. Endogenous cytokinin deter-
mination results verified our conjecture, as well. In rl, 
zeatin content was lower, which also revealed those 
up-regulation CKX were related to zeatin degradation 
mainly in soybean. After 6-BA treatment, those CKX 
genes were up-regulate both in HX3 and rl (Fig. S2), 
this result was consistent others research [70]. But the 
expression level of CKX genes increased more greatly 
in HX3, which may due to the lower cytokinin level 
in rl. And 6-BA treatment leaded that the cell size of 
upper epidermis was similar to the cell size of lower 
epidermis in rl, but the cell size of upper epidermis 

was larger than the cell size of lower epidermis in rl 
without 6-BA treatment. After 6-BA treatment, the 
cell size of epidermis about HX3 and rl both reduced, 
but the cell size of rl was still larger than the cell size of 
HX3 (Fig. S1, Fig. 3). The leaf phenotype also showed 
6-BA could rescue rolled leaflet phenotype enough and 
rescue narrow leaflet phenotype partially. Therefore, 
the change of cytokinin content leaded rolled and nar-
row leaf in rl by regulating cell development, but there 
may be other factors regulate rolled and narrow leaf 
together with cytokinin, which need more research.

Conclusions
In this study, we characterized a rolled-leaflet mutant 
rl of soybean. Mutant rl showed rolled and narrow leaf, 
leaf area was smaller. Anatomical and cytological analy-
sis demonstrated that the cell size of epidermis increased 
observably in rl, and cell growth was different between 
upper epidermis and lower epidermis of rl, which may 
cause rolled and narrow leaf. Transcriptome analysis and 

Fig. 9 IAA didn’t affect leaf type. A Leaf phenotype with IAA treatment. Leaf length (B), leaf width (C) and leaf index (D) with IAA treatment. Data 
are mean ± SD, n = 3. Scale bar represents 5 cm. Different letters denote significant difference at p = 0.05 level
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endogenous hormone determination showed that up-
regulation CKX resulted lower cytokinin in rl. 6-BA treat-
ment results indicated that cytokinin could rescue rolled 
and narrow leaflet of rl indeed. IAA and ABA were lower 
in rl, but IAA and ABA didn’t affect leaf type in HX3 and 
rl. We speculate that cytokinin is the factor which leaded 
to rolled and narrow leaf, and plays an important role in 
leaf development. The results of this study provide infor-
mation for further understanding of leaf development in 
soybean.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12870- 024- 05389-7.

Supplementary Material 1.

Supplementary Material 2.

Acknowledgements
We extend our appreciation to SCAU EQUIPMENT SHARING PLATFORM and 
its staff.

Authors’ contributions
Conceptualization, C.Y.; methodology, X.X.; software, Y.W. and J.J.; validation, 
X.X., H.L. and X.Z.; formal analysis, X.X.; writing—review and editing, X.X., Y.W. 
and L.M.; supervision, C.Y.; funding acquisition, C.Y. All authors have read and 
agreed to the published version of the manuscript.

Funding
This work was supported by the open competition program of top ten critical 
priorities of Agricultural Science and Technology Innovation for the 14th 
Five-Year Plan of Guangdong Province (2022SDZG05), the Major Program 
of Guangdong Basic and Applied Research (2019B030302006), the National 
Natural Science Foundation of China (Grant Nos. 32172061).

Availability of data and materials
We have uploaded RNA-seq data to NCBI, the accession number is 
PRJNA1031766.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Fig. 10 ABA didn’t affect leaf type. A Leaf phenotype with ABA treatment. Leaf length (B), leaf width (C) and leaf index (D) with ABA treatment. 
Data are mean ± SD, n = 3. Scale bar represents 5 cm. Different letters denote significant difference at p = 0.05 level

https://doi.org/10.1186/s12870-024-05389-7
https://doi.org/10.1186/s12870-024-05389-7


Page 12 of 13Xu et al. BMC Plant Biology          (2024) 24:686 

Received: 23 February 2024   Accepted: 5 July 2024

References
 1. Burgess AJ, Retkute R, Herman T, Murchie EH. Exploring Relationships 

between Canopy Architecture, Light Distribution, and Photosynthesis in 
Contrasting Rice Genotypes Using 3D Canopy Reconstruction. FRONT 
PLANT SCI. 2017;8:734.

 2. Emmel C, D’Odorico P, Revill A, Hörtnagl L, Ammann C, Buchmann N, 
Eugster W. Canopy photosynthesis of six major arable crops is enhanced 
under diffuse light due to canopy architecture. GLOBAL CHANGE BIOL. 
2020;26(9):5164–77.

 3. Tamang BG, Zhang Y, Zambrano MA, Ainsworth EA. Anatomical determi-
nants of gas exchange and hydraulics vary with leaf shape in soybean. 
ANN BOT-LONDON. 2023;131(6):909–20.

 4. Virdi KS, Sreekanta S, Dobbels A, Haaning A, Jarquin D, Stupar RM, Lorenz 
AJ, Muehlbauer GJ. Branch angle and leaflet shape are associated with 
canopy coverage in soybean. The Plant Genome. 2023;16(2):e20304.

 5. Cao Y, Zhong Z, Wang H, Shen R. Leaf angle: a target of genetic 
improvement in cereal crops tailored for high-density planting. PLANT 
BIOTECHNOL J. 2022;20(3):426–36.

 6. Li Y, Tao F, Hao Y, Tong J, Xiao Y, He Z, Reynolds M. Variations in pheno-
logical, physiological, plant architectural and yield-related traits, their 
associations with grain yield and genetic basis. ANN BOT-LONDON. 
2023;131(3):503–19.

 7. Li P, Cheng Z, Ma B, Palta JA, Kong H, Mo F, Wang J, Zhu Y, Lv G, Batool 
A, Bai X, Li F, Xiong Y. Dryland Wheat Domestication Changed the 
Development of Aboveground Architecture for a Well-Structured 
Canopy. PLoS ONE. 2014;9(9): e95825.

 8. Zhang L, Yu P, Liu J, Fu Q, Chen J, Wu Y, Wei X. Spatial variability of maize 
leaf area and relationship with yield. AGRON J. 2022;114(1):461–70.

 9. Tian J, Wang C, Xia J, Wu L, Xu G, Wu W, Li D, Qin W, Han X, Chen Q, 
Jin W, Tian F. Teosinte ligule allele narrows plant architecture and 
enhances high-density maize yields. Science. 2019;365:658–64.

 10. Liu S, Zhang M, Feng F, Tian Z. Toward a “Green Revolution” for Soy-
bean. MOL PLANT. 2020;13(5):688–97.

 11. Ali S, Khan N, Xie L. Molecular and Hormonal Regulation of Leaf Mor-
phogenesis in Arabidopsis. Int J Mol Sci. 2020;21(14):5132.

 12. Zhao B, Liu Q, Wang B, Yuan F. Roles of Phytohormones and Their 
Signaling Pathways in Leaf Development and Stress Responses. J AGR 
FOOD CHEM. 2021;69(12):3566–84.

 13. Kim HK, Kang ST, Suh DY. Analysis of quantitative trait loci associated 
with leaflet types in two recombinant inbred lines of soybean. Plant 
Breeding. 2005;124(6):582–9.

 14. Jeong N, Moon J, Kim HS, Kim C, Jeong S. Fine genetic mapping of the 
genomic region controlling leaflet shape and number of seeds per 
pod in the soybean. THEOR APPL GENET. 2011;122(5):865–74.

 15. Jun TH, Freewalt K, Michel AP, Mian R. Identification of novel QTL for 
leaf traits in soybean. Plant Breeding. 2014;133(1):61–6.

 16. Fang C, Ma Y, Wu S, Liu Z, Wang Z, Yang R, Hu G, Zhou Z, Yu H, Zhang 
M, Pan Y, Zhou G, Ren H, Du W, Yan H, Wang Y, Han D, Shen Y, Liu S, Liu 
T, Zhang J, Qin H, Yuan J, Yuan X, Kong F, Liu B, Li J, Zhang Z, Wang G, 
Zhu B, Tian Z. Genome-wide association studies dissect the genetic 
networks underlying agronomical traits in soybean. GENOME BIOL. 
2017;18(1):1–14.

 17. Zhao J, Chen L, Zhao T, Gai J. Chicken Toes-Like Leaf and Petalody 
Flower (CTP) is a novel regulator that controls leaf and flower develop-
ment in soybean. J EXP BOT. 2017;68(20):5565–81.

 18. Wang L, Cheng Y, Ma Q, Mu Y, Huang Z, Xia Q, Zhang G, Nian H. QTL 
fine-mapping of soybean (Glycine max L.) leaf type associated traits in 
two RILs populations. BMC GENOMICS. 2019;20(1):260–74.

 19. Jeong N, Suh SJ, Kim M, Lee S, Moon J, Kim HS, Jeong S. Ln Is a Key 
Regulator of Leaflet Shape and Number of Seeds per Pod in Soybean. 
Plant Cell. 2012;24(12):4807–18.

 20. Sayama T, Tanabata T, Saruta M, Yamada T, Anai T, Kaga A, Ishimoto M. 
Confirmation of the pleiotropic control of leaflet shape and number of 
seeds per pod by the Ln gene in induced soybean mutants. BREEDING 
SCI. 2017;67(4):363–9.

 21. Cai B, Kong X, Zhong C, Sun S, Zhou X, Jin Y, Wang Y, Li X, Zhu Z, Jin J. 
SUMO E3 Ligases GmSIZ1a and GmSIZ1b regulate vegetative growth 
in soybean. J INTEGR PLANT BIOL. 2017;59(1):2–14.

 22. Nguyen CX, Paddock KJ, Zhang Z, Stacey MG. GmKIX8-1 regulates 
organ size in soybean and is the causative gene for the major seed 
weight QTL qSw17-1. NEW PHYTOL. 2021;229(2):920–34.

 23. Reinhardt D, Mandel T, Kuhlemeier C. Auxin regulates the initiation and 
radial position of plant lateral organs. Plant Cell. 2000;12(4):507–18.

 24. Guenot B, Bayer E, Kierzkowski D, Smith RS, Mandel T, Zádníková P, Ben-
ková E, Kuhlemeier C. PIN1-Independent Leaf Initiation in Arabidopsis. 
PLANT PHYSIOL. 2012;159(4):1501–10.

 25. Hay A, Barkoulas M, Tsiantis M. ASYMMETRIC LEAVES1 and auxin activi-
ties converge to repress BREVIPEDICELLUS expression and promote 
leaf development in Arabidopsis. Development. 2006;133(20):3955–61.

 26. Yanai O, Shani E, Dolezal K, Tarkowski P, Sablowski R, Sandberg G, 
Samach A, Ori N. Arabidopsis KNOXI Proteins Activate Cytokinin Biosyn-
thesis. CURR BIOL. 2005;15(17):1566–71.

 27. Lindsay DL, Sawhney VK, Bonham-Smith PC. Cytokinin-induced 
changes in CLAVATA1 and WUSCHEL expression temporally coin-
cide with altered floral development in Arabidopsis. PLANT SCI. 
2006;170(6):1111–7.

 28. Zhang T, Lian H, Zhou C, Xu L, Jiao Y, Wang J. A Two-StepModel for de 
Novo Activation of WUSCHEL during Plant Shoot Regeneration. Plant Cell. 
2017;29(5):1073–87.

 29. Lee B, Johnston R, Yang Y, Gallavotti A, Kojima M, Travençolo BAN, Costa 
LDF, Sakakibara H, Jackson D. Studies of aberrant phyllotaxy1 Mutants of 
Maize Indicate Complex Interactions between Auxin and Cytokinin Sign-
aling in the Shoot Apical Meristem. PLANT PHYSIOL. 2009;150(1):205–16.

 30. Schruff MC, Spielman M, Tiwari S, Adams S, Fenby N, Scott RJ. The 
AUXIN RESPONSE FACTOR 2 gene of Arabidopsis links auxin signalling, 
cell division, and the size of seeds and other organs. Development. 
2006;133(2):251–61.

 31. Saini K, Markakis MN, Zdanio M, Balcerowicz DM, Beeckman T, De Veylder 
L, Prinsen E, Beemster GTS, Vissenberg K. Alteration in Auxin Homeostasis 
and Signaling by Overexpression Of PINOID Kinase Causes Leaf Growth 
Defects in Arabidopsis thaliana. FRONT PLANT SCI. 2017;8:1009.

 32. Zhang X, He L, Zhao B, Zhou S, Li Y, He H, Bai Q, Zhao W, Guo S, Liu 
Y, Chen J, Zhao Q. Dwarf and Increased Branching 1 controls plant 
height and axillary bud outgrowth in Medicago truncatula. J EXP BOT. 
2020;71(20):6355–65.

 33. Nam Y, Herman D, Blomme J, Chae E, Kojima M, Coppens F, Storme V, Van 
Daele T, Dhondt S, Sakakibara H, Weigel D, Inzé D, Gonzalez N. Natural 
Variation of Molecular and Morphological Gibberellin Responses. PLANT 
PHYSIOL. 2016;173(1):703–14.

 34. Choe S, Fujioka S, Noguchi T, Takatsuto S, Yoshida S, Feldmann KA. 
Overexpression of DWARF4 in the brassinosteroid biosynthetic pathway 
results in increased vegetative growth and seed yield in Arabidopsis. 
PLANT J. 2001;26(6):573–82.

 35. Zhiponova MK, Vanhoutte I, Boudolf V, Betti C, Dhondt S, Coppens F, 
Mylle E, Maes S, González García MP, Caño Delgado AI, Inzé D, Beemster 
GTS, Veylder L, Russinova E. Brassinosteroid production and signaling 
differentially control cell division and expansion in the leaf. New Phytol. 
2013;197(2):490–502.

 36. Hendelman A, Kravchik M, Stav R, Frank W, Arazi T. Tomato HAIRY MERIS-
TEM genes are involved in meristem maintenance and compound leaf 
morphogenesis. J EXP BOT. 2016;67(21):6187–200.

 37. Muszynski MG, Moss-Taylor L, Chudalayandi S, Cahill J, Del Valle-Echevar-
ria AR, Alvarez-Castro I, Petefish A, Sakakibara H, Krivosheev DM, Lomin 
SN, Romanov GA, Thamotharan S, Dam T, Li B, Brugière N. The Maize Hairy 
Sheath Frayed1 (Hsf1) Mutation Alters Leaf Patterning through Increased 
Cytokinin Signaling. Plant Cell. 2020;32(5):1501–18.

 38. Lang Y, Zhang Z, Gu X, Yang J, Zhu Q. Physiological and ecological effects 
of crimpy leaf character in rice (Oryza sativa L.) I. Leaf orientation, canopy 
structure and light distribution. Zuo wu xue bao. 2004;30(9):806–10.

 39. Xiang J, Zhang G, Qian Q, Xue H. SEMI-ROLLED LEAF1 Encodes a Putative 
Glycosylphosphatidylinositol-Anchored Protein and Modulates Rice Leaf 
Rolling by Regulating the Formation of Bulliform Cells. PLANT PHYSIOL. 
2012;159(4):1488–500.

 40. Yang S, Li W, Miao H, Gan P, Qiao L, Chang Y, Shi C, Chen K. REL2, A Gene 
Encoding An Unknown Function Protein which Contains DUF630 and 
DUF632 Domains Controls Leaf Rolling in Rice. RICE. 2016;9(1):1–14.



Page 13 of 13Xu et al. BMC Plant Biology          (2024) 24:686  

 41. Zhang JJ, Wu SY, Jiang L, Wang JL, Zhang X, Guo XP, Wu CY, Wan JM. A 
detailed analysis of the leaf rolling mutant sll2 reveals complex nature in 
regulation of bulliform cell development in rice (Oryza sativa L.). PLANT 
BIOLOGY. 2015;17(2):437–48.

 42. Li Y, Shen A, Xiong W, Sun Q, Luo Q, Song T, Li Z, Luan W. Overexpression 
of OsHox32 Results in Pleiotropic Effects on Plant Type Architecture and 
Leaf Development in Rice. RICE. 2016;9(1):1–15.

 43. Li WQ, Zhang MJ, Gan PF, Qiao L, Yang SQ, Miao H, Wang GF, Zhang MM, 
Liu WT, Li HF, Shi CH, Chen KM. CLD1/SRL1 modulates leaf rolling by 
affecting cell wall formation, epidermis integrity and water homeostasis 
in rice. Plant J. 2017;92(5):904–23.

 44. Zhang G, Xu Q, Zhu X, Qian Q, Xue H. SHALLOT-LIKE1 Is a KANADI 
Transcription Factor That Modulates Rice Leaf Rolling by Regulating Leaf 
Abaxial Cell Development. Plant Cell. 2009;21(3):719–35.

 45. Liu X, Li M, Liu K, Tang D, Sun M, Li Y, Shen Y, Du G, Cheng Z. Semi-Rolled 
Leaf2 modulates rice leaf rolling by regulating abaxial side cell differentia-
tion. J EXP BOT. 2016;67(8):2139–50.

 46. Hibara K, Obara M, Hayashida E, Abe M, Ishimaru T, Satoh H, Itoh J, Nagato 
Y. The ADAXIALIZED LEAF1 gene functions in leaf and embryonic pattern 
formation in rice. DEV BIOL. 2009;334(2):345–54.

 47. Cho S, Lee C, Gi E, Yim Y, Koh H, Kang K, Paek N. The Rice Rolled Fine 
Striped (RFS) CHD3/Mi-2 Chromatin Remodeling Factor Epigenetically 
Regulates Genes Involved in Oxidative Stress Responses During Leaf 
Development. FRONT PLANT SCI. 2018;9:364–77.

 48. Yang H, Shi G, Li X, Hu D, Cui Y, Hou J, Yu D, Huang F. Overexpression of a 
soybean YABBY gene, GmFILa, causes leaf curling in Arabidopsis thaliana. 
BMC PLANT BIOL. 2019;19(1):1–16.

 49. Li Y, Hou Z, Li W, Li H, Lu S, Gan Z, Du H, Li T, Zhang Y, Kong F, Cheng Y, 
He M, Ma L, Liao C, Li Y, Dong L, Liu B, Cheng Q. The legume-specific 
transcription factor E1 controls leaf morphology in soybean. BMC PLANT 
BIOL. 2021;21(1):1–12.

 50. Bresso EG, Chorostecki U, Rodriguez RE, Palatnik JF, Schommer C. Spatial 
Control of Gene Expression by miR319-Regulated TCP Transcription Fac-
tors in Leaf Development. PLANT PHYSIOL. 2018;176(2):1694–708.

 51. Tsukaya H. The leaf meristem enigma: The relationship between the plate 
meristem and the marginal meristem. Plant Cell. 2021;33(10):3194–206.

 52. Rath M, Challa KR, Sarvepalli K, Nath U. CINCINNATA-Like TCP Transcrip-
tion Factors in Cell Growth – An Expanding Portfolio. FRONT PLANT SCI. 
2022;13:825341–2.

 53. de Farias MP, de Capdeville G, Falcão R, de Moraes PB, Leão AP, Camillo 
J, Da Cunha RNV, Alves AA, Souza MT. Microscopic characterization of 
American oil palm (Elaeis oleifera (Kunth) Cortés) floral development. 
Flora. 2018;243:88–100.

 54. Zhao X, Sun XF, Zhao LL, Huang LJ, Wang PC. Morphological, transcrip-
tomic and metabolomic analyses of Sophora davidii mutants for plant 
height. BMC PLANT BIOL. 2022;22(1):144.

 55. Schmülling T, Werner T, Riefler M, Krupková E, Bartrina Y, Manns I. Struc-
ture and function of cytokinin oxidase/dehydrogenase genes of maize, 
rice, Arabidopsis and other species. J PLANT RES. 2003;116(3):241–52.

 56. Zhao Z, Zhang Y, Liu X, Zhang X, Liu S, Yu X, Ren Y, Zheng X, Zhou K, Jiang 
L, Guo X, Gai Y, Wu C, Zhai H, Wang H, Wan J. A role for a dioxygenase 
in auxin metabolism and reproductive development in rice. DEV CELL. 
2013;27(1):113–22.

 57. Zhang J, Lin JE, Harris C, Campos Mastrotti Pereira F, Wu F, Blakeslee 
JJ, Peer WA. DAO1 catalyzes temporal and tissue-specific oxida-
tive inactivation of auxin in Arabidopsis thaliana. Proc Natl Acad Sci. 
2016;113(39):11010–5.

 58. Zheng B, Shi L, Ma Y, Deng Q, Li B, Guo Y. Comparison of architecture 
among different cultivars of hybrid rice using a spatial light model based 
on 3-D digitising. FUNCT PLANT BIOL. 2008;35(10):900.

 59. Burgess AJ, Retkute R, Herman T, Murchie EH. Exploring Relationships 
between Canopy Architecture, Light Distribution, and Photosynthesis in 
Contrasting Rice Genotypes Using 3D Canopy Reconstruction. FRONT 
PLANT SCI. 2017;8:734–48.

 60. Singh AK, Fu DQ, El-Habbak M, Navarre D, Ghabrial S, Kachroo A. Silenc-
ing genes encoding omega-3 fatty acid desaturase alters seed size and 
accumulation of Bean pod mottle virus in soybean. MOL PLANT MICROBE 
IN. 2011;24(4):506–15.

 61. Ge L, Yu J, Wang H, Luth D, Bai G, Wang K, Chen R. Increasing seed size 
and quality by manipulatingBIG SEEDS1 in legume species. Proc Natl 
Acad Sci. 2016;113(44):12414–9.

 62. Chen L, Yang H, Fang Y, Guo W, Chen H, Zhang X, Dai W, Chen S, Hao Q, 
Yuan S, Zhang C, Huang Y, Shan Z, Yang Z, Qiu D, Liu X, Tran LSP, Zhou 
X, Cao D. Overexpression of GmMYB14 improves high-density yield 
and drought tolerance of soybean through regulating plant architec-
ture mediated by the brassinosteroid pathway. PLANT BIOTECHNOL J. 
2021;19(4):702–16.

 63. Wang J, Xu J, Wang L, Zhou M, Nian J, Chen M, Lu X, Liu X, Wang Z, Cen J, 
Liu Y, Zhang Z, Zeng D, Hu J, Zhu L, Dong G, Ren D, Gao Z, Shen L, Zhang 
Q, Li Q, Guo L, Yu S, Qian Q, Zhang G. SEMI‐ROLLED LEAF 10 stabilizes 
catalase isozyme B to regulate leaf morphology and thermotolerance in 
rice (Oryza sativa L.). PLANT BIOTECHNOL J. 2023;21(4):819–38.

 64. Du F, Guan C, Jiao Y. Molecular Mechanisms of Leaf Morphogenesis. MOL 
PLANT. 2018;11(9):1117–34.

 65. Besnard F, Refahi Y, Morin V, Marteaux B, Brunoud G, Chambrier P, Rozier 
F, Mirabet V, Legrand J, Lainé S, Thévenon E, Farcot E, Cellier C, Das P, 
Bishopp A, Dumas R, Parcy F, Helariutta Y, Boudaoud A, Godin C, Traas J, 
Guédon Y, Vernoux T. Cytokinin signalling inhibitory fields provide robust-
ness to phyllotaxis. Nature. 2014;505(7483):417–21.

 66. Hay A, Tsiantis M. KNOX genes: versatile regulators of plant development 
and diversity. Development. 2010;137(19):3153–65.

 67. Shani E, Ben-Gera H, Shleizer-Burko S, Burko Y, Weiss D, Ori N. Cyto-
kinin Regulates Compound Leaf Development in Tomato. Plant Cell. 
2010;22(10):3206–17.

 68. Werner T, Motyka V, Laucou V, Smets R, Van Onckelen H, Schmülling 
T. Cytokinin-Deficient Transgenic Arabidopsis Plants Show Multiple 
Developmental Alterations Indicating Opposite Functions of Cyto-
kinins in the Regulation of Shoot and Root Meristem Activity. Plant Cell. 
2003;15(11):2532–50.

 69. Holst K, Schmülling T, Werner T. Enhanced cytokinin degradation in leaf 
primordia of transgenic Arabidopsis plants reduces leaf size and shoot 
organ primordia formation. J PLANT PHYSIOL. 2011;168(12):1328–34.

 70. Du Y, Zhang Z, Gu Y, Li W, Wang W, Yuan X, Zhang Y, Yuan M, Du J, Zhao Q. 
Genome-wide identification of the soybean cytokinin oxidase/dehydro-
genase gene family and its diverse roles in response to multiple abiotic 
stress. FRONT PLANT SCI. 2023;14:1163219.

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


	Morphological characterization and transcriptome analysis of rolled and narrow leaf mutant in soybean
	Abstract 
	Background 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	Plant materials and measurement of phenotypic traits
	Anatomical analysis
	Total RNA extraction and transcriptome sequencing
	Quantitative real-time PCR (qRT-PCR)
	Endogenous hormone content determination
	Hormone treatment

	Results
	The difference of leaf morphology between mutate line rl and wild-type
	The difference of leaf tissue and cell size between mutate line rl and wild-type
	The differential expression genes between mutate line rl and wild-type
	The difference of endogenous hormone level between HX3 and rl
	The effect of exogenous 6-BA, IAA, and ABA for rl

	Discussion
	Conclusions
	Acknowledgements
	References


