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ABSTRACT 
 

 

The indeterminate growth habit and asynchronous pod maturation in flixweed (Descurainia sophia) lead 

to seed shattering and a consequent reduction in economic yield. Genes involved in the formation and 

differentiation of the dehiscence zone play a pivotal role by promoting or suppressing valve margin tissue 

identity. In this study, the expression of four key genes— INDEHISCENT (IND), ALCATRAZ (ALC), 

REPLUMLESS (RPL), and FRUITFULL (FUL) —was investigated under two plant hormone treatments 

(indole-3-butyric acid (IBA) and gibberellic acid (GA)), each applied at four different concentrations. 

Among these genes, IND and ALC promote seed shattering, whereas RPL and FUL function as negative 

regulators of pod dehiscence. In addition, six quantitative traits and their correlations with the expression 

of target genes were evaluated. The results showed that both IBA and GA influenced seed shattering by 

directly modulating the expression of genes responsible for the differentiation of the lignification layer 

(LL) and separation layer (SL). IBA at 40 mg L-1 was identified as the most effective treatment for 

reducing seed shattering in flixweed. Correlation analyses revealed significant relationships (r=0.31-0.58, 

p<0.05) between the expression of FUL and RPL with seed yield and harvest index, whereas IND showed 

mainly negative correlations with thousand-seed weight (r=-0.34) and plant height (r=-0.15). Co-

expression network analysis highlighted HEC3, a transcription factor involved in valve margin 

development, and RPL as central regulators in the genetic control of seed shattering. Plants treated with 

IBA 40 mg L-1 exhibited the highest harvest index, increased expression of the seed-retention genes FUL 

and RPL, and reduced expression of the shattering-promoting genes IND and ALC. Although GA at 15 

mg L-1 represented the most effective treatment, IBA at 40 mg L-1 consistently produced superior 

improvements in growth, yield, and seed shattering reduction. 
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1. Introduction 

Flixweed (Descurainia sophia), also known by its 

synonyms Sisymbrium sophia and Sisymbrium irio, is 

an annual or biennial herb belonging to the family 

Brassicaceae. The plant can reach up to one meter in 

height, and its small, slightly elongated seeds are 

enclosed within slender pods that occur in two distinct 

colors (Lehnhoff et al., 2025). A major agronomic 

challenge in flixweed cultivation is the asynchronous 

maturation of pods along the main stem, which leads to 

seed shattering and consequently lowers economic 

yield. In many plant species, the inflorescence 

meristem remains active after the transition from the 
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vegetative to the reproductive phase, continuously 

producing flowers and fruits. This growth pattern, 

known as indeterminate flowering/inflorescence, is 

characterized by a prolonged activity of the apical 

meristem, which keeps generating floral organs even 

after fruit set. In contrast, determinate inflorescence 

terminates after a fixed number of flowers, as the apical 

meristem differentiates into a terminal flower. 

Flixweed follows an indeterminate flowering pattern, 

typically blooming from late May to early July 

(Balanzà et al., 2019; Lehnhoff et al., 2025). Genes 

involved in the formation and regulation of the pod 

dehiscence zone are critical for pod development and 
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seed retention. Among these, FUL, SHP1, SHP2, ALC, 

IND, and RPL are of particular importance. The genes 

SHATTERPROOF1 (SHP1), SHATTERPROOF2 

(SHP2), IND, and ALC enhance pod opening by 

promoting differentiation of the dehiscence zone, while 

FUL and RPL act antagonistically by suppressing 

shattering through their effects on valve margin cells. 

Thus, changes in the expression of these genes directly 

influence the degree of seed shattering in flixweed. 

Reducing seed shattering must be achieved without 

compromising seed size or number, as pod retention 

alone does not guarantee maximum yield. 

Pod dehiscence is regulated by a well-characterized 

genetic network in which several key transcription 

factors act in a coordinated manner. FUL functions as 

an upstream regulator that suppresses the expression of 

SHP1 and SHP2 in the valve tissues, thereby restricting 

dehiscence zone identity to the valve margin (Bemer et 

al., 2017; Hou et al., 2013). Whereas SHP genes do not 

exert reciprocal regulation on FUL, establishing a 

unidirectional regulatory hierarchy. This hierarchy 

provides a suitable framework to investigate whether 

exogenous application of IBA and GA can modulate 

pod dehiscence by altering the expression balance 

between upstream FUL and downstream SHP-

IND/ALC components of the network. In full mutants, 

the natural dehiscence zone fails to differentiate. 

Lignification pattern analysis of the fruit margin 

revealed that, whereas wild-type siliques possess a 

single lignified valve cell layer, ful mutants show 

lignification throughout the entire valve tissue 

(Ferrándiz and Fourquin, 2014; Liu et al., 2016). In 

Arabidopsis, SHP1 and SHP2 promote the 

differentiation of valve margin cells by activating 

downstream regulators such as IND and ALC, which 

are essential for proper formation of the separation and 

lignification layers (Ehlers et al., 2016). Single 

mutations in shp1 or shp2 have little phenotypic effect, 

but double mutants produce non-dehiscent pods, 

indicating additive gene function. Unlike wild-type 

fruits, where lignification is observed in valve margin 

cells adjacent to the dehiscence zone, shp1/shp2 

mutants show reduced lignification. FUL negatively 

regulates SHP1 and SHP2 expression, whereas SHP 

genes have no reciprocal effect on FUL. These 

observations suggest that SHP genes are activated by 

AGAMOUS (AG) while FUL acts as a repressor of SHP 

expression (Deng et al., 2011; Dreni and Kater, 2014; 

Hanano and Goto, 2011). RPL acts antagonistically to 

SHP genes by maintaining replum identity and 

spatially confining the dehiscence zone (Sun et al., 

2023). Unlike shp1/shp2 mutants that disrupt 

differentiation of the entire dehiscence zone, alc 

mutants exhibit normal external morphology and 

lignification patterns, affecting only a subset of valve 

margin tissues (Rajani and Sundaresan, 2001). 

Together, the FUL–SHP–IND/ALC regulatory module 

establishes precise spatial control over valve margin 

development, ultimately determining pod shattering 

behavior (Fig. 1).  

 

 
Figure 1. Schematic representation of the genetic regulatory network 

controlling pod dehiscence in Sisymbrium spp. The transcription 

factors SHP1/2 act as central regulators by activating IND and ALC, 

which in turn promote pod dehiscence through proper differentiation 

of the valve margin tissues. FUL negatively regulates SHP1/2, thereby 

restricting premature dehiscence, while RPL contributes to replum 

identity and limits the spatial expansion of the dehiscence zone. Arrows 

indicate activation or promotion, and blunt-ended lines indicate 

repression or restriction. 

 

Given the importance of these genetic pathways, 

changes in the expression of pod-dehiscence genes 

strongly influence seed shattering (Zhang et al., 2020). 

However, emerging evidence suggests species-specific 

variations in gene function, indicating that functional 

validation in flixweed is still required (Lotz et al., 

2024). Plant hormones such as auxins are known to 

influence the expression of these bHLH genes and their 

downstream targets (Song et al., 2022). The 

INDEHISCENT (IND) gene encodes a basic helix–

loop–helix (bHLH) transcription factor that specifies 

valve margin identity and plays a critical role in the 

differentiation of the lignification layer (LL) and 

separation layer (SL) (Liljegren et al., 2004). 

Conversely, REPLUMLESS (RPL) encodes a 
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homeodomain protein that functions similarly to FUL 

by negatively regulating valve margin identity genes 

within the replum (Xu et al., 2022). Auxins, through 

their roles in plant growth and tissue lignification, may 

affect the expression of these key regulators. Indole-3-

butyric acid (IBA) was selected as the auxin treatment 

due to its greater chemical stability and more consistent 

physiological effects under exogenous application 

compared with IAA (Yang et al., 2025). Together, the 

combined evaluation of gibberellin and IBA provides 

an appropriate hormonal framework to investigate the 

regulation of seed shattering and yield-related traits in 

flixweed. This study aimed to identify optimal 

concentrations of IBA and GA to enhance flixweed 

yield through physiological regulation and modulation 

of key pod-dehiscence genes. 

 

2. Materials and methods 

This experiment was conducted in the research fields 

of the Research Institute of Zabol (UTM-

x=377140.224, y=3412299.207) using a completely 

randomized design with three replications. Two plant 

growth regulators were applied: IBA at concentrations 

of 10, 20, 30, and 40 mg L-1, and GA at concentrations 

of 15, 30, 45, and 60 mg L-1. These concentration 

ranges were chosen to encompass suboptimal to 

optimal levels reported in the literature, allowing the 

identification of dose-dependent responses in growth, 

yield, and seed shattering (Kalkali et al., 2023; 

Montazerinezhad et al., 2024; Paam et al., 2024; 

Ranjbar et al., 2024; Shiri et al., 2020). IBA and GA 

were applied in separate experimental treatments, 

allowing evaluation of their individual effects. Foliar 

sprays were performed at two growth stages—seedling 

and flowering—using the specified concentrations. 

Control plants were sprayed with distilled water. At 

physiological maturity, 20 plants were randomly 

selected from each plot to measure quantitative traits.  

 To examine the expression of the four key genes 

(IND, ALC, RPL, and FUL)—among which IND and 

ALC promote seed shattering, while RPL and FUL 

suppress it—four pairs of gene-specific primers were 

designed based on mRNA sequences retrieved from the 

NCBI database, using Primer3 Plus and CLC Main 

Workbench v7 (Table 1). Actin7 was used as the 

reference gene. 

 

Table 1. Sequences of primers used in the PCR reaction. The ACT7 gene was used as a reference gene. 

Gene name Gene ID  Primers 5'-3' 
Product length 

(bp) 

FUL  XM_024151164.1 
Fw TGGTCATTTCAGGGTTGTCA 

155 
Rv ACCAGACCTTCGCTTTGAGA 

RPL  XM_006398603.2 
Fw CGGACCAGCTTCAAGTTAGC 

134 
Rv TTGACCAGCAGAACACAAGC 

IND XM_006396147.2 
Fw AGTTCTTGAAACGGCAGGTG 

188 
Rv CAATCGTCGATCGAAATCCT 

ALC XM_006393847.2 
Fw TGAGGCCTTACAGCCAGAGT 

157 
Rv GCCGAATCATCACATCACTG 

Actin7 XM_006399401.2 
Fw TTCCCAAGTATTGTTGGTCGTC 

168 
Rv CCAGATCTTCTCCATGTCATCC 

 

Total RNA was extracted following the method of 

Japelaghi (Japelaghi et al., 2011). RNA quality and 

quantity were assessed by spectrophotometry and 

horizontal gel electrophoresis, and suitable samples 

were used for cDNA synthesis. Using a thermal cycler 

with gradient temperature settings, the optimal 

annealing temperature for each gene was determined. 

Quantitative real-time PCR was subsequently 

performed (in three biological and three technical 

replicates) with a Rotor-Gene 3000 system using a 2× 

Taq Master Mix PCR kit (CinaGene, Iran). Relative 

expression levels were calculated using the ΔΔCT 

method (Livak and Schmittgen, 2001). To construct the 

gene co-expression network, interaction data were 

retrieved from the STRING v11 database (Szklarczyk 

et al., 2023). Co-expression relationships were inferred 

using the co-expression evidence channel implemented 

in STRING v11. Network visualization was carried out 

using Cytoscape v3.7.1 software (Ono et al., 2025). 

Quantitative traits, including harvest index, number 

of dehisced pods, seed yield, thousand-seed weight, 

plant height, and number of seeds per pod, were 

analyzed. The experiment was conducted as a 

completely randomized design (CRD) with three 

biological replicates. Data were subjected to analysis of 

variance (ANOVA) using SAS software (v. 9), and 
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mean comparisons were performed using an 

appropriate post-hoc test at p<0.05. Correlations 

between gene expression levels and quantitative traits 

were evaluated using Pearson’s correlation coefficient. 

An additional parameter measured was the 

proportion of dehisced pods per plant. Because the total 

pod number varied among plants, the proportional 

measure of dehisced pods was calculated using the ratio 

of dehisced pods to total pods (Equation 1).  

 

(1) 𝑥 =
𝑎𝑏

𝑐
 

 

Where x represents the ratio of dehisced pods to the 

total number of pods, a is the total number of examined 

plants (20 plants per treatment), b is the total number 

of split pods, and c is the total number of examined 

pods. 

 

3. Results and discussion 

While new pods continue to form along the upper 

parts of the flowering stem, the lower pods mature and 

eventually dehisce, releasing their seeds (Fig. 2). Such 

asynchronous maturation leads to substantial seed 

loss—up to 30% of potential yield (Takahashi et al., 

2020)—causing not only reduced economic return but 

also the emergence of volunteer seedlings in 

subsequent seasons and complicating harvest timing. 

 

 
Figure 2. Over a period of 3 to 4 weeks, Flixweed continuously produces 

new pods while the older pods split open and release their seeds. A 

cross-section of two dehisced pods and one intact pod clearly shows the 

differentiated cellular layers in the pod wall. Four key genes, by 

regulating the differentiation of these cells, control the process of pod 

dehiscence. 

 

Plant hormones can modify pod dehiscence by 

influencing the expression of genes associated with pod 

opening. They also affect other quantitative traits such 

as plant height, seed number per pod, and thousand-

seed weight. Therefore, reducing seed shattering must 

be achieved without compromising seed size or 

number, as pod retention alone does not guarantee 

maximum yield. 

 

3.1. Quantitative trait analysis 

Six quantitative traits—plant height, seed number 

per pod, thousand-seed weight, seed yield, and harvest 

index—were analyzed to identify the most effective 

hormone and concentration (Fig. 3). IBA treatments 

(10–40 mg L-1) significantly increased plant height 

compared with the control, with the greatest effect 

observed at 40 mg L-1 (Fig. 3a). By contrast, GA 

treatments, particularly at 60 mg L-1, caused a marked 

reduction in plant height. These findings are consistent 

with previous reports describing auxins as strong 

stimulators of shoot elongation and vegetative growth 

(Lestari et al., 2024).  

Gibberellins are generally recognized as key 

regulators of internode elongation (Dai et al., 2025); 

however, plant responses to GA are non-linear, and 

high concentrations can trigger negative feedback 

mechanisms such as induction of GA-catabolic genes 

(e.g., GA2ox) or hormonal imbalance with auxins, 

resulting in growth inhibition (Hedden and Sponsel, 

2015). The inhibitory effect of high GA concentrations 

was also evident in seed number per pod (Fig. 3b). 

Similar non-linear responses have been reported in 

other species: for example, in okra, GA application 

increased plant height but had little effect on flower 

initiation or pod formation (Mohammadi et al., 2014); 

in soybean, pod set is regulated by GA biosynthesis 

during post-flowering vegetative growth (Taniguchi et 

al., 2018); and in cauliflower (Brassica oleracea), GA 

at 200 ppm slightly increased seed number, while 

higher concentrations significantly reduced it (Prodhan 

et al., 2022).  

Collectively, these studies confirm the dose-

dependent and potentially inhibitory effects of GA 

(Abdel-Mola et al., 2022; Kalkali et al., 2023; 

Montazerinezhad et al., 2024; Paam et al., 2024; 

Ranjbar et al., 2024; Shiri et al., 2018, Shiri et al., 

2020). It should be noted that plant responses to 

gibberellic acid are highly species-specific and may 

vary depending on developmental and physiological 

context. 
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d 

 

c 

 

f 

 

e 

Figure 3. Graphs of the quantitative traits examined under IBA and GA treatments in flixweed. The traits are: a. plant height, b. number of seeds per 

pod (Averrage number counted), c. thousand-seed weight, d. grain yield, e. harvest index, and f. number of open pods per plant (Average number 

counted). The IBA treatment had a greater enhancing effect on growth and yield-related indices compared to GA. 

 

Although most previous studies have focused on the 

role of IBA in rooting and plant establishment, some 

evidence supports its positive influence on seed yield. 

For example, IBA spraying improved seed production 

in onion by increasing seed number per fruit (Gabri et 

al., 2024), which agrees with the present results. 

Overall, the growth and yield indices clearly 

demonstrate that IBA treatments outperformed GA 

treatments (Fig. 3). Similar positive effects of IBA on 

vegetative growth and yield have been reported in 

rapeseed, where IBA enhanced stem length, assimilate 

accumulation, and final seed yield (Li et al., 2024; Li 

et al., 2018). In contrast, GA responses are less 

predictable and depend strongly on concentration, 

timing, and application method; in some cases, GA 

sprays negatively affect seed production by disturbing 

floral organ development (Castro-Camba et al., 2022). 

Hormone treatments significantly reduced pod 

dehiscence compared with the control, with the greatest 

reduction observed in plants treated with IBA 40 mg L-1. 

This finding indicates that optimal IBA concentration 

effectively prevents pod splitting—a key factor in 

minimizing yield loss. Reducing seed shattering must 

be achieved without compromising seed size or 

number, as pod retention alone does not guarantee 

maximum yield. Auxins and their derivatives are 

known to increase adhesion of valve margin cells and 

interfere with tissue differentiation and lignification 
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processes, thereby enhancing pod integrity and seed 

retention (Dong and Wang, 2015; Liu et al., 2024). 

Auxin treatments likely reduce pod dehiscence by 

reinforcing valve margin cell adhesion through 

coordinated transcriptional regulation. The 

upregulation of FUL and RPL suppresses the 

expression of the bHLH genes IND and ALC, which are 

required for differentiation and separation of the valve 

margin. This regulatory shift limits the formation of a 

functional separation layer, thereby reducing cell wall 

loosening and preventing premature pod opening. 

 

3.2. Expression analysis of target genes 

The fruits of Arabidopsis, rapeseed, and other 

Brassicaceae members are siliques composed of two 

valves attached to a central replum through a 

specialized valve margin tissue. The valve margin 

contains two distinct layers: a lignification layer (LL), 

which provides mechanical tension, and a separation 

layer (SL), which secretes polygalacturonases to 

degrade cell walls and allow cell separation (Arnaud et 

al., 2010). Genes IND and ALC promote differentiation 

of LL and SL, respectively, and their increased 

expression facilitates pod opening. Conversely, FUL 

and RPL suppress the action of IND and ALC, thereby 

reducing pod dehiscence (Singh et al., 2024). 

Previous studies have shown that auxin and 

gibberellin independently influence the expression of 

genes involved in LL and SL differentiation. In 

Arabidopsis, IND acts as a central coordinator of 

multiple hormonal pathways (Simonini et al., 2017). In 

the present study, we observed that IND expression 

responded to exogenous IBA and GA treatments, 

although not in a strictly dose-dependent manner. This 

responsiveness suggests that IND may act as a 

downstream convergence point for hormone-mediated 

regulatory signals in flixweed. While our data do not 

directly dissect the molecular crosstalk mechanisms, 

the observed transcriptional modulation of IND under 

hormone treatments supports its potential role as an 

integrative node within the regulatory network. GA 

biosynthesis, enhanced by IND, is required for silique 

opening and seed dispersal (van Gelderen et al., 2016). 

Localized auxin production is also essential for SL 

differentiation (Li et al., 2019). Exogenous hormone 

treatments can therefore supply sufficient hormone 

levels to downregulate the expression of genes required 

for endogenous hormone biosynthesis, but plant 

responses remain highly non-linear (Maity et al., 

2021). 

As shown in Fig. 4, IBA treatments increased the 

expression of FUL and RPL in a concentration-

dependent manner, consistent with the observed 

reduction in pod dehiscence. In contrast to FUL and 

RPL, whose expression showed a clear dose-dependent 

increase under rising IBA concentrations and was 

consistently associated with a reduction in pod 

shattering, the expression patterns of IND and ALC did 

not follow this monotonic trend. Instead, their 

transcriptional responses varied across hormone 

concentrations and were not directly aligned with the 

observed decrease in the number of dehisced pods. 

Moya-Cuevas et al. (2024), through transcriptomic 

modeling analysis, confirmed the repressive roles of 

FUL and RPL on the SHP/IND/ALC module and the 

promotive roles of IND and ALC in SL formation, 

supporting the present findings (Moya-Cuevas et al., 

2024).  

 

 
Figure 4. Comparison of the mean relative expression of genes involved in the pod development of Flixweed under the PGRs treatments of GA and 

IBA. By upregulation of FUL/RPL and downregulation of IND/ALC, IBA at 40 mg L-1 emerged as the most effective treatment for reducing seed 

shattering in flixweed. 
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3.3. Correlations between gene expression and 

quantitative traits 

Correlation analysis revealed that FUL and RPL 

showed the strongest positive associations with seed 

yield and harvest index, while IND exhibited negative 

correlations with thousand-seed weight and plant 

height (Fig. 5). These relationships underscore the 

potential of FUL and RPL as enhancers of yield and 

harvesting efficiency, and the limiting role of IND. 

Similar patterns have been reported in Arabidopsis and 

other Brassicaceae species, where FUL promotes fruit 

tissue differentiation and seed filling (Di Marzo et al., 

2020), and RPL enhances silique growth and seed 

production capacity (Roeder et al., 2003). Conversely, 

IND is a key activator of pod opening and seed 

dispersal, and ALC participates in seed release and fruit 

maturation (Ivarson et al., 2023). These results suggest 

that suppression of IND expression could be a 

promising breeding strategy to reduce seed shattering 

and improve yield stability in flixweed. 

 

 
Figure 5. Heatmap diagram showing the correlation of the expression 

of four genes, FUL, RPL, IND and ALC with changes in the quantitative 

traits in the flixweed. The color intensity from blue (negative 

correlation) to red (positive correlation) indicates the direction and 

magnitude of the correlation coefficient. As can be seen, the expression 

of RPL and FUL has the highest positive correlation with harvest index 

and grain yield, while thousand-grain weight shows a significant 

negative correlation with most genes. 

 

Interestingly, thousand-seed weight showed a 

negative correlation with IND and ALC expression, 

which are known promoters of pod shattering. 

Although this relationship appears counterintuitive, it 

may reflect a developmental trade-off. Elevated 

expression of IND and ALC could accelerate valve 

margin differentiation and separation layer formation, 

potentially reallocating assimilates toward structural 

remodeling processes rather than seed filling. 

Alternatively, higher activity of these shattering-related 

genes may be associated with earlier pod maturation, 

thereby shortening the effective seed-filling period. 

Further functional analyses are required to clarify this 

relationship. 

 

3.4. Gene co-expression network analysis 

Network reconstruction revealed a central role for 
HEC3 in flixweed pod maturation (Fig. 6). 
Topological analysis using betweenness centrality 
(BC) and closeness centrality (CC) identified HEC3 
and RPL as hub genes with the highest BC value 
(0.0714) (Table 2).  

 

 
Figure 6. Gene network of the studied genes involved in seed shattering 

in flixweed. The size of each node represents the CC value (larger nodes 

indicate higher values), and the color of each node represents the BC 

value (nodes with higher values are closer to red, while lower values are 

closer to blue). Similarly, thicker and more reddish edges indicate 

higher Edge Betweenness (EB) values. The network topology suggests 

that the HEC3 gene plays an important role in the maturation process 

of flixweed siliques. 

 
Table 2. Topological analysis of coexpression network 

of genes involved in Flixweed shattering seed  

Name Edge count 
Betweenness 

centrality 

Closeness 

centrality 

HEC3 4 0.071429 1 

RPL 4 0.071429 0.666667 

ACI1 3 0 1 

SPT 3 0 0 

FUL 2 0 0.75 

ALC 1 0 0 

SHP1 1 0 0.5 

SHP2 1 0 0.5 

IND 1 0 1 

 

The prominent network position of HEC3 is 

noteworthy. Although ACI1 and IND also showed high 

CC values, HEC3 and RPL were distinguished by their 

simultaneous prominence across all evaluated 

parameters. Therefore, our interpretation emphasizes 

these two genes as principal hubs within the network. 

Members of the HECATE (HEC1/2/3) family are 

bHLH transcription factors expressed in the female 

reproductive tissues of the gynoecium (Arias-Pérez et 

al., 2025). These regulatory roles have been associated 
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with the establishment of transmission tissues and 

hormone gradients required for activation of IND and 

ALC at the valve margin (Schuster et al., 2015). In the 

present study, this connection is interpreted in light of 

previous findings, as hormone gradients were not 

directly quantified. HEC3 was not included as an initial 

candidate gene and, to our knowledge, has not been 

directly implicated in pod shattering in previous 

studies. However, it emerged as a central hub in the 

unbiased co-expression network constructed from our 

dataset. Given its prominent network connectivity, 

HEC3 may represent a previously unrecognized 

regulatory component associated with pod dehiscence 

in flixweed. This observation should be considered 

hypothesis-generating and requires further functional 

validation. Although the genetic network controlling 

pod dehiscence has been extensively characterized in 

Arabidopsis, its functional relevance in flixweed 

remains largely unexplored. Given the distinct growth 

habit and agronomic importance of flixweed, 

functional validation of this network in this species is 

required.  

 

4. Conclusion 

Hormonal regulation significantly influences pod 

dehiscence and, consequently, the final yield of 

flixweed (Descurainia sophia). In this study, two plant 

growth regulators—indole-3-butyric acid (IBA) at 

concentrations of 10, 20, 30, and 40 mg L-1 and 

gibberellic acid (GA) at concentrations of 15, 30, 45, 

and 60 mg L-1—were applied to evaluate their effects 

on pod shattering and associated gene expression. Five 

key agronomic traits (plant height, seed number per 

pod, thousand-seed weight, seed yield, and harvest 

index) were analyzed to determine the most effective 

treatment. The results demonstrated that both IBA and 

GA independently modulated the expression of genes 

controlling the differentiation of the lignification layer 

(LL) and separation layer (SL), which are essential for 

pod opening. Overall, IBA treatments produced 

stronger positive effects on growth and yield indices 

compared with GA. Correlation analyses revealed that 

FUL and RPL had the highest positive associations 

with seed yield and harvest index, whereas IND 

exhibited negative correlations with thousand-seed 

weight and plant height. Considering the combined 

evidence from yield indices, quantitative trait analyses, 

pod dehiscence rates, and the expression patterns of 

key genes, IBA at 40 mg L-1 emerged as the most 

effective treatment for reducing seed shattering in 

flixweed. Plants treated with IBA 40 mg L-1 achieved 

the highest harvest index, showed elevated expression 

of the seed-retention genes FUL and RPL, and 

exhibited reduced expression of the shattering-

promoting genes IND and ALC. Overall, IBA at 40 mg 

L-1 proved to be the most effective treatment in 

enhancing yield-related traits and reducing silique 

shattering. These findings suggest that the application 

of IBA at this concentration represents a practical and 

viable strategy to mitigate yield loss in flixweed 

cultivation. The strong edge between HEC3 and RPL, 

along with their high CC values, suggests that these 

genes are suitable targets for expression manipulation 

or transient genetic interference (e.g., RNAi/CRISPRi) 

to further elucidate the regulatory mechanisms of seed 

shattering in flixweed. Taken together, the network 

topology analysis, highlighting HEC3 and RPL as 

central regulatory nodes, aligns with the observed 

transcriptional modulation and physiological 

improvements under IBA treatment, collectively 

linking molecular coordination with reduced pod 

shattering and enhanced yield performance in flixweed. 

 

Conflict of interests 

All authors declare no conflict of interest. 

 

Ethics approval and consent to participate 

No humans or animals were used in the present 

research. The authors have adhered to ethical 

standards, including avoiding plagiarism, data 

fabrication, and double publication. 

 

Consent for publications 

All authors read and approved the final manuscript 

for publication. 

 

Availability of data and material  

All the data are embedded in the manuscript. 

 

Authors' contributions 

All authors had an equal role in study design, work, 

statistical analysis and manuscript writing.  

 

Informed consent 

The authors declare not to use any patients in this 

research.  



9 Shiri et al / Agrotechniques in Industrial Crops, 202x, x(x): xx-xx 

 

  

Funding/Support 

This research was supported by the Research 
Institute of Zabol, Project code: PR-RIOZ-1403-

4183-1. 

 

References 

Abdel-Mola M.A.M., Kenawy A.G.M., Ali S.K., Ayyat A.M. 2022. 

Influence of foliar application of gibberellic acid and liquorice 

root extract on growth, volatile oil yield productivity and 

antimicrobial activity in geranium (Pelargonium graveolens L. 

her.) plants. Scientific Journal of Flowers and Ornamental 

Plants 9(4): 249-271. 

https://doi.org/10.21608/sjfop.2022.272767  

Arias-Pérez E., Luna-García V., Bernal-Gallardo J.J., de Folter S. 

2025. Identifying new players of gynoecium development using 

tissue-specific transcriptome data of Arabidopsis. Planta 

262(3): 67. https://doi.org/10.1007/s00425-025-04784-0  

Arnaud N., Girin T., Sorefan K., Fuentes S., Wood T.A., 

Lawrenson T., Sablowski R., Østergaard L. 2010. Gibberellins 

control fruit patterning in Arabidopsis thaliana. Genes & 

Development 24(19): 2127-2132. 

https://doi.org/10.1101/gad.593410  

Balanzà V., Martínez-Fernández I., Sato S., Yanofsky M.F., 

Ferrándiz C. 2019. Inflorescence meristem fate is dependent on 

seed development and FRUITFULL in Arabidopsis thaliana. 

Frontiers in Plant Science 10: 1622. 

https://doi.org/10.3389/fpls.2019.01622  

Bemer M., van Mourik H., Muiño J.M., Ferrándiz C., Kaufmann 

K., Angenent G.C. 2017. FRUITFULL controls SAUR10 

expression and regulates Arabidopsis growth and architecture. 

Journal of Experimental Botany 68(13): 3391-3403. 

https://doi.org/10.1093/jxb/erx184  

Castro-Camba R., Sánchez C., Vidal N., Vielba J.M. 2022. Plant 

development and crop yield: the role of gibberellins. Plants 

(Basel) 11(19): 2650. https://doi.org/10.3390/plants11192650  

Dai L., Zhao X., Liu S., Keerthana K., Vijayakanth V., Zhi Y., Chen 

M., Que F., Ramakrishnan M., Ahmad Z., Wei Q. 2025. 

Gibberellin-mediated internode elongation in grasses with a 

focus on bamboo: molecular pathways and regulatory 

networks. Frontiers in Plant Science 16: 1665328. 

https://doi.org/10.3389/fpls.2025.1665328  

Deng W., Ying H., Helliwell C.A., Taylor J.M., Peacock W.J., 

Dennis E.S. 2011. FLOWERING LOCUS C (FLC) regulates 

development pathways throughout the life cycle of 

Arabidopsis. Proceedings of the National Academy of Sciences 

108(16): 6680-6685. https://doi.org/10.1073/pnas.1103175108  

Di Marzo M., Herrera-Ubaldo H., Caporali E., Novák O., Strnad 

M., Balanzà V., Ezquer I., Mendes M.A., de Folter S., Colombo 

L. 2020. SEEDSTICK controls Arabidopsis fruit size by 

regulating cytokinin levels and FRUITFULL. Cell Reports 

30(8): 2846-2857.e3. 

https://doi.org/10.1016/j.celrep.2020.01.101  

Dong Y., Wang Y.Z. 2015. Seed shattering: from models to crops. 

Frontiers in Plant Science 6: 476. 

https://doi.org/10.3389/fpls.2015.00476  

Dreni L., Kater M.M. 2014. MADS reloaded: evolution of the 

AGAMOUS subfamily genes. New Phytologist 201(3): 717-

732. https://doi.org/10.1111/nph.12555  

Ehlers K., Bhide A.S., Tekleyohans D.G., Wittkop B., Snowdon 

R.J., Becker A. 2016. The MADS box genes ABS, SHP1, and 

SHP2 are essential for the coordination of cell divisions in 

ovule and seed coat development and for endosperm formation 

in Arabidopsis thaliana. PLOS ONE 11(10): e0165075. 

https://doi.org/10.1371/journal.pone.0165075  

Ferrándiz C., Fourquin C. 2014. Role of the FUL-SHP network in 

the evolution of fruit morphology and function. Journal of 

Experimental Botany 65(16): 4505-4513. 

https://doi.org/10.1093/jxb/ert479  

Gabri C.G., Soto V.C., Ibañez A.A., Galmarini C.R. 2024. Foliar 

application of boron, calcium, and indole-3-butyric acid on 

onion plants to improve seed production. Italian Journal of 

Agronomy 19(2): 100008. 

https://doi.org/10.1016/j.ijagro.2024.100008  

Hanano S., Goto K. 2011. Arabidopsis TERMINAL FLOWER1 is 

involved in the regulation of flowering time and inflorescence 

development through transcriptional repression. Plant Cell 

23(9): 3172-3184. https://doi.org/10.1105/tpc.111.088641  

Hedden P., Sponsel V. 2015. A century of gibberellin research. 

Journal of Plant Growth Regulation 34(4): 740-760. 

https://doi.org/10.1007/s00344-015-9546-1  

Hou K., Wu W., Gan S.S. 2013. SAUR36, a small auxin up RNA 

gene, is involved in the promotion of leaf senescence in 

Arabidopsis. Plant Physiology 161(2): 1002-1009. 

https://doi.org/10.1104/pp.112.212787  

Ivarson E., Ahlman A., Englund J.E., Lager I., Zhu L.H. 2023. 

Downregulation of the INDEHISCENT gene by RNAi resulted 

in desired pod shatter reduction of Lepidium campestre in 

subsequent generations. International Journal of Molecular 

Sciences 24(21): 15943. 

https://doi.org/10.3390/ijms242115943  

Japelaghi R.H., Haddad R., Garoosi G.A. 2011. Rapid and efficient 

isolation of high quality nucleic acids from plant tissues rich in 

polyphenols and polysaccharides. Molecular Biotechnology 

49(2): 129-137. https://doi.org/10.1007/s12033-011-9384-8  

Kalkali N., Emamjomeh A., Shiri Y., Solouki M. 2023. 

Investigation of hormonal treatments in physiological 

alterations of Sistan Yaghooti grapes. Applied Biology 36(1): 

159-180. (In Farsi). 

https://doi.org/10.22051/jab.2022.40942.1497  

Lehnhoff E.A., Schutte B.J., Rashid A., Sanogo S. 2025. 

Descurainia sophia (flixweed): a weed with many uses and 

ecological roles. In: Agroecology of Edible Weeds and 

Noncrop Plants: Ecology and Socioeconomic Potential of the 

Associated Plant Biodiversity. Elsevier, (pp. 209-224). 

https://doi.org/10.1016/B978-0-443-16076-9.00013-5  

Lestari D., Cahyaningrum D.T., Mayasari F., Suwarsono M.D. 

2024. Application of indole butyric acid (IBA) to improve the 

quality of MD2 pineapple seedlings from crown shoots and 

sapling shoots. IOP Conference Series: Earth and 

Environmental Science 1338(1): 012012. 

https://doi.org/10.1088/1755-1315/1338/1/012012   

 

https://doi.org/10.21608/sjfop.2022.272767
https://doi.org/10.1007/s00425-025-04784-0
https://doi.org/10.1101/gad.593410
https://doi.org/10.3389/fpls.2019.01622
https://doi.org/10.1093/jxb/erx184
https://doi.org/10.3390/plants11192650
https://doi.org/10.3389/fpls.2025.1665328
https://doi.org/10.1073/pnas.1103175108
https://doi.org/10.1016/j.celrep.2020.01.101
https://doi.org/10.3389/fpls.2015.00476
https://doi.org/10.1111/nph.12555
https://doi.org/10.1371/journal.pone.0165075
https://doi.org/10.1093/jxb/ert479
https://doi.org/10.1016/j.ijagro.2024.100008
https://doi.org/10.1105/tpc.111.088641
https://doi.org/10.1007/s00344-015-9546-1
https://doi.org/10.1104/pp.112.212787
https://doi.org/10.3390/ijms242115943
https://doi.org/10.1007/s12033-011-9384-8
https://doi.org/10.22051/jab.2022.40942.1497
https://doi.org/10.1016/B978-0-443-16076-9.00013-5
https://doi.org/10.1088/1755-1315/1338/1/012012


10 Shiri et al / Agrotechniques in Industrial Crops, 202x, x(x): xx-xx 

 

  

Li J.H., Feng N.J., Zheng D.F., Du X.L., Wu J.S., Wang X. 2024. 

Regulation of seed soaking with indole-3-butyric acid 

potassium salt (IBA-K) on rapeseed (Brassica napus L.) 

seedlings under NaCl stress. BMC Plant Biology 24(1): 904. 

https://doi.org/10.1186/s12870-024-05586-4  

Li S.W., Zeng X.Y., Leng Y., Feng L., Kang X.H. 2018. Indole-3-

butyric acid mediates antioxidative defense systems to promote 

adventitious rooting in mung bean seedlings under cadmium 

and drought stresses. Ecotoxicology and Environmental Safety 

161: 332-341. https://doi.org/10.1016/j.ecoenv.2018.06.003  

Li X.R., Vroomans R.M.A., Fox S., Grieneisen V.A., Østergaard 

L., Marée A.F.M. 2019. Systems biology approach pinpoints 

minimum requirements for auxin distribution during fruit 

opening. Molecular Plant 12(6): 863-878. 

https://doi.org/10.1016/j.molp.2019.05.003  

Liljegren S.J., Roeder A.H., Kempin S.A., Gremski K., Østergaard 

L., Guimil S., Reyes D.K., Yanofsky M.F. 2004. Control of 

fruit patterning in Arabidopsis by INDEHISCENT. Cell 116(6): 

843-853. https://doi.org/10.1016/S0092-8674(04)00217-X   

Liu J., Wang W., Mei D., Wang H., Fu L., Liu D., Li Y., Hu Q. 

2016. Characterizing variation of branch angle and genome-

wide association mapping in rapeseed (Brassica napus L.). 

Frontiers in Plant Science 7: 21. 

https://doi.org/10.3389/fpls.2016.00021  

Liu L., Javed H.H., Hu Y., Luo Y.Q., Peng X., Wu Y.C. 2024. 

Research progress and mitigation strategies for pod shattering 

resistance in rapeseed. PeerJ 12: e18105. 

https://doi.org/10.7717/peerj.18105  

Livak K.J., Schmittgen T.D. 2001. Analysis of relative gene 

expression data using real-time quantitative PCR and the 

2−ΔΔCT method. Methods 25(4): 402-408. 

https://doi.org/10.1006/meth.2001.1262   

Lotz D., Rössner L.H., Ehlers K., Kong D., Rössner C., Rupp O., 

Becker A. 2024. Conservation of the dehiscence zone gene 

regulatory network in dicots and the role of the SEEDSTICK 

ortholog of California poppy (Eschscholzia californica) in fruit 

development. EvoDevo 15(1): 16. 

https://doi.org/10.1186/s13227-024-00236-0  

Maity A., Lamichaney A., Joshi D.C., Bajwa A., Subramanian N., 

Walsh M., Bagavathiannan M. 2021. Seed shattering: a trait of 

evolutionary importance in plants. Frontiers in Plant Science 

12: 657773. https://doi.org/10.3389/fpls.2021.657773  

Mohammadi G., Khah E.M., Petropoulos S.A., Chachalis D.B., 

Akbari F., Yarsi G. 2014. Effect of gibberellic acid and 

harvesting time on the seed quality of four okra cultivars. 

Journal of Agricultural Science 6(7): 200-211. 

https://doi.org/10.5539/jas.v6n7p200  

Montazerinezhad S., Solouki M., Emamjomeh A., Kavousi K., 

Taheri A., Shiri Y. 2024. Transcriptomic analysis of alternative 

splicing events for different stages of growth and development 

in Sistan Yaghooti grape clusters. Gene 896: 148030. 

https://doi.org/10.1016/j.gene.2023.148030  

Moya-Cuevas J., Ortiz-Gutiérrez E., López-Sánchez P., Simón-

Moya M., Ballester P., Álvarez-Buylla E.R., Ferrándiz C. 2024. 

A model for the gene regulatory network along the Arabidopsis 

fruit medio-lateral axis: rewiring the pod shatter process. Plants 

13(20): 2927. https://doi.org/10.3390/plants13202927  

Ono K., Fong D., Gao C., Churas C., Pillich R., Lenkiewicz J., Pratt 

D., Pico A.R., Hanspers K., Xin Y., Morris J., Kucera M., Franz 

M., Lopes C., Bader G., Ideker T., Chen J. 2025. Cytoscape 

Web: bringing network biology to the browser. Nucleic Acids 

Research 53(W1): W203-W212. 

https://doi.org/10.1093/nar/gkaf365  

Paam H., Emamjomeh A., Shiri Y. 2024. Effects of gibberellic acid 

and auxin on expression of genes involved in flixweed 

flowering. Iranian Journal of Plant Physiology 14(3): 5087-

5095. https://doi.org/10.71551/ijpp.2024.1025881  

Prodhan M.M., Sarker U., Hoque M.A., Biswas M.S., Ercisli S., 

Assouguem A., Ullah R., Almutairi M.H., Mohamed H.R.H., 

Najda A. 2022. Foliar application of GA3 stimulates seed 

production in cauliflower. Agronomy 12(6): 1394. 

https://doi.org/10.3390/agronomy12061394   

Rajani S., Sundaresan V. 2001. The Arabidopsis myc/bHLH gene 

ALCATRAZ enables cell separation in fruit dehiscence. 

Current Biology 11(24): 1914-1922. 

https://doi.org/10.1016/S0960-9822(01)00593-0  

Ranjbar S., Emamjomeh A., Ebrahimi M., Ghorbani A., Ebrahimie 

E., Shiri Y. 2024. Comparative analysis of bioinformatic tools 

to predict and quantify active circular RNAs during grape 

cluster development. Biologia Plantarum 68: 1-11. 

https://doi.org/10.32615/bp.2023.038  

Roeder A.H.K., Ferrándiz C., Yanofsky M.F. 2003. The role of the 

REPLUMLESS homeodomain protein in patterning the 

Arabidopsis fruit. Current Biology 13(18): 1630-1635. 

https://doi.org/10.1016/j.cub.2003.08.027  

Schuster C., Gaillochet C., Lohmann J.U. 2015. Arabidopsis 

HECATE genes function in phytohormone control during 

gynoecium development. Development 142(19): 3343-3350. 

https://doi.org/10.1242/dev.120444  

Shiri Y., Solouki M., Ebrahimie E., Emamjomeh A., Zahiri J. 2018. 

Unraveling the transcriptional complexity of compactness in 

Sistan grape cluster. Plant Science 270: 198-208. 

https://doi.org/10.1016/j.plantsci.2018.02.011   

Shiri Y., Solouki M., Ebrahimie E., Emamjomeh A., Zahiri J. 2020. 

Gibberellin causes wide transcriptional modifications in the 

early stage of grape cluster development. Genomics 112(1): 

820-830. https://doi.org/10.1016/j.ygeno.2019.05.022   

Simonini S., Bencivenga S., Trick M., Østergaard L. 2017. Auxin-

induced modulation of ETTIN activity orchestrates gene 

expression in Arabidopsis. The Plant Cell 29(8): 1864-1882. 

https://doi.org/10.1105/tpc.17.00389  

Singh A.K., Pandey S.K., Singh B.P., Chauhan R.K. 2024. Benefits 

of using plant growth regulators to enhance fruit production. 

International Journal of Advanced Biochemistry Research 8(9): 

74-78. https://doi.org/10.33545/26174693.2024.v8.i9b.2080  

Song Y., Li S., Sui Y., Zheng H., Han G., Sun X., Yang W., Wang 

H., Zhuang K., Kong F., Meng Q., Sui N. 2022. SbbHLH85, a 

bHLH member, modulates resilience to salt stress by regulating 

root hair growth in sorghum. Theoretical and Applied Genetics 

135(1): 201-216. https://doi.org/10.1007/s00122-021-03960-6   

Sun W., Chen Y., Zeng J., Li C., Yao M., Liu M., Ma Z., Huang L., 

Yan J., Zhan J., Chen H., Bu T., Tang Z., Li Q., Wu Q., Hou J., 

Huang Y. 2023. The Tartary buckwheat bHLH gene 

ALCATRAZ contributes to silique dehiscence in Arabidopsis 

https://doi.org/10.1186/s12870-024-05586-4
https://doi.org/10.1016/j.ecoenv.2018.06.003
https://doi.org/10.1016/j.molp.2019.05.003
https://doi.org/10.1016/S0092-8674(04)00217-X
https://doi.org/10.3389/fpls.2016.00021
https://doi.org/10.7717/peerj.18105
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1186/s13227-024-00236-0
https://doi.org/10.3389/fpls.2021.657773
https://doi.org/10.5539/jas.v6n7p200
https://doi.org/10.1016/j.gene.2023.148030
https://doi.org/10.3390/plants13202927
https://doi.org/10.1093/nar/gkaf365
https://doi.org/10.71551/ijpp.2024.1025881
https://doi.org/10.3390/agronomy12061394
https://doi.org/10.1016/S0960-9822(01)00593-0
https://doi.org/10.32615/bp.2023.038
https://doi.org/10.1016/j.cub.2003.08.027
https://doi.org/10.1242/dev.120444
https://doi.org/10.1016/j.plantsci.2018.02.011
https://doi.org/10.1016/j.ygeno.2019.05.022
https://doi.org/10.1105/tpc.17.00389
https://doi.org/10.33545/26174693.2024.v8.i9b.2080
https://doi.org/10.1007/s00122-021-03960-6


11 Shiri et al / Agrotechniques in Industrial Crops, 202x, x(x): xx-xx 

 

  

thaliana. Plant Science 333: 111733. 

https://doi.org/10.1016/j.plantsci.2023.111733   

Szklarczyk D., Kirsch R., Koutrouli M., Nastou K., Mehryary F., 

Hachilif R., Gable A.L., Fang T., Doncheva N.T., Pyysalo S., 

Bork P., Jensen L.J., von Mering C. 2023. The STRING 

database in 2023: protein-protein association networks and 

functional enrichment analyses for any sequenced genome of 

interest. Nucleic Acids Research 51(D1): D638-D646. 

https://doi.org/10.1093/nar/gkac1000  

Takahashi Y., Kongjaimun A., Muto C., Kobayashi Y., Kumagai 

M., Sakai H., Satou K., Teruya K., Shiroma A., Shimoji M., 

Hirano T., Isemura T., Saito H., Baba-Kasai A., Kaga A., Somta 

P., Tomooka N., Naito K. 2020. Same locus for non-shattering 

seed pod in two independently domesticated legumes, Vigna 

angularis and Vigna unguiculata. Frontiers in Genetics 11: 748. 

https://doi.org/10.3389/fgene.2020.00748   

Taniguchi T., Murayama N., Hasegawa M., Nakagawa A.C.S., 

Tanaka S., Zheng S.H., Hamaoka N., Iwaya-Inoue M., Ishibashi 

Y. 2018. Vegetative growth after flowering through gibberellin 

biosynthesis regulates pod setting rate in soybean (Glycine max 

(L.) Merr.). Plant Signaling & Behavior 13(8): e1473668. 

https://doi.org/10.1080/15592324.2018.1473668   

van Gelderen K., van Rongen M., Liu A., Otten A., Offringa R. 

2016. An INDEHISCENT-controlled auxin response specifies 

the separation layer in early Arabidopsis fruit. Molecular Plant 

9(6): 857-869. https://doi.org/10.1016/j.molp.2016.03.005  

Xu M., Wang X., Liu J., Jia A., Xu C., Deng X.W., He G. 2022. 

Natural variation in the transcription factor REPLUMLESS 

contributes to both disease resistance and plant growth in 

Arabidopsis. Plant Communications 3(5): 100351. 

https://doi.org/10.1016/j.xplc.2022.100351  

Yang B., Luo Z., Zhu X., Ji Y., Ma Q., Yan F. 2025. Research 

progress on the application of plant growth regulators in the 

rapid propagation of jujube by in vitro culture. Plants 14(19): 

3012. https://doi.org/10.3390/plants14193012  

Zhang L., Kang J., Xie Q., Gong J., Shen H., Chen Y., Chen G., Hu 

Z. 2020. The basic helix-loop-helix transcription factor 

bHLH95 affects fruit ripening and multiple metabolisms in 

tomato. Journal of Experimental Botany 71(20): 6311-6327. 

https://doi.org/10.1093/jxb/eraa363   

 

 

HOW TO CITE THIS ARTICLE 
 

Shiri Y., Mohkami Z., Khammari I. 202x. Gene Expression Analysis of IND, ALC, RPL, and FUL in Reducing Seed Shattering in Flixweed (Descurainia 

sophia). Agrotechniques in Industrial Crops x(x): xx-xx. 10.22126/ATIC.2026.12895.1240  

https://doi.org/10.1016/j.plantsci.2023.111733
https://doi.org/10.1093/nar/gkac1000
https://doi.org/10.3389/fgene.2020.00748
https://doi.org/10.1080/15592324.2018.1473668
https://doi.org/10.1016/j.molp.2016.03.005
https://doi.org/10.1016/j.xplc.2022.100351
https://doi.org/10.3390/plants14193012
https://doi.org/10.1093/jxb/eraa363
https://doi.org/10.22126/atic.2026.12895.1240

