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Method: This experiment was conducted in 2023 at the laboratory of the University of
Mohaghegh Ardabili. It was performed as a three-factorial arrangement in a completely
randomized design (CRD) with three replications. The first factor consisted of two levels
(seeds of tribenuron-methyl sensitive and resistant biotypes), the second factor included four
levels of gibberellic acid concentration (500, 1000, 1500, and 2000 mg L), and the third
factor comprised two temperature regimes: 20/15 °C and 15/10 °C (day/night). The
measured parameters included germination percentage, germination rate and uniformity,
seed water uptake, and seedling vigor index.

Results: The sensitive biotype of wild mustard exhibited a higher final germination
percentage, and germination uniformity. The interactions of temperature x biotype and
temperature x gibberellic acid concentration were significant on seed water uptake.
Furthermore, the rate of water absorption by seeds was higher under the 10/15 °C
temperature regime compared to the 20/15 °C (day/night) regime. The sensitive biotype
showed a 1.8-fold higher germination rate and a 38% increase in seedling vigor compared to
the resistant biotype.

Conclusions: These findings not only contribute to a deeper understanding of the
mechanisms underlying herbicide resistance but also demonstrate that while resistance
provides a selective advantage, it may entail a physiological cost in the long term. This
fitness cost can be leveraged for sustainable weed management. Specifically, farmers could
potentially delay wheat sowing—provided it does not compromise wheat yield—to create
suboptimal temperature conditions that suppress the germination of resistant wild mustard
biotypes. Furthermore, the slower water uptake observed in the resistant biotype suggests
that strategic irrigation management could be employed to further inhibit its germination.
Additionally, since the germination of resistant wild mustard is slower at lower
temperatures, soil temperature monitoring can be utilized to predict the optimal timing for

implementing mechanical control measures or post-emergence herbicide applications.
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Highlights
o A simultaneous study of the effects of temperature and gibberellic acid on the

germination and growth of herbicide-sensitive and herbicide-resistant wild mustard
biotypes.

« Evaluation of the fitness cost in herbicide-resistant biotypes.

« Differential effects of growth-affecting factors on the phenotype of two wild mustard
biotypes.

Introduction

The widespread use of acetolactate synthase (ALS) inhibitors for weed control in wheat
has led to the evolution of resistance in weeds like wild mustard (Sinapis arvensis L.) (Hajati
et al., 2017). Resistance often carries a fitness cost, reducing ecological vigor. Understanding
seed ecophysiology is key to managing resistant populations (Heap, 2024). This study
evaluated the relative fitness of tribenuron-methyl-susceptible and —resistant wild mustard
biotypes by assessing their germination responses under varying temperatures and gibberellic
acid concentrations. The findings aim to inform prediction models for germination and
seedling establishment, thereby supporting the development of targeted management
strategies.

Method

This laboratory study was conducted at Mohaghegh Ardabili University in 2023. The
experiment was arranged as a three-factorial design in a completely randomized framework
with three replications. The investigated factors included: (i) seed biotype at two levels
(tribenuron-methyl-sensitive and tribenuron-methyl-resistant), (ii) gibberellic acid (GA3z)
concentration at four levels (500, 1000, 1500, and 2000 mg L), and (iii) growth temperature
regime at two levels (15/20 °C and 10/15 °C, representing day/night temperatures,
respectively).

The measured response variables encompassed germination percentage, germination rate
and uniformity, seed water uptake, and the seedling vigor index. All procedures and
assessments followed standardized protocols to ensure the reliability and reproducibility of
the collected data.

Results

Data confirmed a substantial fitness cost associated with herbicide resistance. The resistant
biotype underperformed across all measured germination parameters: final percentage,
uniformity, and rate (1.8-fold lower). Consequently, its seedlings developed 38% less vigor.
Seed water uptake, governed by significant temperature x biotype and temperature X
gibberellic acid interactions, was less effective in resistant seeds. Interestingly, the 10/15°C
temperature treatment enhanced the water absorption rate overall compared to the warmer
regime, but this did not compensate for the inherent limitations of the resistant biotype.
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Conclusions

In conclusion, the research revealed a significant fitness cost in herbicide-resistant wild
mustard biotypes, including impaired germination and growth, particularly under lower
temperatures. This vulnerability allows for practical management strategies such as delayed
crop planting, optimized irrigation, and crop rotation to suppress resistant populations.
Consequently, while herbicide resistance provides a selective advantage, it compromises
long-term weed fitness. Exploiting these weaknesses through integrated approaches is key to
developing sustainable resistance management programs.
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Table 2- Mean comparison of the main effects of temperature, wild mustard biotype, and gibberellic acid
concentration on seed germination percentage, uniformity, and seedling vigor.
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Table 3- Mean comparison of the two-way interaction effect of temperature on seedling vigor in Sinapis
arvensis (wild mustard) biotypes.

g (Gl 39,) glod 9 JoyS g azals iy a5 ls
Temperature (day/night) °C Sinapis arvensis biotype Seedling vigor index

ool Sensitive 92.92%

15/10 °C . c
pslie Resistant 57.52
e Sensitive 97.00*

20/15 °C . b
polie Resistant 77.63

Al o, B e 40 08 b gl se BT S e By lils slanSils
Means followed by the same letter are not significantly different at p < 0.05.

g azelS IS (59 89, S pmmannl cdale 5 Lty Jo,5 g (cdlg)) Lo dablran (iiSen p (Sl awslic -F Jou
azaile Job 4 azady; Job cod

Table 4- Mean comparison of the three-way interaction of temperature (day/night), Sinapis arvensis biotype,
and gibberellic acid concentration on total seedling weight and radicle-to-epicotyl length ratio.

(el 395) sloo g Uy g S oz s il azalS S 59 azads ) Job Comd
' e (5d 5o 05 o) (p 5 ko) azadle Job
Temperature Sinapi.s Gibberellic flcid Total seedling The f‘atio of
(day/night) °C arvensis concentration weight (mg) radicle to
biotype (ppm) epicotyl length
500 0.030® 1.72%
ool 1000 0.026% 1.56"°
Sensitive 1500 0.020% 0.74¢&"
ml5/10 °C 2000 0.026™ 1.28%F
500 0.020% 1.83*
plie 1000 0.033° 0.92"
Resistance 1500 0.030 1.10%¢
2000 0.030™ 1.38%¢
500 0.020% 1.45%¢
e 1000 0.023% 0.99°™
Sensitive 1500 0.013:‘ 0.57
0 2000 0.023% 0.65"
2057C 500 0030% 0.92"
polie 1000 0.026* 0.81"
Resistance 1500 0.020% 0.63"
2000 0.023% 1.06°"

Wl 0,0 B maw j0 w2 b6l gae BB g o 0 S e By, sl sl Sl
Means followed by the same letter within a column are not significantly different at p < 0.05.
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Table 5- Analysis of variance (mean squares) for the time required for 5, 10, 90, and 95% germination of wild
mustard seeds.

N - & slypi¥ o) Ve sl pi¥ oo A sl p3¥ oloj A8 sl p3¥ o)
Jovey &b.o oll az o
PESLHPE NWPRS &idlg> oy Sialez oy Sialez vy
S.0 £ Time required for Time required for Time required for Time required for
0.V. d 5% germination 10% germination 90% germination 95% germination
@ Les 1 7.107" 6.62" 0.488" 0.76™
Temperature
B) aise 1 10.48" 9.60 67.83" 71.54"
Biotype
C) Sy clile "
Gibberllic 3 0.031 0.12 0.097 0.161
concentration
AxB 1 0.0006 0.011 0.0008 0.170
AxC 3 0.055 0.045 0.078 0.104
BxC 3 0.041 0.01 0.093 0.245
AxBxC 3 0.07 0.013 0.079 0.077
= 32 0.049 0.028 0.078 0.073
Error
[GAJUUEL RUTER-SR W
- 2.11 1.42 . .
VY% 0.88 0.80

Do, S gty Jloiol e (o o s o 5 4 e
* and ** are significant at the five and one percent probability levels, respectively.
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Table 6- Main effects of temperature, biotype, and gibberellic acid concentration on time to germination in
Sinapis arvensis (wild mustard)

G o)
ol W R R Py Qo0 Ve b b G004 G yboj a8
Pl oy
(39y) Fi4le= (39y) Fi4le= (39) S3%lg= . L
(39 F3%le=
Treatment Time to 5% Time to 10% Thme fo 807 Time o 83%
reatments germination (day) germination (day) germination germination
(day) (day)
Cosdes (Geil38,) sles 15/10 °C 1.44° 1.57* 3.25% 3.52%
Temperature
(day/night) °C 20/15 °C 0.67° 0.82° 3.05° 3.26°
iy JoyS e o> Sensitive 0.59 0.75° 1.96° -
Wild mustard biotype eslie  Resistant 1.52° 1.64* 4.34° -
g 500 - 1.32% - -
Sl ol Bl 1000 . 1.14% . -
Glbberel'hc acid 1500 } 1.24% ) )
concentration (ppm) 2000 B 1.09¢ B _

[ Downloaded from yujs.yu.ac.ir on 2025-12-25 ]
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Means followed by the same letter within a column are not significantly different at p < 0.05.
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Table 7- Effect of the interaction between biotype and gibberellic acid concentration on the time to 95%

germination of Sinapis arvensis.

9 Jo S cig )
(5 30 0,5 ko)

WLy

(39) F34lgz woyo

Gibberellic acid concentration

Sinapis arvensis biotype

Time to 95% germination (day)

(ppm)
500 2.49°
e 1000 2.13¢
Sensitive 1500 2.18%
2000 1.88¢
500 4.55°
polis 1000 4.58°
Resistance 1500 4712
2000 4.62°

WG a0 O v j0 w2 b6yl gae DS S i By > sl sl Silkeo
Means followed by the same letter are not significantly different at p < 0.05.
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Table 8- Mean squares from the ANOVA for the effects of temperature, biotype, and gibberellic acid (GA)

concentration on seed water uptake (after 1, 2, and 24 h), germination rate, and time to 50% germination in wild
mustard (Sinapis arvensis).

G ol azyo 3N 039 3% 039 3N 39 ailes e a8 B gl
mr e Gl (Tode cele))  (OF ds celo ) (of wds celu TF) T = i4lex
Seed weight (1 h of Seed weight 2 hof  Seed weight (24 h of e Time to 50%
S.0.V. df uptake water) uptake water) uptake water Germination rate germination
A) s 1 0.000008 0.00003" 0.00007" 0.162" 2.82"
Temperature
B) g 1 0.000044"" 0.00004" 0.000012™" 0.053™ 16.089"
Biotype
(C) &‘J}*" bl * ok * ok
3 0.000002™ 0.00002 0.00005 0.013 0.34
Gibberllic concentration
AxB 1 0.000004™ 0.000007™ 0.00001™ 0.0003™ 0.198"
AXC 3 0.00001™ 0.000006"™ 0.000014" 0.01" 0.25"
BxC 3 0.000018™ 0.000015" 0.000011" 0.009" 0.124"
AxBxC 3 0.000002™ 0.000002™ 0.000006™ 0.004"™ 0.043™
s
E 32 0.000005 0.000005 0.000005 0.003 0039
Irror
Slyedl oy o0 ; 1.02 127 1.03 1.07 1.01
CV%

[ Downloaded from yujs.yu.ac.ir on 2025-12-25 ]
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* and ** are significant at the five and one percent probability levels, respectively.

Table 9- Main effects of temperature, and biotype on seed hydration weight after 1 h and 2 h in wild mustard
(Sinapis arvensis).

ol Ol el g celoo ) 3 03 iz 3l mp ceel ¥ 0 039
o (055 sheo) (p 5 sbeo) T
Seed weight 1 hour of uptake Seed weight
Treatments water (mg) 2 hours uptake water (mg)
gl (39, (sloo 15/10 °C - 0.018°
Temperature
(day/night) °C 20/15 °C - 0.020°
iy oy g uaL-u-‘> Sensitive 0.018? -
Wild mustard biotype polie Resistant 0.0167° -

A5l 0o, B e j3 08 b (gl pe BB gt o 40 St B > )l sl Sl
Means followed by the same letter within a column are not significantly different at p < 0.05.


https://yujs.yu.ac.ir/jisr/article-1-638-fa.html

[ Downloaded from yujs.yu.ac.ir on 2025-12-25 ]

VFoF O oyl NY Jlw [ /)y slo yirg i

Y

Y oles 5 Fiallsr Ce g ol i el VY Sl i 035 59y Sl sl CBle 5 Los ailrge (1iSen yr eSils dulio Ve Jgu

caile> oy B sl

Table 10- Interaction effect of temperature and GA concentration on 24-h seed hydration weight, germination

rate, and T's.

(bl ey celos S o ol il S A ST ST &i4lgr sy i4lg w0 B0 slp oY o)
e (el 39 5 sheo) (p 5 sl o i (395 &llyzr slasd) (9
Temperature Gibberellic acid Seed weight 24 hours Germination rate Time required for 50%
(day/night) °C concentration (ppm) of uptake water (mg) (NO/day) germination (day)
500 0.024* 0.50% 2.11%
. 1000 0.019¢ 0.503% 2.105%
15710°¢ 1500 0.020 0.48" 2.34°
2000 0.019¢ 0.503%® 2.18°
500 0.026° 0.55%® 1.98%
. 1000 0.021° 0.61° 1.57%
20115°C 1500 0.021%¢ 0.59° 1.91%
2000 0.024 0.71° 1.34°

A5l 0o, B e 13 08 b gl pe BB gt jo 40 St g > )b sl Kl

Means followed by the same letter within a column are not significantly different at p < 0.05.
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Table 11- Mean comparison of the interaction effect between Sinapis arvensis biotype and gibberellic acid

concentration on germination rate.

g Jo B g

Sinapis arvensis biotype

(i 35 055 o)

Gibberellic acid concentration (ppm)

i4lgr ce
(39 o alg> dlaxi)
Germination rate

(NO/day)

500 0.67*

e 1000 0.66
Sensitive 1500 0.72%
2000 0.75

500 0.38°

polis 1000 0.44°
Resistance 1500 0.35°
2000 0.45°

WG a0 B v j0 w2 b6yl gie DS S i By > sl sl Silbeo
Means followed by the same letter are not significantly different at p < 0.05.
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Table 12- Mean comparison of the two-way temperature interaction effect on the time to 50% germination in

Sinapis arvensis biotypes.

gl (o] 39,) slod =9 Joy5 g (395) (F34lgar woy2 B+ U (4o
Temperature (day/night) °C Sinapis arvensis biotype Time to 50% germination (day)
ool Sensitive 1.54¢
15/10 °C ) a
polie Resistant 2.83
g e Sensitive 1.18¢
20/15 °C . b
plie Resistant 2.21

Wl 0,0 B maw 10 wp b gl pime BB S i B9 > s sl Sl
Means followed by the same letter are not significantly different at p < 0.05.
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