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Article Info ABSTRACT

Article type: Objective: This experiment aims to evaluate relative fitness and seed germination indices of
Research Article tribenuron-methyl sensitive and resistant wild mustard (Sinapis arvensis L.) biotypes under

different temperature conditions and gibberellic acid concentrations.

A”?“‘e hlstory: Method: This experiment was conducted in 2023 at the laboratory of the University of
Received 15 April 2025 . . .

Received in revised form 6 August Mohaghegh Ardabili. It was performed as a three-factorial arrangement in a completely

2025 . . . s .
Accepted 26 August 2025 randomized design (CRD) with three replications. The first factor consisted of two levels

Available online 22 September 2025 (e s of tribenuron-methyl sensitive and resistant biotypes), the second factor included four

levels of gibberellic acid concentration (500, 1000, 1500, and 2000 mg LY, and the third

Keywords: factor comprised two temperature regimes: 20/15 °C and 15/10 °C (day/night). The
]épti)(l:)OtYIll' ” measured parameters included germination percentage, germination rate and uniformity,
HLrberie del Cr:lsci;tan ce seed water uptake, and seedling vigor index.

Relative fitness Results: The sensitive biotype of wild mustard exhibited a higher final germination
Temperature

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.

o 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 1- Analysis of variance (mean squares) for the effects of temperature, biotype, and gibberellic acid
concentration on germination indices, seedling vigor, total seedling weight, and root-to-shoot ratio of wild
mustard.

4y 2515 A i i
i @ilie T sl ) W b LS iy LS IS (539 7t Jsb s
b iulex azadle Jsb &
Germination Germination Seedling vigor Total seedling  The ratio of radicle to
S.0.V. Df . . . . .
percentage uniformity index weight epicotyl length
(A) Les ' *ok * *k
1 12.00 3.59 1755.95 0.00016 2.24
Temperature
. 645.30 26.50 9000.35 0.00025 0.018
Biotype
C) Sy clale "
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AXC 3 105.30 0.156 261.78 0.00004 0.047
BxC 3 8.00 0.105 237.47 0.000035 0317
AxBxC 3 105.30 0.048 60.13 0.0001" 0.20"
U
32 82.66 0.106 174.49 0.000035 0.055
Error
e
S S 0.94 1.66 1.62 2.40 2.13
CV%
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* and ** are significant at the five and one percent probability levels, respectively.

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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Percentage of Uniformity of Seedling vigor
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G 02 5 ko) Sy i 1000 - - 92.10°

Gibberellic acid concentration 1500 ; ; 63.43"
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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 3- Mean comparison of the two-way interaction effect of temperature on seedling vigor in Sinapis
arvensis (wild mustard) biotypes.

o9 (e 39)) slod 9 JoyE udgw azalS ady sl
Temperature (day/night) °C Sinapis arvensis biotype Seedling vigor index

ol Sensitive 92.92%

15/10 °C . R
polio Resistant 57.52
ool Sensitive 97.00%

20/15 °C . b
polio Resistant 77.63

Al o0 B maw 18 wa b (gl pe BT S i By > gl )l sl Sike
Means followed by the same letter are not significantly different at p < 0.05.

5 azalS U5 (59 69y S pmrainl Clile g iy 0,5 cadse el s) Lo adlran (iiSen p (Sl anlie -F Jaaz
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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.

(s 39 sloo iy U5y i S oz s el azalS JS (39 Az Job coms
i T (5 3 p 5 o) (p 5 o) azadle Job &
Sinapis Gibberellic acid . The ratio of
(Ezn;ﬂfgl:gl gé arve;fs*is concentration Tv(::ill lSl(t%e((llIllln)g radicle to
Y biotype (ppm) g g epicotyl length
500 0.030% 1.72%®
ol 1000 0.026* 1.56™
Sensitive 1500 0.020°¢ 0.74%0
m15/10 °C 2000 0.026* 1.28%F
500 0.020% 1.83*
pglie 1000 0.033* 0.92"
Resistance 1500 0.030% 1.10%¢
2000 0.030% 1.38"¢
500 0.020% 1.45%¢
ol 1000 0.023" 0.99°"
Sensitive 1500 0‘013.}3d 057
3 2000 0.023% 0.65"
2015 7C 500 0030 0.92"
ol 1000 0.026™ 0.81%"
Resistance 1500 0.020%¢ 0.63"
2000 0.023° 1.065"

0 0o O s 5 0 b (6,18 sine BT (g, 50 S e g sl slayeSilis
Means followed by the same letter within a column are not significantly different at p < 0.05.

@ adyy Job S eizmen iy ol (Y Jgu) azadle Job 4 azady; Job Cond
Pt (S 9 sileond polie SIS 4 odes ol A3l GSea 50 azdils Job 4 azady; Jsb o

o 25 a5 Sy 5o b lye @ o)l (S (O Jgaz) csl (glogme BT (gl adlran
P B ek 4 (Sis bl o adle 4wy, a0 gl o (VAY) e St
an 55,65 5) el Jxne slgm g O 5l i o e 0+ CalE 5 polie iy JoS 0 gk
Slge g ol g0l Jlade a5 Sloj 50 (g9 I (VAAF oo 1o CIFY) ol tpyieS 5 S pmannsl 2 o

: A odsline S ool s e 08 e VO
Gregory


http://yujs.yu.ac.ir/jisr/article-1-638-en.html

[ Downloaded from yujs.yu.ac.ir on 2026-02-16 ]

VFoF O oyl NY Jo [ o/ o sl g 3

VoV

o 5 Sidlez weys A ln pY Gloy (7 Jso2)
2 ol 09 59y (Qloy 2 FeS) VAP e (i
59 TIVEpslie iy Jop 0 &8 cud Jb
sl ¥ Oloy Geizmes 9 9b oaalive (Olo (2 FAen)
vgemdis a2 3 VO o sles o jo Saile ws o A
A oddlive ugewdw az,0 YN0 gles I i
A0 slr ¥ Goy TVY) by et ¢ Jso2)
Giem e )0 Sy Joa eyl Sialer ey
Ol S 5 5 0 pS e V00 chle 5 el
Veoo chale 5 ules cudgm jled jo (G, VIAA)

(Y Jgoz) sel cawsay S pozapl il j0 05 Lo

Gl San S>eS aly ) abele SG o)l 092y (gdse
il sl Sgle (VAAY Jogen 9 asl LS
a5 auS oo el 1) Bl @ dly ;) Cad A4S 010 0eg
236 4 a5 s g se Hlee coo Wl 5l (S
(SES GRS By pd bty o Gley Bl s,
WS e ) SL dies molge L S S,
Sols aalesl 5o (VAVY S SST) o5 o lal ol ae
Ol slales ;o g polie cadgm j0 &5 Wb atie
& wbee Gl azaile Job 4 azasy; Jsb oo
2 azady; & glie Suie polas ) oAb Yo
Vozol 55 polie cofom 50 ol omb sbes
Jsb calises Laylos ) a5 sl o slowl oo, Sg5L
» Slgee Jole cul g wb (S S azaty,
el g 0oy Cute (Siwld (e (SiS Lulpb

Si%lgz 0o A0 g Ve b gl p3Y o)
Ol » iy JoF e g9 g Lo ol
Ny ed @)“-"9’ Ao, W g 4 N b el ey
sbakle  gooen 40 ol lis gl g
Ve le pY by b il S a]
VEPVINAL OV JURUCE NSO Ui N PP PHPE SR WY
e p¥ Olej » oSl pmzapal cile by piog o5
sy lis 1) gl g BB Siailex w0
slod jo Giailsr w0 b sl p3Y pley (O Jsux)
YOIV gloo 3l eSS pl YNO Gugedis a2 0 Y+/N0
2203 B slp ¥ Oloy eizmen g 09 (mgradis 423
3 S ply YOV s ciog Jo,5 0 Giails>
a0 V0N - sles jo al cvaliv polis oimg Jo,>
Aok S8l weyd Ve sln Y pley (ganle
Aoy Vo e gy (gmed a0 YN0 gleo
S 508 loy 50 les (Siy o5 (Siuile>
bl )o (izen (285 plodl polie iy Jo S 4
Veosln Y pley oSl pmzanl 2 jo 08 Lo B0
ab edsline okl Ll 5l o Jiale sy

! Greenwood
2 Atkin


http://yujs.yu.ac.ir/jisr/article-1-638-en.html

[ Downloaded from yujs.yu.ac.ir on 2026-02-16 ]

ARYA Ol g 415 8 cond Sow | o sloaiiay 40 s g loo s (Jidilse slogiwl g e (Kl b,/

(g J3F sh (Gl aey A0 580 N B sly Y ple (Slaye ko) by 4525 -0 Jguer
Table 5- Analysis of variance (mean squares) for the time required for 5, 10, 90, and 95% germination of wild
mustard seeds.

L - O gl ey oloj Ve sl e3Y ol A sl Y ooy 20 slx p3¥ b
i @b ol azye
i4ilgz sy Si4lg oy Si4lgz wo s & 4lgz oy
S.0.V df Time required for Time required for Time required for Time required for
e 5% germination 10% germination 90% germination 95% germination
(A)Les 1 7.107" 6.62" 0.488" 0.76"
Temperature
B) s 1 10.48" 9.60" 67.83" 71.54"
Biotype
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
R aaietace - 2.11 1.42 0.88 0.80
CV%

RWSKRE Vg == JWICJ&.))o)losm o
* 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)

OU b Vo b olo A b b bk
w0y 300 4o o0 Ve U 4o Qo3 e U 4o
o o 5l u 3] 5l ’ u 3] p) ‘u ) w3 40
(39) Siaile> (39 Fi%le=> (39) Siaile> ) -
(395) F4ilg=
Treatments Time to 5% Time to 10% Tlel:-l:litr(:agt?(:ﬁ, Tlel::litl?a?ist:'ﬁ)
germination (day)  germination (day) g (day) g (day)
e (i 3,) (glod 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°
VO NS o> Sensitive 0.59° 0.75° 1.96" -
Wild mustard biotype pslie  Resistant 1.52° 1.64% 4.34* -
500 - 1.32° - -
SJ | cdale
T Sl = 1000 - 1.14% - -
Glbberel'hc acid 1500 ~ 1.24% B B
concentration (ppm) 2000 B 1.09° _ B

Al e 10 0 mhw jo wo b gl pme BT et 1o 18 S i By > slls sla il
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.

g JoS cuign _
(i 5 0,5 o)

6 Hb)

(39)) Si%lga Wy

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°
500 455
polie 1000 458"
Resistance 1500 4.71*
2000 4.62°

Al o0 B maw 10 wa b (gl ge BT S i By > gl sl Sike
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 ole 4z 40 PEYNST) N 039 3% 039 il e oy 80 b ylo
ol t5‘>|ji (uT i celw ) (UT i el ¥) (uT oo celw YF) I )—“‘ @)'d.ilg.?
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 ks 1 0.000008 0.00003" 0.00007"* 0.162" 282"
Temperature
B) g 1 0.000044" 0.00004" 0.000012" 0.053" 16.089"
Biotype
(C) “S‘J)‘*’ cdale * sk ok
o 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
Error 32 0.000005 0.000005 0.000005 0.003 0039
Sl b w030 ; 1.02 127 1.03 1.07 1.01
CV%

[ Downloaded from yujs.yu.ac.ir on 2026-02-16 ]

do,0 S g i Jleil mhaw jo )l pe s i 4 e g %
* and ** are significant at the five and one percent probability levels, respectively.
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Table 9- Main effects of temperature, and biotype on seed hydration weight after 1 h and 2 h in wild mustard
(Sinapis arvensis).

3 e B S R Al To)))
s lous c ¢ i
(P55 k) (p S kes) &
Seed weight 1 hour of uptake Seed weight
Treatments water (mg) 2 hours uptake water (mg)
pnlas (35 6les 15/10 °C - 0.018"
Temperature
(day/night) °C 20/15 °C - 0.020°
P E NERNN ool Sensitive 0.018* -
Wild mustard biotype pglie Resistant 0.0167° -

Al e 10 0 mhw o 1o b gl pme BT et 1o )0 S i By > slls sla il
Means followed by the same letter within a column are not significantly different at p < 0.05.
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Table 10- Interaction effect of temperature and GA concentration on 24-h seed hydration weight, germination

rate, and Tso.

(bl 39 oo S il il o el Y\j)&e 039 Sidiler ey SPi4lgr w0 B (gl p3Y¥ (o)
' (5 59 055 o) (5 o) 2l @3 (395 o 4ilg2r dlasd) Gay)
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‘"’Z° 0.50*‘1’b 2.1 1*‘1’b
1000 0.019 0.503* 2.105%
15710°C 1500 0.020% 0.48° 2.34°
2000 0.019¢ 0.503% 2.18°
500 0'02?: 0.55*“; 1.98*‘3
1000 0.021°° 0.61° 1.57%
20115 °€ 1500 0.021° 0.59 1.91%
2000 0.024* 0.71* 1.34°

)l s 10 0 mhw o 1o b gl pe BT et 1o 10 S i By > slls sla il

Means followed by the same letter within a column are not significantly different at p < 0.05.

Table 11- Mean comparison of the interaction effect between Sinapis arvensis biotype and gibberellic acid

concentration on germination rate.

=9 JOyS e

(i 50 55 (heo)

SFi4lg Sy
(39 yo dilgz dlasy)
Germination rate

Sinapis arvensis biotype

Gibberellic acid concentration (ppm)

(NO/day)

500 0.67°

ol 1000 0.66
Sensitive 1500 0.72%
2000 0.75°

500 0.38°

plie 1000 0.44°
Resistance 1500 0.35°
2000 0.45°

W 00,5 0 s 45 w0 b (6l ime B S e By gl s slaSilie
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.

g (0 39) slos 9 JoyS g (395) SPialgar woys b b (4o
Temperature (day/night) °C Sinapis arvensis biotype Time to 50% germination (day)
b Sensitive 1.54¢
15/10 °C . a
polie Resistant 2.83
gv e Sensitive 1.18¢
20/15 °C , )
polio Resistant 2.21

55 0,0 O mhaw 10w b (55l pe BT S i By o sls sl Siles
Means followed by the same letter are not significantly different at p < 0.05.
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