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Early Detection of Glyphosate-resistant and Susceptible Soybeans

using Multimodal Spectral Imaging
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Abstract Over- and sole-reliance on weed management system based on glyphosate-resistant varieties has
resulted in challenges such as the widespread of herbicide-resistant weeds, off-target crop damage from spray
drift, and the accidental transgene flow. These problems highlight the urgent need for rapid and practical tools
to identify glyphosate resistance in the field. We investigated the potential of spectral indices extracted from
red-green-blue (RGB), infrared (IR) thermal, and chlorophyll fluorescence (CF) images to rapidly and non-
destructively identify glyphosate-resistant soybean varieties. In the dose-response test, CF indices, non-
photochemical quenching (NPQ) and F./F,, sensitively represented physiological changes in susceptible
soybean variety within hours after glyphosate treatment. Leaf temperature index (AT) from IR thermal images
clearly differed as early as 4 hours after treatment (HAT) between resistant and susceptible soybean varieties.
In contrast, the excess green index (ExG) derived from RGB images was not sensitive enough to identify
early resistance. In the second classification test on a mixed population, the automated clustering method
(partitioning around medoids, PAM) had the best classification performance using NPQ, with 95.8% accuracy
at 24 HAT and 100% accuracy at 72 HAT. These findings support the use of spectral imaging analysis,
particularly CF imaging, as a rapid, non-destructive, and cost-effective solution for identifying glyphosate
resistance.

Key words: Chlorophyll fluorescence image, Herbicide resistance, High-throughput screening, Non-destruc-
tive phenotyping, Rapid diagnosis
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Fig. 1. RGB (A), IR thermal (B), and CF (C) images of glyphosate-resistant and susceptible soybeans captured at 4, 6, 24, 48, 72 and
96 hours after treatment with glyphosate at 0 (untreated control), 230, 461, 922, 1845 g a.i. ha™. The color scale bars indicate plant
temperature (30°C to 38°C, black to white in (B) and NPQ values (0 to 1, black to white) in (C).
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Fig. 2. Changes in ExG, expressed as a percentage of the untreated control, in glyphosate-resistant and susceptible soybean varieties
treated with glyphosate at 230 (A), 461 (B), 922 (C), and 1845 (D) g a.i. ha™'. Points and error bars represent means + standard errors
(n=4). Least significant difference (LSD) bars (p < 0.05) are shown at the upper left of each plot only when a statistically significant

difference between varieties was detected.
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Fig. 3. Changes in temperature difference (AT) in glyphosate-resistant and susceptible soybean varieties treated with glyphosate at

230 (A), 461 (B), 922 (C), and 1845 (D) g a.i. ha~

!. Points and error bars represent means + standard errors (n = 4). LSD bars (p <
0.05) are shown only where varietal differences were significant.
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Fig. 4. Changes in Fv/Fm and NPQ as a percentage of the untreated control in glyphosate-resistant and susceptible soybean varieties
treated with glyphosate at 230 (A), 461 (B), 922 (C), and 1845 (D) g a.i. ha™. Points and error bars represent means + standard errors
(n=4). LSD bars (p < 0.05) are shown only where varietal differences were significant.
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Table 1. Summary of three-way ANOVA results for spectral indices of soybean following glyphosate treatment

Spectral index Variety Dose Time \X/a]gigts}é :/a]{ii;tz XD,BIS; Varixet%/;l]?:ose
RGB  ExG 19.172"™ 1.501% 1.894Y 8.423™ 3.067" 0.571" 0.627"
IR Temperature difference ~ 155.188"" 19.277 13.064™ 19.375™ 0221 2.062" 0.843"
CF F./F,, 326301 84.550™" 5.486™" 44.875™ 8.340™ 2.523™ 2561
NPQ 295.506™ 25172 21.785™ 28.960"" 17.833™ 5.725™ 2.699™
NS not significant
Level of significance *p < 0.05; **p <0.01; ***p <0.001
A FEE US 2 oE 72 5 ASIThFig 2-4). glyphosate A 2]l W& F& &5 -2 7]E AFIM=

AHQEARRA A3 RGB GAIA &3 ExGE 2

7F ZJolE FEF O (p<0.001), FFH A7) FaAE
frolslA] 2o} glyphosateell thall 71 =7Hsk RESS K31

t}. IR thermal FAA F53 ATE &5, oFF, A7H)

¢}

TR BT fFsA YEREAIRHp < 0.001), FExA]
*Pzﬂo & frofsiA] k7] witell A7kl e e WS

5 1H YA Aol APAor APEHA o= A
H/Hb‘l— el 9}1\9;\1;} CF 44+ 7]u},] F,/F -_"Jr NP Q% TE
T} F5Ag gt SAACE wig oAl vEeRG
(p<0.001), AA A& 5 7P ®Igstr 438 HeS
ERATH(Table 1).
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Fig. 5. RGB (A), IR thermal (B), and CF (C) images of glyphosate-resistant (circled) and susceptible soybean individuals in a mixed
planting at 48 hours after treatment with 922 g a.i. ha™ of glyphosate and classification accuracies based on ExG (D), temperature
(E), and NPQ (F) values across time points evaluated using automated classification with the PAM algorithm.
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7 SPlME glyphosate A& oF+=

PR A9 AAA AT WY wrE 36

it
i
2
R
R
1 (o
R
i

2 % 98 Ark

7189 AzA A o WES 95 AEA AShE
% 7Hwhole-plant assay), PCR, @& WY ~EY ZA} 52
AEA AF E= AA &4 F

=M A& o] Fgsithe Tilo]
Yook et al., 2021; Zeng et al., 2021). ¥ 2 o5Lo)|x] 7]
Alske @7 719k 7S vk Ao| i Al&atm H)E- 5
2l tiere =z, SHE Qo A3 ] glole delA
&8 7hssith wEbA 92F 71d £492 glyphosate #1343
z7] 7Tk ofUg} glyphosatedl] ©]8+ ¥4 2He 13|
HUHH, glyphosate A3 GM 2He 47t o578 371 &
Y 2 A" g EoklA AEAR1 =R ged o=
ZItjEc}, =3 X3 A (Jeong et al., 2024; Noh et al.,
2025)IM &= A|AIgF B} ZFo] RGB, IR thermal, CF %%
719k 2159] A|2A| WHg- B4 glyphosate H5F o2} T}
3k A zA 2] 28712 (mode of action) ¥4 o=
4849 T AUtk

#HAte| =

B dTes w2184 94 E AWNEAK A S
RS-2024-00398319)2] Aol <&l Y= AFHth.
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ME A4 EM J[HE 38t glyphosate XY
=] 2 = I} g4
3l g44 thsel =7| B

SUE - Y2 - cHE - dza

AL FYAF AN SPUEALIT & SR AIATY

2 9 Glyphosate A3 2= 719ke] Az WA A|A] gk Fegh &2 AFA Jxo gk oA wlike g
gk v 4 2= Tal], &9 F44F olF § o8 AE oPlstal Atk whEhA ol2jg #AE adA o R Hejsl]
el AgelA A& A8 & e AP 271 Ak 719 Ado] Attt £ AFolX = red-green-blue
(RGB), Infrared (IR)thermal & $3=2 ¥ (chlorophyll fluorescence, CF) B 2R E] &3+ JA A X E 0|83
glyphosate A& T F5¢] 27] Wl 7FsA3S H7kelet. oF kg A3 A3, CF ¥4 AEQl H33teh
2~ (non-photochemical quenching, NPQ) 2 o A} S-&(F,/F,) glyphosate A2 & 4 A|7F oJujol] 74
F5Y A H3E AT F daS FRlsion, ol 7Kg AR F 7P Wiz vhe-S B itk IR thermal
Gl 2 AK(AT) =3 A § 4R AT e F5 7] frole Aol yERiTE 224 RGB
719ke] excess green index (ExG) AXEE W=7} ol AdH 7] Ao R4} o] ¢ &3t Fehol| ujgh
57 Ao vA =G5S 53 As EF €38l (partitioning around medoids, PAM)S 2-8-3F A3}, NPQ7t
7P e B %S Balon, Al F 2487kl 95.8%, 72417k 100%9] EF HAEE S B Are

3| glyphosate A3 vl Ho]al §&X 02 27]o] BEE 4 IS HAFH, F24
2 Fal #] 22 oM FEF e 7S BoFith
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