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( حالة فريدة 502يعد انتشار األعشاب المقاومة لتأثير المبيدات واحدة من اخطر المشاكل في الزراعات الحديثة. ويوجد حاليا )

 .حوالي ثلث الحاالت (ALSهذه األعشاب المقاومة للمبيدات على مستوى العالم. وتشكل المقاومة لمثبطات )من 

مثبطات أكثر صعوبة باستعمال  (Glebionis coronaria (L.) Cass.ex Spach; CHYCO) وقد أصبح التحكم في نبتة

(ALSالت )تعتبر األكثر توفرا واستخداما لمكافحة األعشاب الضارة من قبل الفالحين في والية بنزرت، والذين أعلنوا فشلهم  ي

مؤخرا في السيطرة على هذه النبتة الضارة.وتهدف هذه الدراسة لتحديد ما إذا كان هذا الفشل يعود إلى تدابير المكافحة غير 

 إلى تطور المقاومة لديها.وتتمثل األهداف الفرعية لهذه الدراسة في:المناسبة المستخدمة ضد هذه النبتة، أو 

 (CHYCO( في مجموعات)ALSدراسة تطور المقاومة لمثبطات ) – 1

 دراسة آليات المقاومة عند هذه النبتة. – 2

ل المقاومة في أنظمة محاصيمن أجل إدارة أفضل للمجموعات  تقييم فاعلية مجموعة من تدابير المكافحة المنفردة أو المجتمعة – 3

الحبوب في والية بنزرت.وقد تم إجراء المسوحات الميدانية، والمقابالت مع الفالحين في والية بنزرت من أجل تحديد األسباب 

( في محاصيل الحبوب وتقييم الخسائر في حقول القمح، وقد كشفت النتائج CHYCOالمحتملة التي قد تسهم في انتشار )

ن وجود عالقة وثيقة بين وعي الفالحين بحدوث المقاومة وطرق الزراعة المتبعة خاصة تاريخ البذر، وحرث االستطالعات ع

  . (ALS( كانت مرتبطة بنقص تداول المبيدات، وتكرار استخدام مثبطات )CHYCO) التربة، في حين أن انتشار نبتة

( %75( في انخفاض ملحوظ في محصول القمح حيث بلغ )2م نبتة /  100( البالغة )CHYCOتسببت األعداد المرتفعة من نبتة )

( ALS) ( في التجارب الحقلية والوعائية، وقد أثبتت النتائح فاعلية منخفضة لمثبطاتALS) تقريبا.وقد تم تقييم فاعلية مثبطات

 (. CHYCOفي السيطرة على مجموعات النبتة المختبرة )

المجموعات المقاومة المختارة باستخدام تجارب االستجابة للجرعة، وفحوصات نشاط تم فحص آليات المقاومة في مجموعتين من 

، وتجارب االمتصاص، واالنتقال باستخدام مبيدات األعشاب ذات العالمات اإلشعاعية،  (ALS)(، وتسلسل الجيناتALS) إنزيم

عن تطور  (ALS)تجارب نشاط إنزيموتجارب االستقالب.وقد كشفت كل من التجارب التي أجريت على النبات بالكامل، و

 ( والمتمثلة في:ALSألربعة من أصل خمسة عائالت كميائية لمثبط )CHYCO لدى المقاومة المتقاطعة

 SUs (tribenuron), TPs (florasulam), IMIs (imazamox), BTPs (bispyribac) 

من خالل بدائل األحماض  (TSRبالموقع المستهدف )( عن تطور آلية مقاومة مرتبطة ALSكما كشف تحليل التسلسل الجيني )

من اإلنزيم المستهدف. كما تم الكشف أيضا عن نفس أنماط االمتصاص واالنتقال  )574(و  )376(و  )197(األمينية في المواضع 

من خالل تطبيق  (، في حين تم تقديم أدلة على وجود االستقالب المعززS(، والقابلة للتأثر)Rعند مجموعات النباتالمقاومة )

(Malathionمثبط للسيتوكروم() P450 أحادي أوكسيجيناز((P450s) كمعالجة مسبقة. وتم تأكيدهذه النتيجة باستخدام الكشف

 (.imazamox-hydroxylالتي كشفت عن وجود مستقلب ) HPLC باستخدام تجربة

جارب مكافحة هذه النباتات أجريت ت إلرساء أفضل تقنياتنظًرا ألن المعرفة الدقيقة ببيولوجيا وبيئةالنباتات الضارة مطلوبة 

( ، وقد أظهرت النتائج أن إنبات ALS) ( المقاومة لمثبطاتCHYCOلتحديد المتطلبات البيئية إلنبات وظهور ونمو نبتة )

( CHYCOيعتمد على درجة الحرار ) 1.74( ةºC-=  b(T  من الضوء. رأكث 

 .(Ψb = - 1,12 MPa)ارتباًطا وثيقًا بموقعها بالقرب من سطح التربة،وتوفر الرطوبة الكافيةيرتبط ظهور هذه النبتة  كما 

 



 

 

 

 

من الظهور حتى إنتاج البذور الناضجة. ومن المحتمل   GDD)2328.38تتطلب ) كما تبيّن أّن  لهذه النبتة دورة فينولوجية خطية

 ساقها وكثافة أوراقها بدًءا من مرحلة االستطالة إلى مرحلة اإلزهار.أن تُعزى القدرة التنافسية العالية لهذه النبتة لطول 

وقد أظهرت النتائج أن استعمال  (CHYCOكما تم دراسة تأثير الزراعات األليلوباثية في السيطرة على المجموعات المقاومة )

  الزيتيأيضا السلجم  و (Hordeum vulgare L. var Rihane)هذه الزراعات خاصة الشعير

.(Brassica napus L. var Trapper)  المجموعات المقاومة.   قد يكون حال واعدا للسيطرة على 

( ، تم تقييم تأثير الزراعات األليلوباثية )الشعير والسلجم الزيتي( على نمو 19-2018و  18-2017على مدار موسمي زراعة ) 

(CHYCO من خالل توليفات مختلفة مع عمليتي حراثة ) حراثة عميقة وحراثة سطحية( وتطبيقات مبيدات األعشاب. وقد(

ة دد األفواج، وتطور الكتلة الحيوية الجافة، والطول، بالنسبعأظهرت النتائج أن الشعير ساهم بشكل كبير في تقليل الكثافة ، و

م مبيدات األعشاب ، في حين (. ومن المحتمل أن يعتمد تأثير السلجم الزيتي على ممارسة الحراثة،واستخداCHYCOللنبتة )

(. والمقترح أن مكافحة Synthetic auxin herbicidesيمكن السيطرة على هذه النبتة بنجاح في القمح باستخدام مبيد أعشاب )

 Syntheticهذه النبتة يمكن تحقيقها من خالل الجمع بين الزراعات األليلوباثية مع ممارسة الحراثة الصحيحة ومبيدات األعشاب)

auxin herbicides وتبقى الحاجة إلى مزيد من الدراسات إلعداد إستراتيجية مناسبة تسمح بإدارة المقاومة المتقاطعة لدى .)

  (CHYCO)مجموعات

 

،  ALS مبيدات األعشاب المثبطة لـ، Glebionis coronaria (L.) Cass. ex Spach، CHYCO  : المفاتيحالكلمات 

TSR  ،الحرث، القمح، الشعير، مبيدات األعشاب )الزراعات األليلوباثية ، االستقالب، المقاومة المتقاطعة ،Synthetic auxin 

herbicides) 
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Résumé 

L'établissement et la propagation de mauvaises herbes résistantes aux principaux modes 

d'action des herbicides constituent l’un des problèmes les plus graves et les plus croissants de 

l'agriculture moderne. Il existe actuellement 502 cas uniques de mauvaises herbes résistantes aux 

herbicides dans le monde. La résistance aux herbicides inhibiteurs de l'acétolactate synthase (ALS) 

représente environ un tiers de tous les cas de résistance 

Glebionis coronaria (L.) Cass. ex Spach (ou encore CHYCO, le code OPPE), devient de 

plus en plus difficile à contrôler avec les herbicides inhibiteurs de l'ALS disponibles et utilisés 

pour lutter contre les mauvaises herbes dans les cultures céréalières de la région de Bizerte. 

Récemment, des échecs de désherbage de cette mauvaise herbe ont été signalés par de nombreux 

agriculteurs. Afin de déterminer si cet échec est attribué à des mesures de contrôle inappropriées 

utilisées contre l'adventice ou à l'évolution des populations résistantes, nous avons entrepris ce 

travail pour i) déterminer l'occurrence de la résistance aux herbicides inhibiteurs de l'ALS dans les 

populations de CHYCO, ii) étudier les mécanismes de la résistance de cette adventice et iii) évaluer 

l'efficacité de différentes mesures de lutte seules ou en combinaison pour une meilleure gestion 

des populations résistantes de CHYCO dans les systèmes de culture céréalière de la région de 

Bizerte. 

Des prospections et des enquêtes avec des agriculteurs ont été menées dans la région de 

Bizerte afin de déterminer les causes potentielles pouvant contribuer à la propagation de CHYCO 

dans les cultures céréalières et évaluer les pertes de rendement dans les cultures de blé.Les résultats 

ont révélé une corrélation significative entre la conscience des agriculteurs par rapport  l'apparition 

de la résistance et les pratiques culturales, principalement la date de semis et le travail du sol. 

L'abondance de CHYCO était liée au manque de rotation des herbicides et à la fréquence 

d'utilisation des herbicides inhibiteurs de l'ALS. Les résultats ont montré que des densités de de 

100 plantes/m2 de CHYCO causaient jusqu'à 75 % de reduction du rendement en grains de blé. 

L'efficacité des herbicides inhibiteurs de l'ALS a été évaluée dans des expériences au champ et en 

pot. Les résultats ont montré une très faible efficacité des herbicides utilisés pour contrôler les 

populations de CHYCO, suggérant l'apparition d'une résistance aux herbicides inhibiteurs de l'ALS 

dans les populations de mauvaises herbes testées. 

Les mécanismes de résistance ont été étudiés dans deux populations résistantes 

sélectionnées à l'aide d'expériences dose-réponse, d'essais d'activité enzymatique de l’ALS, de 

séquençage du gène de l’ALS, d'expériences d'absorption et de translocation avec des herbicides  
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radiomarqués et des expériences de métabolisation. Les résultats biologiques et enzymatiques ont 

révélé le développement d'une résistance croisée chez CHYCO à quatre des cinq familles 

chimiques d'herbicides inhibiteurs de l’ALS, à savoir les SUs (tribenuron), les TPs (florasulam), 

les IMIs (imazamox) et les BTPs (Bispyribac). L'analyse des séquences a révélé le développement 

du mécanisme de résistance lié à la cible (TSR) par le biais de substitutions d'acides aminés aux 

positions 197, 376 et 574 de l'enzyme cible. Les mêmes schémas d'absorption et de translocation 

ont été détectés dans les populations résistantes et sensibles, tandis que des preuves de la présence 

d'une métabolisation ont été fournies par l'application de malathion (un inhibiteur de la 

monooxygénase du cytochrome P450 (P450)) en tant que prétraitement et, en outre confirmé par 

la détection du métabolite hydroxyle de l'imazamox à l'aide des expériences HPLC. 

Comme la connaissance de la biologie et de l'écologie des mauvaises herbes est nécessaire 

pour mettre en place les mesures les plus appropriées pour lutter contre les mauvaises herbes, des 

expériences ont été menées pour déterminer les exigences environnementales de germination, 

d'émergence et de croissance de CHYCO résistant. Les résultats ont montré que la germination des 

adventices est plus dépendante de la température (Tb = -1,74°C) que de la lumière. L'émergence 

de la mauvaise herbe est étroitement liée à sa position près de la surface du sol et à un potentiel 

d'humidité adéquat (Ψb=-1,12 MPa). La mauvaise herbe a un cycle phénologique linéaire et a 

nécessité 2328,38 GDD de l'émergence à la production de graines matures. La compétitivité élevée 

de la mauvaise herbe à partir de l'allongement et jusqu'au stade de la floraison est probablement 

attribuée à l'allongement de la tige et au développement du dense feuillage. 

Nous avons également étudié l'effet des cultures allélopathiques pour gérer les populations 

résistantes de CHYCO. Nos résultats ont montré que l'utilisation de cultures allélopathiques telles 

que l'orge (Hordeum vulgare L. var Rihane) et le colza (Brassica napus L. var Trapper) peut être 

une solution prometteuse pour contrôler la croissance précoce des plantules de CHYCO résistante. 

Au cours de deux saisons de croissance (2017-18 et 2018-19), l'effet des cultures allélopathiques 

(orge et colza) sur la croissance des mauvaises herbes a été évalué dans différentes combinaisons 

avec deux pratiques de travail du sol (labour profond avec une charrue à soc+ des recroisements 

ou des recroisements uniquement) et l’application d'herbicides. Nos résultats ont révélé que l'orge 

contribuait considérablement à la réduction de la densité de la mauvaise herbe, du nombre de 

cohortes, de la biomasse totale et de la hauteur des plantes. L'effet du colza dépend probablement 

de la pratique du travail du sol et de l'application de l'herbicide, tandis que la mauvaise herbe 

pourrait être contrôlée avec succès dans le blé en utilisant des herbicides auxiniques. Il est suggéré 

que le contrôle de CHYCO pourrait être réalisé en combinant des cultures allélopathiques avec une  

 



 

 

 

bonne pratique du travail du sol et des herbicides auxiniques. Des études complémentaires sont 

nécessaires pour mettre en place une stratégie de gestion intégrée appropriée qui permet de gérer 

la résistance croisée de CHYCO dans les champs de céréales de la région de Bizerte et du nord de 

la Tunisie. 

Mots clés : Glebionis coronaria (L.) Cass. ex Spach, CHYCO, herbicides inhibiteurs de l'ALS, 

TSR, métabolisation, résistance croisée, cultures allélopathiques, travail du sol, blé, orge, 

herbicides auxiniques. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

Abstract 

The establishment and spread of resistant weed to main herbicide modes of action are one 

of the most serious and fastest-growing problems in modern agriculture. There are currently 502 

unique cases of herbicide resistant weeds globally. Herbicide resistance to the acetolactate 

synthase (ALS)-inhibiting herbicides accounts for about a third of all resistance cases. 

Glebionis coronaria (L.) Cass. ex Spach (or CHYCO, the EPPO code) is becoming more 

and more difficult to control with the ALS inhibiting herbicides available and used to control 

weeds in cereals crops in Bizerte region. Recently, failures in controlling this weed have been 

reported by many farmers. To determine whether this failure is attributed to inappropriate control 

measures used against the weed or to the evolution of resistant weed populations, we undertook 

this workto i) determine the occurrence of resistance to ALS-inhibiting herbicides in the 

populations of CHYCO, ii) study the mechanisms of weed resistance and iii) evaluate the efficacy 

of different control measures alone or in combination for the best management of CHYCO resistant 

populations in cereal cropping systems in Bizerte region. 

Field surveys and farmers' interviews were conducted at Bizerte region in order to 

determine the potential causes that may contribute to the widespread of CHYCO in cereal crops 

and assess yield losses in wheat crops. The results revealed a significant correlation between 

farmers’ awareness of the resistance occurrence and cultural practices, mainly the sowing date and 

the soil tillage. CHYCO abundance was related to the lack of herbicide rotation and to the 

frequency of the use of ALS-inhibiting herbicides. Results showed that densities of CHYCO of 

100 plants/m2 caused up to 75% decrease in wheat grain yield. The efficacy of ALS-inhibiting 

herbicides was evaluated in field and pot experiments. Results showed very low efficacy of 

herbicides used to control CHYCO populations, suggesting the occurrence of resistance to ALS-

inhibiting herbicides in the tested weed populations.  

The mechanisms of resistance were investigated in two selected resistant populations using 

dose-response experiments, ALS enzyme activity assays, ALS gene sequencing, absorption and 

translocation experiments with radiolabeled herbicides, and metabolism experiments. Both whole-

plant experiments and ALS enzyme activity experiments revealed the development of cross-

resistance in CHYCO to four out of the five chemical families of ALS-inhibiting herbicides, 

namely SUs (tribenuron), TPs (florasulam), IMIs (imazamox) and BTPs (Bispyribac). Sequence 

analysis revealed the development of Target Site Resistance Mechanism (TSR) through amino-

acid substitutions in positions 197, 376 and 574 of the target enzyme. Same patterns of absorption 

and translocation were detected in resistant and susceptible populations, while evidences of the  
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presence of enhanced metabolism were provided through the application of malathion (an inhibitor 

of the cytochrome P450 monooxygenase) as a pretreatment and, further confirmed with the 

detection of imazamox hydroxyl metabolite using HPLC experiment.   

Since knowledge of weed biology and ecology is required to set up the most appropriate 

measures to control the weed, experiments were conducted to determine the environmental 

requirements of germination, emergence, and growth of resistant CHYCO. Results showed that 

weed germination is more dependent on temperature (Tb = -1.74°C) than on light. The emergence 

of the weed is closely related to its position near the soil surface and to adequate moisture potential 

(Ψb=-1.12 MPa). The weed has a linear phenological cycle and required 2328.38 GDD from 

emergence to mature seed production. The high competitive ability of the weed starting from the 

elongation and continuing until flowering stage is likely attributed to stem elongation and large 

foliage development.  

We also investigated the effect of allelopathic crops to manage CHYCO resistant 

populations. Our results showed that the use of allelopathic crop such as barley (Hordeum vulgare 

L. var Rihane) and rapeseed (Brassica napus L. var Trapper) may be a promising solution to 

control early seedling growth of the cross-resistant population of CHYCO. Throughout two 

growing seasons (2017-18 and 2018-19), the effect of allelopathic crops (barley and rapeseed) on 

weed growth, was evaluated within different combinations with two tillage practices (Mouldboard 

ploughing+ Harrowing and only Harrowing), and herbicide applications. Our results revealed that 

barley considerably contributed to the decrease of the weed’s density, cohort number, total biomass 

accumulation, and plant height. The effect of rapeseed is likely dependent on the tillage practice 

and the timing of herbicide application, while the weed could be successfully controlled in wheat 

using auxin herbicides. It is suggested that the weed control could be achieved by combining 

allelopathic crops with the right tillage practice and auxin herbicide use. Further studies are 

required to setup an appropriate integrated weed management strategy that permits to manage 

cross-resistance of CHYCO in cereal crop fields in Bizerte region and northern Tunisia. 

Keywords: Glebionis coronaria (L.) Cass. ex Spach, CHYCO, ALS-inhibiting herbicides, 

TSR, enhanced metabolism, cross-resistance, allelopathic crops, tillage, wheat, barley, Synthetic 

auxin herbicides 
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General introduction and scope of the thesis 

 

The use of herbicides make significant contributions to global food production by easily 

removing weeds and substituting for labor-intensive and only moderately effective manual and 

mechanical weeding methods (Oerke, 2006; Powels and Yu, 2010). ALS inhibiting herbicides 

are among the most effective herbicides widely used to control a broad spectrum of weeds 

(Tranel and Wright, 2002). These herbicides inhibit a specific plant enzyme in the plant named 

the acetolactate synthase (ALS). The ALS also referred to as Acetohydroxyacid synthase 

(AHAS), is the first enzyme in the biosynthetic pathway for the branched-chain amino acids 

valine, leucine, and isoleucine (Powels and Yu, 2010). 

ALS inhibiting herbicides currently comprise the largest mode of action group, with 54 

active ingredients across five chemical groups (Yu and Powles, 2013). Since their first 

introduction in 1982, ALS inhibitors have been widely used in world agriculture to control 

many weed species.  Favorable qualities such as low mammalian toxicity, and selectivity in 

major world crops resulted in their global, intensive use in many different crops over huge areas 

(Powels and Yu, 2010; Yu and Powles, 2013). 

Unfortunately, these herbicides are also notorious for their ability to select resistant 

weed species. Resistance evolution in weeds to ALS inhibitors has been frequent and identified 

in populations of many weed species (Yu and Powles, 2013). The rapid occurrence of resistance 

in weed populations to ALS inhibiting herbicides was attributed to the widespread usage of 

these herbicides, the strong selection pressure they exert, and the associated resistance 

mechanism (Tranel and Wright, 2002). Now, there are more weed species that are resistant to 

ALS-inhibiting herbicides than to any other herbicide mode of action (Tranel and Wright, 

2002). Resistance to ALS inhibiting herbicides is particularly troublesome in rice and cereals 

and it affected more broad-leaved species than grasses. Currently, resistance has been reported 

in 165 weed species around the world and this number is continuously rising (Heap, 2020). 

Evolved resistance is often associated with point mutations in the target ALS gene, 

however non-target-site resistance mechanisms occurs as well due to enhanced rates of 

herbicide metabolism or metabolic resistance, commonly involving cytochrome P450 

monooxygenases (Yu and Powles, 2013). Compared to target-site resistance, non-target-site 

resistance to ALS inhibiting herbicides is less understood. In a few well-studied cases, it has 

been found that the accumulation of enhanced metabolism and punctual gene mutations coexist 
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and increase resistance levels in weeds. The best-known case has been a population of Lolium 

rigidum resistant to chlorsulfuron (Christopher et al., 1991, 1992). Recently, Coexistence of 

point mutations, and enhanced metabolism has been documented in few broad-leaved species 

such as Rapistrum rugosum (Hatami et al., 2016) and Papver rhoeas (Rey-Caballero et al., 

2017). 

In Tunisia, resistance to ALS inhibiting herbicides was reported in Lolium rigidum 

Gaudin populations from cereal fields in northern country (Gazquez, 2000; Souissi et al., 2004; 

Khammassi et al., 2020). In the last years, Glebionis coronaria (L.) Cass. ex Spach (CHYCO) 

is frequently present as one of the most troublesome broadleaf annual weeds, in Bizerte region. 

Observations in cereal fields throughout the region showed that the weed is becoming more and 

more difficult to control using ALS inhibiting herbicides, currently available and used to control 

weeds in cereals crops, which raises suspicion of the occurrence of resistance in this weed to 

ALS inhibitors. 

The only known case of resistance to ALS inhibiting herbicides developed by CHYCO 

in wheat fields has been reported by Tal and Rubin (2004). This study has reported high levels 

of resistance to Sulfonylureas chemical family and cross-resistance to all other families of ALS 

inhibitors. 

Scope of the thesis 

To bring up solutions to the problem of weed resistance to herbicides that is becoming 

a threat to cereal production in Bizerte region, this thesis was conducted to study the occurrence, 

the mechanisms and management of herbicide resistance in CHYCO in cereal cropping systems. 

Specific objectives of the work carried out during this thesis are to i) determine the resistance 

to ALS-inhibiting herbicides in CHYCO, to ii) study the mechanisms of weed resistance and to 

iii) evaluate the efficacy of different control measures alone or in combination for the best 

management of CHYCO resistant populations in cereal cropping systems in Bizerte region.  

This work is conducted to verify a set of hypothesis: 

1. Farmer’s practices and awareness could influence the development of herbicide 

resistance in CHYCO. 

2. The widespread of CHYCO and the failure to effectively manage this weed in cereal 

crops could be attributed to the development of resistant weed populations to ALS-

inhibiting herbicides. 

3. The evolved mechanisms in CHYCO resistance could be a target site-based. 
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4. The use of allelopathic crops as a component of IWM could be a good strategy to control 

resistance in CHYCO. 

The thesis is structured into four chapters, and main results have been published in journal with 

impact factor or in indexed data base or as Poster communication. 

Chapter I, General overview it starts by highlighting the importance of cereals as staple food 

in the world and in Tunisia, resume the negative impact of weed on cereals and the abundance 

of chemical control, especially ALS-inhibiting herbicides, to manage the most noxious species 

around the world. This chapter details also the types and the mechanisms of resistance 

developed to ALS-inhibiting herbicides and reported the only known case of resistance in 

CHYCO weed. Furthermore a brief biological description of the species was given. By the end 

of this chapter, proactive and reactive methods to control resistant weeds was briefly reviewed.   

Chapter II is represented by one published paper, dealing with the extent and yield losses 

associated to the occurrence of G. coranaria in the most threatened wheat production areas of 

Tunisia and reported the first case of resistance to ALS-inhibiting herbicides in CHYCO and its 

potential causes based on field surveys across Bizerte region. 

1. Hada, Z., Khammassi, M., Jenfaoui, H., Menchari, Y., Torra, J., and Souissi, T. 

(2020).Field Survey and Resistance Occurrence to ALS-Inhibiting Herbicides in 

Glebionis coronaria L. in Tunisian Wheat Crops. Plants, 9(9), 1210. 

Chapter III is aimed to study the mechanisms of resistance and the biological traits and the 

ecological behavior of resistant CHYCO in order to implement the most suitable methods to 

manage this weed. The first paper in this chapter deals with the main Target Site and Non-

Target Site mechanisms of the resistance developed by CHYCO populations from Bizerte 

region-northern Tunisia. 

2. Hada, Z., Menchari, Y., Rojano-Delgado, A. M., Torra, J., Menéndez, J., Palma-

Bautista, C., De Prado, R., and Souissi, T. (2021).Point Mutations as Main Resistance 

Mechanism Together With P450-Based Metabolism Confer Broad Resistance to 

Different ALS-Inhibiting Herbicides in Glebionis coronaria From Tunisia. Frontiers in 

plant science, 12, 416. 

The environmental weed requirements including temperature, light, osmotic stress, salt stress 

and burial depth were investigated basing on germination and emergence experiments. 
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Furthermore, the biological life cycle and the appropriate growth stage for weed control were 

also determined.  A part of the results has been published in CABI database.  

3. Hada, Z., Jenfaoui, H., Royo-Esnal, A., Torra, J., and Souissi, T. (2019). 

Temperature thresholds, light requirement, and growing-degree-day model for 

Glebionis coronaria L. germination and development. In 24e Conférence du COLUMA: 

Journées internationales sur la lutte contre les mauvaises herbes, Orleans, France, 3, 

4 et 5 décembre 2019. CABI database.  

Chapter IV is an evaluation of the effect of some allopathic crops on the early growth of 

CHYCO resistant to ALS inhibiting herbicides in vitro and in pot experiments. Two allelopathic 

crops namely barley and rapeseed were tested in field scale with two tillage practices and in 

presence or absence of herbicides to assess the effect of each treatment alone and in 

combination on the weed growth in two consecutive years. A part of the results of this chapter 

has been communicated as a poster in the international allelopathic congress in France.  

4. Hada, Z., and Souissi T. Poster Communication. Evaluation of allelopathic 

potential on CHYCO resistant to herbicides in cereal. (2017).The international 

allelopathic congress (Montpelier-France). 

Conclusion and perspectives: The main findings are summarized in this part and perspectives 

of the work are proposed. 
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1. Cereals: staple foods for humanity 

Agriculture was the key development in the rise of sedentary human civilization 

whereby farming of domesticated species allowed food surpluses that enabled small, nomadic 

bands of hunter-gatherers to settle down and live in communities. The first domesticated 

crops, called Neolithic crops were grain crops such as emmer wheat (Triticum dicoccon), 

einkorn wheat (Triticum monococcum), hulled barley (Hordeum vulgare), peas(Pisum 

sativum), lentils (Lens culinaris), bitter vetch (Lathyrus linifolius), chick peas (Cicer arietinum) 

and flax  (Linum usitatissimum) (Weiss and Zohary, 2011). From that time and for more than 

10,000 years, a critical human endeavor has been to maintain crops cultivations for food and 

fiber to sustain more than 6 billion people around the world (Fróna et al., 2019). 

Starting from the Neolithic Revolution, cereals, notably wheat, are constantly staple 

foods for most human diets (FAO, 1999). The Food and Agriculture Organization of the United 

Nations (FAO) updated projections, indicate that global wheat production will reach 758.3 

million tons in 2020, covering almost 215 million hectares, which makes wheat the most grown 

staple food crop in the world. First and foremost a food crop, wheat is consumed by 2.5 billion 

people across 89 countries. According to CIMMYT’s wheat project 2014, wheat supersedes 

maize and rice as a source of protein in low- and middle-income countries and is ranked second 

only to rice as a source of calories. Wheat is the dominant staple in North Africa and West and 

Central Asia, providing as much as half of all calories consumed in these part of the world 

(WHEAT, 2014; CGIAR, 2017).   

In Tunisia, increasing cereal production to feed a growing population is among the 

country priorities. Currently, cereals cover 1.5 million hectares on average, representing one 

third of the cultivated area, with 58 % of the area is located in the Northern and Western regions 

(FAO and EBRD, 2015; FAO, 2017). The country mainly produces durum wheat which 

represents 56% of the cereal production volume and 72% of the national demand (Bachta, 

2008). Other produced cereals include common bread wheat and barley which represent 20% 

and 45% of the national demand, respectively (Annabi et al., 2018). During 2018-2019, 0.5 

million ha of durum wheat were cultivated, which in turn accounted for almost 85% of the area 

dedicated to both bread and durum wheat (USDA, 2019). 

Wheat yield is highly variable from year to year and is closely linked to the variability 

and the distribution of annual precipitation during the growing season (Latiri et al., 2010). The 

average national yield of durum wheat during the period starting from 1980 to 2018 was 1.52 

±0.44 tons ha-1. This yield is higher in the north (1.66 ±0.47 tons.ha-1) than in the center of the 

country (0.99 ± 0.7 tons ha-1). However, the average wheat yield remains lower than the 

https://en.wikipedia.org/wiki/Sedentism
https://en.wikipedia.org/wiki/Human_civilization
https://en.wikipedia.org/wiki/Domestication
https://en.wikipedia.org/wiki/Economic_surplus
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expected yields determined in the experimental stations which were about 3.6 tons.ha-1 and 6.3 

tons ha-1 in rainfed and in irrigated conditions respectively (Bahri et al., 2015). The country 

relies on the import of durum wheat to fulfill yield gaps, especially in drought years. The import 

could reach 50% of the total consumption of durum wheat, witch illustrates the sensitivity of 

this sector both for farmers' incomes and for the country's trade balance (Latiri, 2005). 

Additionally to rainfall fluctuations, low cereal yields have been a result of low nitrogen 

fertilization, restricted rotations, minimum tillage, ineffective control of weeds and diseases, 

and poor seedbed (Latiri et al., 2010).    

2. Weeds : a major threat for wheat production 

2.1.weed definition 

There is no universal definition of weed that is accepted by all scientists. One widely 

recognized definition adopted by the Weed Science Society of America is “A plant growing 

where it is not desired” (Buchholtz, 1967). Godinho (1984) compared the meaning of the world 

“weed” in different languages and found that a weed has distinct definition depending on 

languages. In the ecological context, a weed (or German world unkraut, or French word 

adventice) means a plant that grows spontaneously in an environment that has been modified 

by man, while weed (or Italian world malherbe or frensh world la mauvaise herbe) means 

unwanted plant in the weed science context. The European Weed Research Society defined a 

weed as “Any plant or vegetation, excluding fungi, interfering with the objectives or 

requirements of people”. Navas (1991) included biological and ecological aspects of plants and 

effects on man in another definition of weed. A weed was defined as “A plant that forms 

populations that are able to enter habitats cultivated, markedly disturbed or occupied by man, 

and potentially depress or displace the resident plant populations which are deliberately 

cultivated or are of ecological and/or aesthetic interest’’. To agriculturalists, weeds are defined 

as highly competitive plants that persistently adapt to cropping systems and cause crop loss and 

damage (Yuan et al., 2007). Weed is recently defined as ‘a plant that is not valued where it is 

growing and is usually of vigorous growth, especially one that tends to overgrow or choke out 

more desirable plants (Corriher-Olson et al., 2020). Weedy species are not desirable, mainly 

because of their ability to grow well in habitats disturbed by human activity as most of them 

can easily germinate, cover the field quickly and produce seeds under suitable environmental 

and soil conditions (Baker, 1965).   

Given these definitions, weeds are considered as one of the most serious biotic constraint 

to agricultural production, challenging the continuing battle to produce enough food for the 

world’s inhabitants (Oerke, 2006). Every year, a major threat to wheat production comes from 
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infestations by diverse type of weed flora, as wheat is grown under diverse agroclimatic 

conditions, under different crop rotations, different tillage modalities and irrigation regimes 

(Chhokar et al., 2012).  

2.2.Weeds impacts in agroecosystems 

From an agricultural perspective, weeds are not desirable for several reasons. Weeds 

compete with crop plants for vital inputs such as water, nutrients, light and space. The 

competition between weed and crops starts in early stages and becomes more severe when 

weeds emerge earlier than the crop (Chhokar et al., 2012). Weeds can serve as refuge for a wide 

range of pests for crop plants, increasing their chance to persist in the environment and reinfest 

crops in succeeding years (Qasem and Foy, 2001; Capinera, 2005). Weeds can also reduce the 

quality of grain crops, and if not removed, the production of seeds perpetuate, leading to the 

replenishment of weed seedbank. As a result, the infestations are amplified from one year to 

another (Walsh et al., 2013) causing pre-harvest losses by reducing yields and post-harvest 

charges from dockage and cleaning (Zimdahl, 2007). Poisonous range weeds can reduce the 

quality of animals through their toxic principles, affecting directly the animal products such as 

milk or meat or indirectly by photosensitization or excessive sensitivity to light, causing body 

weight loss, reproductive losses and death of animals (Corriher-Olson et al., 2020). Weeds may 

interfere with water management in irrigated agriculture by increased evapotranspirative water 

losses and reduced water flow in irrigation ditches (Zimdahl, 2007). Perennial weeds such as 

Convolvulus spp, Sorghum halepense, or Elymus repens or the annual parasitic weeds such as 

Cuscuta spp., striga spp. and Orobanche spp. decrease land value, reduce forage quality and 

limit crop choice leading to yield losses of most crops and may completely eliminate successful 

growth of other crops (Malik and Singh, 1995; Corriher-Olson et al., 2020; Zhang et al., 2020). 

2.3.Weed cost losses 

Losses caused by weeds are of great importance in agricultural production (Oerke 2006; 

Zimdahl, 2007). There are no completely accurate estimates of the total cost losses caused by 

weed competition, although several attempts have been made. One of the first estimates was 

reported in 1967, Cramer calculated that 9.7% of potential world crop yield was lost because 

of weeds. Parker and Fryer (1975) used Cramer’s data and estimated that weeds eliminated 

14.6% of the world’s potential crop production. Left uncontrolled, weed caused more than 80% 

of yield losses and in extreme cases these losses could be up to complete crop failure (Cousens 

and Mortimer, 1995; Malik and Singh, 1995). Oerke (2006) noted that uncontrolled weeds 

resulted in 34% loss of crop yields worldwide, the potential losses of six major crops were 

estimated as follow: wheat −23%, rice −37%, maize −40%, potato −30%, soybean −37% and 
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cotton −36%. Less concern were attributed to animal pests (insects, rodents, nematodes, mites, 

birds, etc.) and pathogens (fungi, bacteria, etc.) compared to weeds. The same author has 

estimated an average of 18% and 16% loss by pest and pathogens respectively. In USA, 

sorghum crop losses because of weeds were estimated to 61% (Dille et al., 2020). In Australia, 

weed interference with barley crop result in up to 78% of grain yield losses (Mahajan et al., 

2020). In Tunisia, an estimation of around 60% losses of the total cereal yield were attributed 

to weeds according to the National Institute for Field Crops (INGC, 2013). 

Several studies from different economies have also reported the substantial economic 

loss caused by weeds. In global level, the annual economic loss caused by weeds was estimated 

at more than 100 billion US dollars (Appleby et al., 2000). In Australia, the overall cost of 

weeds to national grain production has been estimated at 3.3 billion AU dollars on average each 

year (Llewellyn et al., 2016). In India, these costs were much higher. Weeds cost Indian farmers 

over +11 billion US dollars annually (Gharde et al., 2018). In the USA, every year, weeds cost 

33 billion US dollars in lost crop production (Pimentel et al., 2005).  

3. Herbicide: first choice for cereal growers to control weeds 

Facing the huge impact of weeds on staple crop productions and its associated costs, farmers 

were and still looking for the most effective tactics to reduce the competitiveness of weeds. 

Weed control was first labor-intensive and only moderately effective because it was based on 

manual and mechanical weeding methods (Oerke, 2006). In early 1900, the inorganic copper 

salts and sulfuric acid were used as first known chemicals to control weed (Hamill et al., 2004). 

After the World War II, a great number of herbicides were developed out of the research, and 

the most known are 2,4-D and MCPA, which are selective broadleaf herbicides commercialized 

in late 1940s (Peterson et al., 2016). Within the next decades, new chemicals were synthesized, 

developed and commercialized. Up to date, 410 active ingredients belonging to 26 known mode 

of action are in use (Forouzesh et al., 2015). 

Current agricultural systems, particularly in the developed countries, are dominated by 

a paradigm of largescale, intensive and mechanized farming, focusing on few major crops 

supported by mineral fertilizers and chemical control methods (Stoate et al., 2001). New 

agriculture was also susceptible to environmental pressures, such as the need to sustain the soil 

quality, which led to a shift in agricultural methods to reduced tillage. Therefore, ploughing is 

minimized or excluded from weed management, leading to heavily reliance on herbicides over 

time (Hobbs et al., 2008). One of wide used herbicides in intensive agriculture, is glyphosate. 

Since its discovering in 1974, glyphosate is excessively applied (Duke and Powles, 2008) with 

the advent of genetically modified herbicide-tolerant (GMHT) crops such as cotton (Gossypium 

https://www.frontiersin.org/articles/10.3389/fagro.2019.00003/full#B16
https://www.frontiersin.org/articles/10.3389/fagro.2019.00003/full#B9
https://www.frontiersin.org/articles/10.3389/fagro.2019.00003/full#B22
https://www.britannica.com/event/World-War-II
https://www.frontiersin.org/articles/10.3389/fpls.2017.01584/full#B21
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barbadense), oilseed rape (Brassica napus), rice (Oryza sativa), maize (Zea mays), sugarbeet 

(Beta vulgaris), canola (Brassica napus), alfalfa (Medicago sativa) and soybean (Glycine max). 

The GMHT crops, enabling effective chemical control of weeds, have been widely adopted in 

North and South America (Bonny, 2016). In these crops, glyphosate has replaced almost all 

other herbicides or other methods of achieving weed control (Powles and Yu, 2010).   

In cereals, Herbicides are by far the most effective weed control tools ever developed, 

killing up to 99% of the targeted weeds (Foster et al., 1993). For Cereal growers, chemical weed 

control is preferred over other weeding methods because of its better efficiency along with less 

cost and time involvement. Furthermore, Herbicides cause no mechanical damage to the crop 

comparing to manual and mechanical weeding (Chhokar et al., 2012). Non-chemical methods 

can achieve similar efficacies only by combining a diversity of weeding practices, each 

generally far more labor-intensive than herbicide uses (Baastians et al., 2008).  

Although, most herbicides are considered non-toxic to animals and humans, over 

reliance on herbicides have raised concerns about its negative effects on the health of 

farmworkers (Waggoner et al., 2013) and the public (Landrigan and Benbrook, 2015) by direct 

exposition to the herbicide (Myers et al., 2016), toxic residues in food (Bonny, 2016) and 

drinking water (Almberg et al., 2018). The excessive use of herbicides led to environmental 

pollution (Kortekamp, 2011), substantial mortality of non-target plants and the associated pests, 

natural vegetation losses, soil biodiversity reduction (Marshall, 2001) and establishment of new 

weeds flora (MacLaren et al., 2020). Some herbicides persist in the environment and in some 

cases an herbicide can carry over from one crop season to the next and may injure succeeding 

crops (Janaki et al., 2015). Even considered as the most effective weed management tool, 

overreliance on a single herbicide (or group of herbicides with the same mode of action) is 

likely to result in weed populations that are resistant to that herbicide or that group of herbicides 

(Tranel and Wright, 2002), such as the case of the ALS-inhibiting herbicides.  

4. A study case of herbicide resistance: The ALS-inhibiting herbicides 

ALS-inhibiting herbicides (also referred to Acetohydroxyacid synthase (AHAS) 

inhibiting herbicides) are among the most used herbicides in the world and are extensively 

applied in small grain crops such as wheat and barley, owing to their high margin of crop safety 

and low cost (Tranel and Wright, 2002). In contrast to primitive herbicides requiring kilograms 

per hectares, such as heavy metal inorganic salts, few grams of ALS inhibitors per hectares 

were enough to effectively control a broad spectrum of weeds (Zimdahl, 2007). These favorable 

qualities ensured the global and intensive adoption of ALS inhibitors in cereal crops during the 
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1980s, which significantly impact the decline in the number of active ingredients available to 

control weed (Mazur and Falco, 1989; Bellinder et al., 1994; Powles and Yu, 2010).   

In early 1982, the first ALS-inhibiting herbicide, Chlorsulfuron, was first introduced to 

control broadleaf weeds in cereals (Saari et al. 1994). It was not until 1984 that the mode of 

action of the ALS inhibiting herbicides has been elucidated showing that its target the enzyme 

acetolactate synthase (ALS) in plants (Tranel and Wright, 2002; Duggleby et al., 2008). 

Selective herbicides belonging to Sulfonylureas (SUs), imidazolinones (IMIs), 

triazolopyrimidines (TPs), pyrimidinylthio (or oxy)-benzoates (PTBs) and sulfonylamino 

carbonyltriazolinones (SCTs) are very effective owing to their highly specific inhibition of the 

ALS enzyme (Ray, 1984; Zhou et al., 2007). The ALS is the first enzyme involved in the 

biosynthesis of valine, leucine and isoleucine, three essential amino-acids for plant survival 

(Figure 1).  

 

Figure 1. Metabolic pathway for the biosynthesis of the branched-chain amino 

Herbicides inhibit the ALS activity by binding within the substrate-access channel of 

the ALS enzyme in plants, thereby blocking substrate access to the catalytic site. Across this 
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domain, 18 amino acid residues are involved in herbicide binding (McCourt et al., 2006). 

Structurally, SU are better ALS inhibitors than IMI because SU fit better (more hydrogen bonds 

are involved) and deeper into the channel (closer to the active site) (Duggleby et al., 2008, 

Powels and Yu, 2010). Inhibition of ALS enzyme leads to the starvation of the plant for valine, 

leucine and isoleucine, and it is this starvation that is thought to be the primary mechanism by 

which ALS-inhibiting herbicides cause plant death (Devine and Shukla, 2000). Other secondary 

effects of ALS inhibition, such as buildup of 2-ketobutyrate, disruption of protein synthesis, 

and disruption of photosynthate transport, have also been implicated in the mechanism of plant 

death (Shaner, 1991). 

5. Occurrence and evolution of resistance to ALS-inhibiting herbicides 

The frequent occurrence of weed populations resistant to ALS inhibitors can be 

attributed to several factors including the widespread usage of these herbicides, the strong 

selection pressure they exert and the resistance mechanism (Tranel and Wright, 2002). The 

continued selection pressure by repetitive use on the targeted weed populations of either the 

same herbicide or the same mode of action, eliminates susceptible plants before they reproduce. 

Thus, creating a selective advantage for initially rare individual with resistant alleles (in the 

range of 10-6 and 10-8 inside a population) and enabling their survival and reproduction even in 

presence of lethal dose of herbicides. These resistance traits are then transmitted to the progeny 

of escapees facilitating their survival when exposed to the same herbicide MoA. The resistant 

plants increase in frequency over time, leading to a weed population in which resistant plants 

dominate (Délye, 2005, Powels and Yu, 2010). There are more weed species that are resistant 

to ALS-inhibiting herbicides than to any other herbicide group (Corbett and Tardif, 2006, 

Tranel and Wright, 2002) (Figure 2).  
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Figure 2. Chronological increase in resistant weeds in the world (Heap, 2020) 

 

The exposure of many weed species over large areas to the strong ALS inhibiting 

herbicides selection has inevitably resulted in the evolution of herbicide-resistant weed 

populations (Powles and Yu, 2010; Heap, 2020). Herbicide resistance is defined as the inherited 

ability of a plant to survive and reproduce after the exposure to a dose of herbicide that is 

normally lethal to a wild-type plant of the same species (Gressel, 1990). Mallory-Smith et al, 

(1990) reported the first case of resistance to ALS inhibiting herbicides in prickly lettuce 

(Lactuca serriola) in 1987. Soon thereafter, researchers confirmed the resistance to ALS 

inhibitors in others weeds such as kochia (Kochia scoparia) (Primiani et al. 1990), common 

chickweed (Stellaria media) (Devine et al., 1991) and Russian-thistle (Salsola iberica) 

(Stallings et al. 1994). The first weed species known as resistant to ALS inhibiting herbicides 

was reported only 5 years after the introduction of the first SU herbicide into the market. 

Worldwide, the resistance to ALS inhibitors is spreading across developed and less developed 

countries. ALS inhibitor-resistant weeds account for about a third of all resistance cases with 

more broad-leave species (101 species) than grasses (64 species). Resistance to ALS inhibitors 

is particularly troublesome in rice and cereals (Heap, 2020). The USA, Canada, Brasil, China, 
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Australia and France are the top countries with the most resistant weed biotype to ALS 

inhibitors (Figure 3).  

 

Figure 3. ALS inhibitors cases distributed in the world (Heap, 2020) 

 

In Tunisia, the first report of evolved resistance to herbicide was in ryegrass (Lolium 

rigidum Gaudin.) populations in 1996. First, ryegrass developed resistance to ACCase 

inhibiting herbicides (Gasquez, 2000), then to ALS inhibiting herbicides (Souissi et al., 2004). 

Multiple resistant populations of Lolium rigidum were reported in major-cereal growing regions 

in the north of Tunisia. More than half of tested populations exhibited resistance to SU 

herbicides and 40% of populations developing resistance to both ACCase and ALS herbicides 

(Khammassi et al., 2020). 

5.1.Mechanisms of resistances: Target and Non target site resistance 

Effective herbicides have chemical properties enabling them to enter the plant, be 

translocated to the location of target protein (e.g. the chloroplast of meristem cells) and reach 

their target site at a lethal dose, thereby disrupting biosynthesis pathways or vital cell structures 

causing the plant death. However, resistant weeds are able to survive and reproduce in the 

presence of the herbicide (Figure 4). This resistance is attributed to target site (TSR) and non-

target-site (NTSR) mechanisms. Both mechanisms may coexist in plants (Powels and Yu, 2010, 

Délye et al., 2013). 

As shown in figure 4, the TSR occurs as a result of (A) mutations in the genes of the 

encoding proteins, when they are targeted by the herbicide (e.g., changing the binding sites of 



Chapter I .General overview  

14 
  

herbicide) or by (B) overproduction of the target enzyme (gene overexpression or amplification) 

(Powels and Yu, 2010; Délye et al., 2013). While the NTSR is related to any mechanisms that 

minimize the amount of active ingredient reaching the target site. This include (C) decreased 

foliar uptake rates because of alterations in the composition of the cuticular wax or plant habit 

(D) reduced translocation of the herbicide, (E) enhanced herbicide metabolism resulting in 

rapid detoxification of the herbicide, and/or (F) enhanced neutralization of cytotoxic molecules 

generated by herbicide action (Yuan et al., 2007; Yu and Powles, 2014a and b; Délye et al., 

2013). 

NTSR mechanisms are mediated by stress-response enzymes including complex 

constitutive and/or induced interactions of cytochrome P450 mono-oxygenase, glutathione S-

transferase, glycosyltransferase, and/or ATP-binding cassette transporter polygene families 

(Yuan et al., 2007; Powles and Yu, 2010; Délye et al., 2013, Yu and Powles, 2014 a and b, Han 

et al., 2020). The likelihood that a NTSR or TSR mechanism is selected in a weed population 

depends on many factors, such as the herbicide mode of action, its rate of use, the site of action, 

the weed species, the population size and the environment (Busi et al., 2013). 

 

Figure 4. The action of herbicides (top) following their application and the resistance mechanisms 

identified in weeds that correspond to each action step (bottom) (Délye et al., 2013). 

5.2.Type of resistance: Cross and Multiple Resistance 

Weeds are able to develop a cross resistance or a multiple resistance to a group of 

herbicides or a group of mode of actions. Cross resistance was defined as the resistance to two 
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or more herbicides conferred by one gene or one mechanism (Délye et al., 2013). Usually a 

single gene is responsible to a single resistant mechanism, however, it is possible that more than 

one gene contribute to the same mechanism (Preston and Mallory-Smith, 2001). The 

mechanism can be target site based such as mutation in the target protein or non-target site 

based, such as reduced translocation or enhanced metabolism. Generally, metabolism based 

mechanism contributes to cross resistance across herbicide mode of action while cross 

resistance attributed to target site alteration or translocation is usually restricted to herbicides 

with the same mode of action (Beckie and Tardif, 2012). 

In contrast, multiple resistance in a resistant population was commonly defined as the 

resistance to different herbicides caused by different genes or different mechanisms (Délye et 

al., 2013). Multiple resistance is caused by a sequential herbicide mode of action selection or 

an accumulation of resistance alleles in offspring as a result of pollen flow in outcrossing 

species such as Lolium rigidum Gaudin. (Christopher et al., 1992), Alopecurus myosuroides 

Huds. (Petit et al., 2011 Powles), Amaranthus tuberculatus (Moq.) Saue (Guo et al., 2015), 

Rapistrum rugosum L. (Hatami et al., 2016) and Papaver rhoeas L. (Rey-Caballero et al., 

2017). The incidence of intergroup herbicide resistance, due to cross resistance (i.e., 

metabolism-based mechanism) or multiple resistance, is continually increasing. To date, there 

are more than 100 weed species with multiple herbicide resistance (figure 5). 

 

Figure 5. Chronological occurrence of weed population globally with intergroup herbicide resistance, 

Heap (2020) 
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6. A case of study: Evolution of resistance in Glebionis coronaria to ALS-inhibiting 

herbicides 

6.1.Biology, Distribution and nuisibility 

Glebionis coronaria (L.) Cass. ex Spach (ex  Chrysanthemum coronarium L.), 

commonly named garland chrysanthemum or crown daisy chrysanthemum or CHYCO (the 

EPPO code), is an aromatic annual species belonging to the Asteraceae family. CHYCO is 

diploid species, with 2n = 18 (Abd El-Twab et al., 2008), it differs from related species by 

glabrous plants with totally yellow ray florets. Its fruit (known as cypselas) are distinguished 

by pronounced wing (averge width 0.71-0.76 mm) and aligned intercostal glands (Cano et al., 

2017). The seedling is characterized by elliptical cotyledons (5-8 x 3-5 mm). The first two 

leaves are opposite, lanceolate with 5-7 acute lobes. The following leaves are strongly indented 

into lanceolate and toothed lobes. The stem is up to 100 cm with a straight, hairless and 

branched stems. The leaves are bipinnately lobed of light green color. The flower heads are 

radiate of 30-60 mm in diameter. The flowers are ligulate and golden yellow in color. Flowers 

consist of central hermaphrodite disc florets (pistillate + staminate) and marginal female ray 

florets (pistillate) with inferior ovaries (Cockshull, 1985). These florets develop two 

morphologically distinct lignified fruit called cypselae which are prominently composed by 

sclerotic cells (Paul and Mukherjee, 2017) (figure 6) 

 

Figure 6. The phenological satges of CHYCO a: two-leaf stage, b: four-leaf stage, c: side shoot stage, 

d: Flower buds, e: flowering stage (personal photos), f: cypselae morphotypes (Puglia et al., 2015). 

 

(a) 

(b) 

(d) 

(c) 

(e) 

(f) 

  

https://en.wikipedia.org/wiki/Leaf_shape
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The two morphotypes differ in dispersal behaviour, pericarp size and level of dormancy 

(Bastida and Menendez, 2004; Bastida et al., 2010). As most heterocarpic Asteraceae, central 

cypselae germinate immediately when favorable conditions occur while peripheral cypselae 

show delayed germination. The plant flowers from March to June and the fruits are striated 

cypselae constituted of distinctive central and peripheral morphos. Differential dispersal and 

germination allow spreading of the offspring in space and time (Puglia et al., 2015) 

CHYCO is native to the Mediterranean regions (Meusel et al., 1965; Pignatti, 1982). 

Occasionally, it was introduced and naturalized far beyond their native range. To date, CHYCO 

is widely distributed in East Asia, western Africa and in scattered locations in North America 

(Sebastian et al., 2006; Basta et al., 2007; Cook, 2011) and it was reported as invasive plant 

species because of its abundance and persistence (Wang et al., 2009; Cook and Talley, 2014). 

In Tunisia, CHYCO is ubiquitous in cereal cropping system but also on roadsides, field margins 

and urban wastelands. It grows in all climatic stages, being more abundant in the humid and the 

sub-humid areas and prefers loamy, sandy loam to sandy soils (Carème, 1990). According to 

Bastida (2004), it is emergence occurs in autumn and the seedlings develop into winter rosettes 

in January and February. Flowering and fruiting begin in late February early March and 

continue until early summer. 

CHYCO is known as ornamental plant, and used for health and food (human and animal) 

purposes. Numerous biological properties mainly antioxidant, antibacterial, antifungal and 

anticancerous have been reported for CHYCO. The plant is appreciated as a food in Japan and 

China because of high concentration of minerals, viatamins and antioxidants (Zheng et al., 

2004). Some studies pointed out the importance of CHYCO addition in the sheep diet to improve 

the quality of milk and cheese (Cabiddu et al., 2006). Although theses interesting features, 

CHYCO is often considered as a serious weed in rainfed cereals and pulses and at high 

infestation rate it competes vigorously with the crops and reduces their economic yields 

(Carème, 1990; Tal and Rubin, 2004).  

6.2.Chemical control and resistance to ALS inhibiting herbicides 

To control broadleaf species in Tunisia, synthetic auxin herbicide namely 2, 4-D was 

one of the first herbicide marked in early 70s. Since the 80s, the intensification of wheat was 

associated with the more adoption of graminicide selective herbicides such as sulfonylureas and 

substituted ureas to better control grass weeds, which became the most important class of weeds 

in wheat fields (Guillou, 1975; Rondia et al., 1976).  

In Northern country, the use of 2, 4-D is decreasing compared to graminicide in term of 

treated-areas since 1975. The application of herbicide is closely linked to year features. The 

https://en.wikipedia.org/wiki/East_Asia
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2,4-D use is related to rainfall and to expected high yield of wheat, while graminicides are used 

in a more systematic way, unless  in drought season conditions  (Menchari et al., 2016). Since 

1999, the triazines, the dinitroanilines, ureas, phenoxy acids and acetolactate synthase inhibitors 

are added to the list of imported herbicides (Menchari et al., 2016) 

Previous surveys conducted in northern Tunisia showed that the ALS inhibitors are 

major herbicide mode of action that are used by farmers to control both broadleaf and grass 

weeds (Menchari et al., 2016, Khamassi et al., 2020). Among chemical families of ALS 

inhibitors, only sulfonylureas (SUs) and triazolopyrimidines (TPs) chemical families are used 

in cereal field. Considering their disponibility, low cost and large spectrum of control, wheat 

growers rely heavily on ALS inhibiting herbicides to control CHYCO in their fields. Recently, 

synthetic auxin herbicides or herbicides with both ALS inhibiting and auxinic modes of actions 

are more adopted by farmers to face the spread of CHYCO in their fields. The most used 

herbicide are listed in table 1.  

The only known case of resistance to ALS inhibiting herbicides developed by CHYCO 

has been reported in wheat fields by Tal and Rubin (2004). These authors have reported high 

levels of resistance to Sulfonylureas chemical family in CHYCO, namely iodosulfuron, 

chlosulfuron and sulfometuron.  

Low to moderate resistance to herbicides from other ALS inhibiting groups such as 

imazethapyr, flumetsulam, pyrithiobac-Na and propoxycarbazone-Na has also been reported. 

The resistance of CHYCO to ALS-inhibiting herbicides is attributed to an alteration of the target 

gene. Indeed, two substitutions in position 197 in the ALS gene were detected. The first 

substitution results in a change from proline to serine (Pro/Ser) and the second in a change from 

proline to threonine (Pro/Thr) (Tal and Rubin, 2004) 
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Table 1. Herbicides used to control CHYCO in cereal crops in Tunisia following the HRAC classification. 

 
Code 

HRAC 

classification 

Mode of acion Class of chemical 

family 

Active substances Trade name 

 

Amount of active substances 

group B ALS inhibitors 

 

 

Sulfonylureas(SUs) Iodosulfuron + Mesosulfuron + 

Mefenpyr 

Atlantis 6 g/Kg + 30 g/Kg + 90 g/Kg 

Mesosulfuron-Methyl (Mesomax) + 

Iodosulfuron + Mefenpyr diethyl* 

AmilcarWG 30 g/Kg + 30 g/Kg + 90 g/Kg 

Mesosulfuron-Methyl+ Iodosulfuron-

Methyl + Mefenpyr diethyl* 

Atlantis OD 10 g/l + 2 g/l + 30 g/l 

Mesosulfuron-Methyl+Iodosulfuron - 

Methyl Sodium + Mefenpyr diéthyl* 

Amilcar OD 7,5 g/L + 7,5 g/L+ 22,5 g/L 

Tribenuron-Methyl Granstar 75% 

Triazolopyrimidine 

(TP) 

Pyroxsulam + Florasulam + 

Cloquintocet mexyl* 

Floramix 70,8 g/kg +14,2g/kg + 

70,8g/hg 

group O Synthetic 

auxins 

(SAH) 

Phenoxycarbonic acid Dicamba + 2,4 – D Dialen Super 120 g/L + 344 g/L 

2,4 D -Ester butylglycol Weedone 600 g/L 

2,4- D + MCPA Weedone Plus 345 g/l + 345 g/l 

group B + group O ALS 

inhibitors+ 

SAH 

 

Phenoxycarbonic acid 

+TPs 

Aminopyralyd + Florasulam Lancelot 450 

WG 

35,5 %+ 15% 

Aminopyralyd + Florasulam + 2.4 D 

EHE 

Nikos forte 10g/l + 5g/l + 180g/l 

2,4-D Acid + Florasulam Mustang 

306SE 

300 g/L + 6,25 g/L 

2,4-D Acid + Florasulam Nikos 306 SE 300 g/L + 6,25 g/L 

Phenoxycarbonic acid 

+SUs 

Dicamba+ Triasulfuron Zoom 659 g/Kg +41 g/Kg 

group B+ group A ALS inhibitors 

+ ACCase 

inhibitors 

SUs +FOP Iodosulfuron-Methyl Sodium 

+Fenoxaprop-P-Ethyl +Mefenpyr – 

diethyl 

Puma 

Evolution 

8 g/L + 64 g/L + 24 g/L 

*safener  
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7. Integrated weed management: an effective approach to manage resistant 

population in crops 

For instance, weed community shifts toward species more tolerant to control, have been 

reported i.e. increase of perennials in response to tillage or ruderal species in response to more 

frequent and intense disturbance events (Mohler,1996; Fried et al., 2012; Gaba et al., 2017; 

Bourgeois et al. 2019). Consequently, agricultural landscapes now tend to be dominated by a 

few weed species that are difficult to control (Neve et al., 2009; Garnier and Navas, 2012) and 

that provide poor resources for other farmland biodiversity (Marshall et al. 2003; Hawes et al. 

2018). To face these challenges, the European Union has made mandatory the use of the 

Integrated Weed Management (IWM) since 2009, following the Directive 2009/128/EC on 

sustainable use of pesticides (OJEU, 2009). Whereas in the developing countries, the adoption 

of IWM still remains low. IWM is defined as a holistic approach to weed management that 

integrates different methods of weed control to provide the crop with an advantage over weeds 

(Harker and Donovan, 2013). Increasing the cropping system sustainability and reducing the 

selection pressure for weed resistance to herbicides are among the major goals of any IWM 

strategy (Harker and Donovan, 2013). 

7.1.Proactive management 

One of the first concerns, to focus on, when designing an IWM is the target weed 

species. Rational IWM strategies are most likely to be adjusted after identifying the ecological 

behaviors and the biological traits of the target weed or weed communities. The study of weeds 

themselves allow to proactively address weed population dynamics over time, rather than 

continuing with the use of reactive chemical-only solutions (Westerman et al., 2005). The 

success of weed management based on ecological principles and weed biology will depend on 

a better understanding of the effect of environment on life history strategies, growth, and 

competition of weeds and crops, and particularly upon the ability to predict weed and crop 

phenology (Ghersa and Holt, 1995). 

Weed emergence is a crucial phase for crop–weed interactions, the resulting yield loss, 

as well as future weed dynamics (Forcella et al., 2000). Predicting accurate weed emergence 

timing can help optimise control strategies (Forcella et al., 2000, Guillemin et al., 2013). As 

stated by Forcella et al. (2000), weed emergence is a key process because it determines both 

the amount of weeds and the timing of their appearance in the field. It is often the very early 

and very late emerging individuals that can make the most significant contributions to 

competition and seed return respectively, weed amount and emergence timing do or do not 

justify the application of herbicide to the crop (Grundy et al., 2003). 

https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=GHERSA%2C+C+M
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=HOLT%2C+J+S
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Currently, two different approaches are developed by researchers to develop predictive 

weed emergence modelling. Some researchers have taken an empirical approach, seeking to 

identify correlations between environmental variables (hydric, thermal and gaseous) and 

observed emergence patterns. Others have taken a reductionist approach, subdividing the 

emergence process into its component stages of dormancy, germination and pre-emergence 

growth, to work towards achieving an eventual understanding of the physiological processes 

involved (Grundy et al., 2003).  

Predictive models of weed emergence and phenology can have another role to play 

when incorporated as part of conceptual life cycle models. In this way they may help to identify 

points in the life cycle that are most sensitive to control, and therefore where control is likely 

to lead to reductions in population size (Westerman et al., 2005). Similarly, they may be used 

to predict how populations might develop over a number of years under different control 

strategies (Rasmussen, 2002). Predicting weed emergence can thus provide a valuable input to 

population dynamics models that could be used in a much wider context than simply the timing 

of weed control (Grundy et al., 2003). 

Models predicting the effects of cropping systems on weed demography are important 

tools for testing new rules for integrated weed management that may reduce the use of 

herbicides and preserve the biodiversity of agro-ecosystems (Gardarin et al., 2008). Several 

existing models (Vleeshouwers and Kropff, 2000; Colbach et al., 2006; Sester et al., 2007) 

predict the effects of cropping systems on weed emergence. A number of eco-physiological 

models of competition between weeds and crops have now been produced. The principal 

purpose of these models has been to improve our understanding of competition processes 

(Kropff, 1988; Ryel et al., 1990; Kiniry et al., 1992; Vitta and Satorre, 1999) by integrating 

existing knowledge into a logical framework (Chikoye et al., 1996).  

As the timing of weed emergence relative to that of the crop has such an influence on 

the onset of competition, this information can be used to optimize the timing of removal 

strategies including both mechanical and chemical weed control. The absolute timing of 

chemical control is usually limited by growthstage (Grundy et al., 2003).  

7.2. Reactive strategies for resistance weed management 

Any weed management method that is continuously repeated provides heavy selection 

pressure for weed adaptation and resistance to that practice. Reliance on any weed management 

technique over time may reduce its efficacy against weeds (Barrett, 1983). Indeed, herbicides 

are highly preferred in intensive cropping systems (Zimdahl, 2007) and their use is positively 

correlated with the increase of crop production with minimum costs and human efforts (Eslami 
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et al., 2014). The continuous and the frequent applications of the same herbicides with the same 

mode of action have induced in many cases resistance in several weeds species. Furthermore, 

the excessive use of the same herbicide associated with the genetically modified herbicide-

tolerant crops has led to a higher selection pressure and to shifts in the weed species flora 

(Eslami et al., 2014; Bonny, 2016).  

In case of resistance development in a given field , understanding a weed’s resistance 

mechanisms (TSR and/or NTSR) to a herbicide is crucial to determine the appropriate herbicide 

molecule or mode of action to be used in herbicide resistance management strategies (Perotti et 

al., 2020). The use of the appropriate herbicide rates in the right time, the rotation of herbicides 

throughout the season, the use of tank mixed herbicides with different mode of action and 

planning ahead across seasons to avoid using the same herbicides are among the recommended 

practices in IWM strategies (Scavo and Mauromical, 2020).   

Chemical method combinations with cultural or mechanical methods are widely 

adopted and are of key importance in sustainable IWM strategy (Harker and Donovan, 2013). 

Despite the efficiency of both herbicides and tillage in weed management, the use and 

dominance of these control methods have, besides their negative impacts on the environment, 

raised concerns about weeds adaptation to these control practices. Indeed, few alternatives are 

now available in case of reduced or loss of weed control efficacy using both methods separately 

or combined, thus emphasizing the need to search for new alternatives to be integrated into 

weed management strategies in order to conserve biodiversity and sustain productive 

agriculture. Within this context, the allelopathy approach is gaining in popularity. Crops 

belonging to the Poaceae, such as wheat, barley, sorghum, and oat have been reported as 

allelopathic crops (Tesio et al., 2010). These crops release into their environment a variety of 

secondary metabolites or allelochemicals belonging to a wide range of chemical classes, mainly 

phenolic compounds and terpenoids (Scavo et al., 2018). In field conditions, allelochemicals 

have an inhibitory effect on seed germination and weed density (Scavo et al., 2019). Crops with 

allelopathic traits can be included in rotation or used as cover crop while its most active 

allelochemicals could be used as bioherbicides (Macías et al., 2007).  

According to Beckie (2006), the best way to prevent the evolution of herbicide-resistant 

weeds is to implement diversified cropping systems with less frequent herbicide use by 

employing non-chemical weed management practices. Crop rotations have been proposed to 

manage several herbicide-resistant weeds like blackgrass (Alopecurus myosuroides L.) (Moss 

et al., 2007), rigid ryegrass (Lolium rigidum Gaud.) (Busi and Powles, 2013) or wild oat (Avena 

fatua L.) (Harker et al., 2009). Previous study in resistant biotype of Papaver rhoeas to both 
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2,4-D and tribenuron-methyl showed that integrated weed management (IWM) strategies 

reduced the initial density ofthe weed and the most successful strategies were those which either 

included a suitable crop rotation such as sunflower or field peas, or had a variation in the 

herbicide application timing (early POST or combining PRE or early POST and POST) (Rey-

Caballero et al., 2017). In Tunisia, multiple resistantpopulation of rigid ryegrass to ALS 

inhibitors and ACCase inhibitors was successfully controlled by delayed sowing date, plowing, 

crop rotation and the alternation of herbicide groups. In absence of chemical control, using 

crops such as peas and oat significantly reduced the initial density of ryegrass. Moreover, using 

different herbicide belonging to different mode of actions (namely, N group), in rotation 

context, reduced the density of Lolium rigidum up to 80% (Khammassi, 2016). 
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Field survey and resistance occurrence to ALS-inhibiting herbicides in 

Glebionis coronaria L. in Tunisian wheat crops 

1. Introduction 

Glebionis coronaria (L.) Cass. ex Spach, known also under the common name of crown 

daisy or chrysanthemum (its EPPO code is CHYCO) , is an annual plant belonging to the 

Asteraceae family. It is frequent as ruderal vegetation, in field margins, road verges, and urban 

wastelands, and as a weed in several crops (Cook et al., 2011). In Tunisia, CHYCO is common 

in all climatic stages, being more abundant in the humid and the subhumid areas and at high 

infestation levels, competing vigorously with cereals and other annual crops for space and 

nutrients (Careme et al., 1990). Cereals are sown in 1.5 million hectares (i.e., one third of the 

Tunisian arable land) under rained conditions, predominantly, in the Northern and Western 

parts of the country. Durum wheat is the most widely cultivated cereal in Tunisia, representing 

54% of total cereals (FAO, 2017). However, yields fluctuate from one year to another mainly 

due to abiotic and biotic stresses and weeds constitute one of the major technical and economic 

limitations of wheat production (Latiri et al., 2010). 

Tunisian farmers heavily rely upon acetolactate synthase (ALS) inhibitors for weed 

management in cereal fields. These herbicides target the activity of ALS enzyme in weeds, 

which is the first enzyme involved in the biosynthetic pathway of branched-chain amino acids 

(leucine, isoleucine, and valine), resulting in a rapid growth cessation in susceptible species by 

inhibiting the enzyme activity (Devine et al., 2000; Tranel and Wright, 2002). ALS-inhibiting 

herbicides have been extensively applied worldwide due to their high efficacy, environmental 

safety, minimal mammalian toxicity, low cost, wide crop selectivity, and broad spectrum weed 

control at very low application rates (Yu et al., 2003). Consequently, the overuse of ALS-

inhibiting herbicides has resulted in rapid weed resistance evolution compared with other 

groups of herbicides (Tranel and Wright, 2002; Corbett and Tardif, 2006), resulting in 792 cases 

of resistance belonging to 165 species around the world (Heap et al., 2020). Generally, the 

herbicide resistance evolution is widely influenced by the cultural and management practices 

(Beckie et al., 2004) and the main drivers are high weed densities, repeated use of the herbicides 

that have the same mode of action (MoA), tillage practices, or crop monoculture, among others 

(Stephenson et al., 1990; Pandolfo et al., 2013). With the aim to delay the evolution of herbicide 

resistance, the recommendations have mainly focused on guidelines of herbicide application 

such as herbicide rotation and herbicide mixtures (Hatzios and Penner, 1985). Grower’s 

awareness is one of the major key factors that delay the occurrence of herbicide-resistant weeds, 
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attributed to the primordial role of growers in keeping field records, when weed resistance is 

suspected, for future herbicide monitoring (Beckie et al., 2004). 

Recent observations in winter cereals throughout the Northern regions in Tunisia 

revealed that CHYCO is frequently present and farmers failed to control it in wheat cropping 

systems, especially in the Bizerte region, which raises suspicion of the occurrence of herbicide 

resistance. The only case known worldwide of CHYCO with confirmed resistance to ALS-

inhibiting herbicides was reported in 2004 (Tal and Rubin, 2004). To date, despite the wide 

distribution of CHYCO, there are almost no studies quantifying the geographical extent, 

severity, and level of herbicide resistance in Tunisia. This emphasizes the urge to quantify the 

extent and severity of the resistance occurrence in CHYCO in the most threatened wheat 

production areas of Tunisia. In this study, our interests were focused towards: (1) assessing the 

prevalence of CHYCO and the main causes of its likely resistance occurrence through field 

surveys and farmers interviews; (2) determine the effects of CHYCO densities on wheat yield 

losses; and (3) confirm the occurrence of resistance to ALS-inhibiting herbicide based on field 

trials and whole plant and dose–response assays. 

2. Materials and Methods 

2.1.  Field surveys and farmer interviews: occurrence and resistance awareness 

In order todetermine the main management practices leading to CHYCO occurrence and 

the associated farmers’ awareness of herbicide resistance evolution, a survey was conducted 

over a period of three years (from 2016 to 2018) in the region of Bizerte in Northern Tunisia 

(37°16′28.603′′ N, 9°51′45.806′′ E, 3750 km2). The field surveys were conducted late in the 

growing season after the last herbicide treatment but before harvest started. Across the region, 

seventy-six infested durum wheatfields were located (Figure 1). 

The analysis focused on 46 growers who had observed reduced herbicide efficacy to 

control CHYCO (especially with ALS-inhibiting herbicides), over one to five years period as 

an average. The main cultural practices and the chemical management strategy for at least the 

last three years were recorded for each interviewed grower. The investigated factors were crop 

rotation, tillage, sowing date, herbicide MoAs, frequency of B-group use, herbicide rotation, 

full labeled rate, herbicide mixture, sprayer setting, and rescue treatment (the use of an extra 

herbicide application in spring, especially for CHYCO). Categories within each factor were 

adjusted and the frequency distributions of cases (%) within each category of analyzed factors 

were calculated.  
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The grower awareness and the CHYCO occurrence represent the categorical response 

using “yes” (farmer awareness of resistance/serious occurrence of CHYCO) and “no” (farmer 

non awareness of resistance/controlled occurrence CHYCO). 

 

 

 

Figure 1. The investigated fields of durum wheat (Triticum turgidum L.) in Bizerte region in Northern 

Tunisia 

 

2.2. The effects of CHYCO densities on durum wheat yield losses 

Across the surveyed fields, 10 winter wheat (Triticum turgidum L.) fields naturally 

infested by CHYCO were chosen to assess its density effect on wheat yield. In all fields, growers 

used almost the same agronomic practices and CHYCO was the main weed present after 

herbicide treatments. Sampling of CHYCO and wheat was done at wheat maturity in June 2018 

using a systematic selection (Colbach et al., 2000). From a fixed area of 50 m2 (only with 

CHYCO) in each field, five quadrates of 1 m2 were sampled in a zigzag arrangement. Quadrates 

without CHYCO were used as controls from each field. Seven pure stand density classes (plant 

m−2) of CHYCO (0, 4–20, 20–40, 40–60, 60–80, 80–100, >100) were defined to simplify the 

analysis. Every density was represented by at least three observations. From each field, wheat 
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and CHYCO were hand harvested. Then, the number of CHYCO plants m−2, average weight of 

CHYCO in g m−2, number of wheat spikes m--2 and wheat grain yield (g m−2) were determined 

for each sample. Wheat yield losses were expressed by the grain yield losses in each field and 

for each weed density. The observed yield loss (%) across densities compared to weed-free 

control was calculated as  

Grain yield losses (%) = 
Ywf− Yw

Ywf
 *100 

where Ywf and Yw represent wheat yields in weed-free control and weedy quadrats, 

respectively. 

 

2.3. Herbicide performance to control CHYCO 

2.3.1. Field experiments 

To evaluate the efficacy of the most common postemergence herbicides used by 

Tunisian farmers to control CHYCO, field experiments were conducted during two seasons 

(2016 and 2017) at Fritissa, Mateur-Bizerte (37°1′50.91′′ N, 9°42′26.92′′ E) under rainfed 

conditions (Table 1). The soil was clay-loam in texture, relatively rich on organic matter (2.3%) 

with alkaline reaction (pH of 8.5). This field was chosen owing to (i) CHYCO dominance, 

natural occurrence and high infestation (143 plant-2 ± 82), (ii) the monoculture cultivation 

system of durum wheat adopted by farmers for eight years, (ii) the reduced efficiency of 

sulfonylurea herbicides in controlling CHYCO as reported by farmers. The herbicides were 

applied at the recommended doses (Table 2) in mid-February corresponding to the vegetative 

stage of CHYCO using a backpack sprayer calibrated to deliver 200 L ha−1 at a pressure of 3 

kPa. 

The experiment was performed in a randomized complete block design (RCBD) with 

four replicates per herbicide treatment. Each experimental unit covered an area of 30 m2 (5 m 

× 6 m). Four untreated plots were used as control. The efficacy of herbicides on CHYCO was 

evaluated at 40 days after treatment (DAT) based on weed dry biomass reduction. Above-

ground weed plants were harvested from three 1 m−2 quadrats randomly selected in each treated 

plot and untreated ones, and then oven-dried for 48 h at 70 °C before weight measurements. 
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Table 1. Seasonal precipitation and temperature of the two years of field experiment in 

Fritissa/Mateur, Bizerte region. 

 2015–16 2016–17 

Season 

Cumulative 

Precipitation 

(mm) 

TMax 

(°C) 

TMin 

(°C) 

Cumulative 

Precipitation 

(mm) 

TMax 

(°C) 

TMin 

(°C) 

Autumn 67.1 19 15 92.7 20 15 

Winter 85.2 16 12 251.3 15 11 

Spring 147.3 19 13 51.7 20 14 

Summer 15.8 26 19 12 28 21 

Sum/average * 315.4 20 14.75 407.7 20.75 15.25 

* Sums for precipitation; average values for Tmax, Tmin 

 

Table 2.  Herbicide treatments tested in field experiments. 

Active Ingredient  
Group 

(Chemical Family *) 

Amount of Active 

Ingredient 

Applied 

Doses 

mesosulfuron + iodosulfuron B (S) 30 g Kg−1 + 30 g Kg−1 330 g ha−1 

pyroxsulam + florasulam B (Tri) 70.8 g Kg−1+14.2 g kg−1 320 g ha−1 

aminopyralid + florasulam O + B (Tri) 35.5% + 15% 33 g ha−1 

triasulfuron + dicamba B (S) + O 41 g Kg−1+659 g Kg−1 180 g ha−1 

tribenuron-methyl B (S) 75% 25 g ha−1 

aminopyralid + florasulam + 2,4 D 

EHE 
O + B (Tri) 300 g L−1 + 6,25 g L−1 0.6 L ha−1 

dicamba + 2,4 D O 120 g L−1 + 344 g L−1 0.8 L ha−1 

2,4-D + MCPA O 345 g L−1+ 345 g L−1 1.5 L ha−1 

fenoxaprop-p-ethyl + 

iodosulfuron 
A + B (S) 64 g L−1 + 8 g L−1 1 L ha−1 

* S: sulfonylureas; Tri: triazolopyrimidines. 

 

2.3.2. Evaluation of sulfonylureas in pots 

To evaluate the spread of CHYCO in the region of Bizerte, ten populations (the field 

population named P3 plus nine other populations) were collected randomly from surveyed 

wheat fields in summer 2016 and screened for their sensitivity to ALS-inhibiting herbicides. 

Seeds were harvested from 30 plants per field, mixed together, placed in unsealed paper bags 

and stored at room temperature (Beckie et al., 2000). An additional susceptible (S) population 
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was collected from the roadsides of the National Agronomic Institute of Tunisia (36°49′49.01′′ 

N; 10°11′02.07′′ E). This population has never been treated with any ALS-inhibiting herbicide. 

Prior to starting the whole plant assay, CHYCO seeds were scarified and pregerminated, 

then transplanted individually in plastic trays cell (0.7 mm) filled with commercial substrate 

and grown under natural conditions. At the two-leaf stage, homogeneous plants were selected 

to be transplanted in pots (60 cm of diameter and 20 cm of high) with a density of 8 plants per 

pot. Two sulfonylureas herbicides (tribenuron-methyl and mesosulfuron + iodosulfuron) were 

applied at the four-leaf stage and the recommended doses were used. The number of surviving 

plants and the average of dry biomass per plant were recorded at 28 DAT. Four replications per 

treatment and per population were designed as a RCBD. Weight reduction was calculated as a 

percentage of the untreated control as following  

Dry weight reduction (%) =
(DWc−DWt)

DWc
*100 

where Wc is the average weight of nontreated plants and Wt is the average weight in treated 

plants. 

2.3.3. tribenuron-methyl dose–response assay 

For this experiment, the two most resistant populations (R1 and R2) and the susceptible 

one (S) described in the section 4.3.2 were used. CHYCO plants were grown as above. At the 

cotyledon stage, two CHYCO seedlings were transplanted per pot. At the 2–4-leaf stage, plants 

were sprayed with tribenuron-methyl, at 0, 18.75, 37.5, 56.25, 75, 150, 300 g a.i. ha−1 for R1 

and R2 and 0, 0.29, 0.59, 1.17, 2.34, 4.69, 9.37 g a.i. ha−1 for the S one. The whole experiment 

was arranged in a RCBD design and ten pots (replication) were used for each herbicide dose. 

A precision bench sprayer with two Hardi ISO LD-110-02 flat fan 110° opening nozzles 

operating at a forward speed of 0.9 m s−1, 50 cm above plants, 200 l ha−1, and at a pressure of 

215 kPa were used to apply the herbicide. For each dose of tribenuron-methyl and each 

population, the number of survivors and the fresh weight reduction were determined three 

weeks after treatment. Fresh weight reduction was calculated using the following equation  

Fresh weight reduction (%) =
FWc−FWt

FWc
∗ 100 

where FWc is the average weight of nontreated plants and Wt is the average weight in treated 

plants at dose x. 

2.4. Statistical Analysis 

For the survey and interview results, answers were considered as factors and categories 

within each factor were adjusted. Frequencies were calculated by SPSS (IBM SPSS statistics 

20) contingency tables and the correlations between cultural and management practices (the 

explanatory variables) and grower awareness and CHYCO occurrence (the response variables) 
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were analyzed using the Pearson Chi-square test at 90% confidence level (p-value = 0.100). 

One-way ANOVA were performed with SPSS software and means were compared using the 

Duncan post hoc pairwise test (p-value = 0.05) to analyze the CHYCO density effect on grain 

yield reduction. Pearson correlation coefficients “r” were used to assess the correlation between 

CHYCO (density m−2 and dry biomass m−2) and wheat parameters (number of wheat spikes m−2, 

wheat grain yield m−2). 

For the field experiment, a two-way ANOVA was conducted to analyze the effect of 

two factors, herbicide treatment (T) and year (Y) and their interaction (T × Y), on the weed 

control. One way ANOVA was conducted for both tribenuron-methyl and mesosulfuron + 

iodosulfuron treatments to assess their efficacies on survivals and dry biomass of G. coronaraia 

populations. Nonlinear regression models were carried out for both CHYCO density effects on 

wheat grain yield and dose–response experiment using Sigmaplot 11.0 (Systat Software, San 

Jose, CA, USA). Sigmoidal fitting (Gompertz equation with three parameters) was used to 

correlate the CHYCO density and the wheat yield losses following the Equation (1): 

𝑦(%) = 𝑎 ∗ 𝑒−𝑒(−
𝑥−𝑥0

𝑏
)
 (1) 

where a = the upper limit of the curve, b = the lower limit of the curve, x0 = the inflexion point, 

x is the density of CHYCO and y is the grain wheat yield losses.  

tribenuron doses causing 50% of CHYCO growth reduction (EC50) and mortality (LD50) in 

resistant and susceptible populations were determined based on the following four-parameter 

log-logistic equation (Equation (2)). 

𝑦 = 𝑐 +
(𝐷 − 𝐶)

1 + (
𝑥

𝐸𝐶50
)

−𝑏 (2) 

c = the lower limit adjusted to 0, d = the upper limit adjusted to 100 and b = the slope at the 

EC50 or LD50, x was the independent variable (dose of tribenuron applied (g a.i.ha−1) and y 

was the percentage of survivals/fresh weight reduction for each population. 

3. Results 

3.1. Effect of farmers’ practices on CHYCO occurrence and associated resistance 

awareness 

Surveys were conducted in northern country to assess the factors that led to the 

prevalence of CHYCO in wheat crops. Based on interview data, 70% of the interviewed 

farmers affirmed the presence of CHYCO in their fields and described it as a difficult weed to 

control (Table 3).Few farmers (33%) related the occurrence of CHYCO to a possible herbicide 

resistance, while the others (67%) did not expect a causal relationship between the failure of 

the weed control and resistance occurrence in their fields. Cereal monoculture was adopted 
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by a high proportion of interviewed farmers, the majority of them relying on conventional 

tillage (plow) and slightly delaying the date of sowing after mid-November (from 20th of 

November to 31st of December).The most used herbicides are those belonging to group B 

(principally sulfonylureas and triazolopyrimidines) or herbicide mixtures of groups O and B, 

while 30% of farmers used once-a-year herbicides of the group B, and 57% affirmed that they 

did not switch between herbicide MoAs. Herbicide mixtures and the appropriate setting of the 

sprayers were adopted by the majority of farmers, while full labeled doses and the use of a 

rescue treatment in spring were adopted by half of them (Table 3). 

The results of chi-square test performed to determine the correlation between farmer’s 

practices and their suspicion of a possible resistance occurrence in CHYCO showed that 

farmer’s awareness is significantly correlated with the practice of tillage and delay of the 

sowing date (Table 4). In fact, most of the farmers who are aware of a possible resistance 

occurrence in CHYCO delay their cereal sowing until December as a major cultural practice to 

prevent high densities and competition with the crop. On the other hand, farmers practicing 

more plow as soil tillage were unaware of the occurrence of resistance in CHYCO. Such 

unawareness may be attributed to reduced weed emergence and densities as a consequence of 

deep tillage; therefore, farmers do not consider the weed as a serious threat to their production. 

Chemical managements, mainly herbicide rotation and herbicide frequency of use, were 

revealed as the causes of the CHYCO severity occurrence in surveyed fields (Table 4). In fact, 

79% of the growers did not use herbicide rotation, applying sulfonylureas and 

triazolopyrimidines (alone or mixed with group O) every year. However, less severity of 

CHYCO was associated with more herbicide rotation and a reasonable use of herbicides of 

group B. Indeed, 50% of farmers with fewer problems to manage CHYCO frequently alternate 

the use of herbicides of group B with herbicides belonging to other groups (i.e., group O, group 

A, or others). 
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Table 3. Frequency distribution of cases (%) within each category of analyzed factors (cultural and 

management factors) and frequency distribution of grower resistance awareness (%) for CHYCO 

 

 
† Grower resistance occurrence: refers to the grower suspicion of potential resistance occurrence in his filed; †† CHYCO 

occurrence: refers to the severity of the weed prevalence in each field based on the grower observation 

 

 

Factors and Categories 

Frequency 

distribution of 

cases (%) 

Grower resistance 

awareness† (%) 

 

  Yes         No 

CHYCO 

Occurrence†† (%) 

 

 Yes          No 

 Total (100%) 32.6% 67.4 69.6% 30.4 

Crop rotation 

Monoculture 

Biennial 

Triennial 

 

60.9 

30.4 

8.7 

 

46.7                 

40.0 

13.3 

 

67.7 

25.8 

6.5 

 

59.4                     

28.1 

12.5 

 

64.3 

35.7 

0.0 

Tillage 

    Plow 

    Reduced 

 

74.4 

25.6 

 

54.5                   

45.5 

 

82.1                   

17.9 

 

73.1                  

26.9 

 

76.9                 

23.1 

Sowing Date 

    Early / Middle 

    Late 

 

43.5 

56.5 

 

26.7                   

73.3 

 

51.6                  

48.4 

 

43.8                  

56.2 

 

42.9                

57.1 

Herbicide groups 

    group B 

    group O 

    group A 

    group O+B 

    others 

 

30.4 

4.6 

17.4 

41.3 

6.5 

 

42.9 

7.1 

7.1                                            

35.7 

7.2 

 

25.8 

3.2                  

22.6 

41.9 

6.5 

 

31.3 

6.2 

18.8                 

40.6 

3.1 

 

28.6 

0.0                

14.3 

42.9                 

14.2 

Frequency of B-group uses 

    0/3 

    1/3 

    2/3 

    3/3 

 

15.2 

28.3 

26.1 

30.4 

 

6.7                  

40.0 

20.0                  

33.3 

 

19.4                  

22.6 

29.0                  

29.0 

 

15.6                   

28.1 

15.7                    

40.6 

 

14.3                   

28.6 

50.0 

  7.1 

Herbicide rotation 

    Yes 

    No 

 

43.5 

56.5 

 

46.7                 

53.3 

 

42.0                 

58.0 

 

31.2                  

68.8 

  

71.4                

28.6 

Labeled dose 

    Yes 

    No 

Herbicide mixture 

    Yes 

    No 

Sprayer setting 

    Yes 

    No 

Rescue treatment 

    Yes 

    No 

 

58.7 

41.3 

 

60.9 

39.1 

 

82.6 

17.4 

 

56.5 

43.5 

 

53.3                 

46.7 

 

46.7                 

53.3 

 

93.3 

6.7 

 

53.3                

46.7 

 

61.3                 

38.7 

 

67.7                 

32.3 

 

77.4                 

22.6 

 

58.1                

41.9 

 

59.4                 

40.6 

 

59.4               

40.6 

 

78.1                 

21.9 

 

56.2                 

43.8 

 

57.1                 

42.9 

 

64.3                 

35.7 

 

92.9 

  7.1 

 

57.1                 

42.9 
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The survey results showed that the widespread of the weed was correlated mainly to the 

extensive use of ALS-inhibiting herbicides. However, farmer’s awareness was expressed 

principally by cultural practices such as delaying the date of cereal sowing, while no action 

related to the herbicide use was undertaken. Farmers, who did not suspect resistance occurrence, 

or even the spreading of the weed in their fields, attributed the failure of chemical control to 

several factors, including the use of an incorrect dose, the spraying setting, the absence of 

herbicide mixture, and the rescue herbicide application to control new emergence. Chi-square 

test was not able to relate CHYCO spread to these factors, which may suggest resistance 

occurrence of CHYCO tothe ALS-inhibiting herbicides (group B) in the Bizerte region/Northen 

Tunisia. 

Table 4. Chi-Square test for dependency of grower awareness and CHYCO occurrence to 

cultural and management practices in wheat field (Bizerte region). 

Response Variables Factors 

Pearson Chi-Square 

Value df 
Asymptote Sign. 

(2-Side) 

Resistance awareness (%) 
Tillage 3.155 1 0.076 * 

Sowing Date 2.560 1 0.110 * 

CHYCO occurrence (%) 
Herbicide rotation 6.398 1 0.011 ** 

Frequency of B-group uses 8.011 3 0.045 ** 

* Factor significant at 90% confidence level (p-value ≤ 0.1); ** Factor significant at 95% confidence 

level (p-value ≤ 0.05). 

 

3.2. Effect of CHYCO density on wheat yield 

Different densities of CHYCO were determined in the wheat fields and the mean 

infestation level was estimated at 30 plants m−2. The average levels of infestation per field 

varied between 9 (±5) plants m−2 to 83 (±88) plants m−2. All CHYCO densities, except the 0–

20 densities, significantly reduced the wheat grain yield compared to controls. 

 Significant negative correlations (p = 0.01) were observed between CHYCO density 

and wheat spikes densities (r = −0.922; Table 5) and between CHYCO density and wheat grain 

yield (r = −0.939; Table 5). Data analysis revealed that increasing CHYCO density from 20 

plants m−2 to more than 100 plants m−2 resulted in a significant increase of wheat yield reduction 

(%) following a sigmoidal curve, reaching 75% for the higher density. Below the density of 20 

plants m−2, nonsignificant yield losses (about 14%) were recorded (Figure 2). 
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Table 5. Pearson’s correlation matrix for CHYCO traits (density in plants m−2, average plant dry 

weigh in g m−2) and wheat yield components (spikes density in number m−2, grain yield in g m−2) 

 

 Density Dry Weigh Spikes Grain Yield 

Density 1 ** ** ** 

Dry weigh 0.963 1 ** ** 

Spikes −0.922 −0.925 1 ** 

Grain yield −0.939 −0.932 0.971 1 

** Correlation is significant at the 0.01 level (two-tailed). 
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Figure 2 . Effect of CHYCO density on wheat grain yield reduction (%) 

 

3.3. Herbicide sensitivity assays and confirmation of CHYCO resistance to ALS-

inhibiting herbicides 

3.3.1. Herbicide evaluation in field 

In order to assess the efficacy of herbicides commonly used by farmers in the region, 

experiments were conducted in the same field for two consecutive years. In the first year (2015-

16), the high amount of annual rainfall was concentrated in spring, while the second 

experimental year (2016–17) was characterized by a drier spring but a wet winter, associated 

with higher density of CHYCO (data not shown).  

Y=75.55*exp(–exp(–(x–22.7)/15.45)) 

R2=0.98 
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The two-way ANOVA results showed that herbicide efficacies depend significantly (p< 

0.001) on the year (climatic conditions), the herbicide treatment and their interaction. 

According to the results represented in Figure 3, herbicide efficacies were lower during 2016–

17, especially in treatments with triasulfuron + dicamba and tribenuron-methyl, while the other 

herbicides, namely, mesosulfuron + iodosulfuron, pyroxsulam + florasulam, fenoxaprop-p-

ethyl + iodosulfuron, were not effective to control CHYCO in both years (efficacies ranged 

between 23% and 58%).  

The most effective treatments in reducing the weed biomass were with the auxin 

herbicides, 2, 4-D + MCPA and Dicamba + 2,4-D, with efficacies of 92% and 94%, 

respectively. The mixture of two modes of action, auxin herbicides and ALS-inhibiting 

herbicides (triazolopyrimidines), such as aminopyralid + florasulam + 2,4 D EHE ehe and 

aminopyralid + florasulam treatments, were less effective compared to auxin herbicides alone 

(efficacy around 85%). 

 

 

Figure 3. Efficacies of different herbicide treatments on CHYCO dry weight reduction assessed in a 

field trial in two consecutive seasons (2015–2016 and 2016–2017). Different letters denote 

significantly differences between herbicides within a year according to the Duncan test (p = 0.05). 

Herbicide abbreviations; Meso + Iodo: mesosulfuron + iodosulfuron; Pyro + Flor: pyroxsulam + 

florasulam, Amino + Flor: aminopyralid + florasulam; Tria + Dicamba: triasulfuron + dicamba; 

Tribenuron: tribenuron−methyl; Amino + Flor + 2,4D: aminopyralid + florasulam + 2,4 D EHE ehe; 

Dicamba + 2,4D: dicamba + 2,4 D; Fenox + Iodo: fenoxaprop-p-ethyl + iodosulfuron. 
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3.3.2. Sensitivity of CHYCO to two sulfonylureas herbicides 

To investigate the spread of ALS-inhibiting herbicide resistance in the Bizerte region, 

two sulfonylureas herbicides (mesosulfuron + iodosulfuron and tribenuron-methyl) were tested 

at the field rate in 10 populations in natural conditions. All the plants from the reference 

population (S) were rated as sensitive for both herbicides and 100% of plant mortality was 

observed 10 days after treatment. Most tested populations were significantly able to survive 

both herbicides at field rate (Table 6).  

For the treatment with tribenuron-methyl herbicide, the percentage of weed survival 

ranged between 63% and 100%, and for eight out of the 10 populations, survivals were above 

93%. A decrease of sensitivity was observed for all populations, except P3 and P9, when they 

were treated with mesosulfuron + iodosulfuron. The percentage of plant survival ranged 

between 59% and 89%. The population P3 was the only one able to fully survive both herbicide 

treatments. 

 

 

 

Figure 4. Growth differences among CHYCO plants observed 10 days after tribenuron-methyl 

application at field rate. Right, untreated control; middle, treated P3 population; left, treated S 

population. 

Overall, a clear shift towards the increase of dry biomass was observed for most 

populations after 28 days after treatment (DAT) (Figure 4). Considerable increases in dry 

biomass were observed in P3, P4, P5, and P6 populations after both herbicide applications, 

particularly associated with tribenuron-methyl, reaching 59% and 40% for P3 and P4, 

respectively. In contrast, plants from the P8 population showed a decrease in the dry biomass 

accumulation after both herbicides’ application, being more pronounced for the mesosulfuron 

+ iodosulfurontreatment. The other populations (P1, P2, P7, P9, and P10) behaved differently 

depending on the herbicide. 

Control  Treated P3 Treated S 
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These results showed a decrease of sensitivity of CHYCO to sulfonylureas chemical 

family, P3, P4, and P5 populations showed the highest ability to tolerate both herbicides, while 

P8 seemed to be the most sensitive population, especially for mesosulfuron + iodosulfuron 

herbicide. This ability to tolerate sulfonylureas herbicides was associated with a stimulation of 

dry biomass compared to nontreated plants. 
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Table 6. Glebionis coronaria survival and average dry weight reduction/stimulation at 28 days after treatment (DAT) after two sulfonylureas herbicides 

application 

Population  

Survivals (%) 
Average Dry Weight (g), Increase Rate (IR) and 

Decrease Rate (%) 

Tribenuron-

Methyl 

Mesosulfuron + 

Iodosulfuron 

Tribenuron- 

Methyl 

Mesosulfuron + 

Iodosulfuron 

 Dry Weight IR/DR Dry Weight IR/DR 

P1 bcd 79.2 79.2 5.03 IR = 9.7 4.07 DR=11.4 

P2 bc 93.8 59.4 6.75 IR = 47.2 2.57 DR=43.9 

P3 a 100 100 7.30 IR = 59.0 4.94 IR = 29.4 

P4 ab 100 87.5 6.44 IR = 40.3 5.58 IR = 21.5 

P5 ab 96.9 93.8 5.58 IR = 21.6 5.52 IR = 20.3 

P6 bc 100 87.5 5.31 IR = 15.8 4.64 IR = 1.1 

P7 bc 96.9 87.5 5.56 IR = 21.1 4.58 DR = 0.2 

P8 d 90.6 59.4 4.53 DR = 1.3 1.75 DR=61.9 

P9 bc 62.5 90.6 4.07 DR=11.3 5.84 IR = 27.3 

P10 cd 93.8 68.8 5.26 IR = 14.6 2.25 DR=51.0 

PS † 0.0 0.0 0.0 - 0.0 - 

CNT †† 100 100 4.59 - 4.59 - 

ANOVA Df F value 

 

Df F value 

 
Population 1 15.567 *** 1 17.764 *** 

Treatment 9 5.020 *** 9 4.246 *** 

Interaction 9 3.622 * 9 2.901 * 
† PS: susceptible population, †† CNT: nontreated control, The F values are shown and the symbols indicate statistical significance (*, p = 0.05; **, p = 0.01; ***, p = 0.001), 

Population with different superscript letters are significantly different classes according to the Duncan test (p = 0.05) using average dry weight reduction/stimulation 
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3.3.3. Dose–Response experiments 

In order to estimate the level of resistance developed in two selected CHYCO 

populations (P3 and P5 named here R1 and R2 respectively), dose–response experiments were 

conducted (Table 7 and Figure 5). The tested doses were not able to decrease the percentage of 

survival for both populations and no significant reduction in fresh weights were recorded in 

response to increasing doses of tribenuron-methyl, indicating that R1 and R2 were highly 

resistant to this herbicide compared to the S population. The ED50 and LD50 values exceeded 

the highest applied rate (300 g ha−1), which eventually resulted in failure to fit the sigmoidal 

model. The sensitive population responds to the increased doses, reaching 100% of mortality at 

a quarter of the field dose (9.38 g ha−1) and the ED50 and LD50 determined were 1.7 and 1.4 

for weed survival and fresh weight, respectively. 

 
Table 7.  Parameters of the log-logistic equations used to calculate the tribenuron-methyl rates required 

for 50% reductions in fresh weight (ED50) and percent survival (LD50) expressed as the percentage of 

the mean untreated controlof the CHYCO population 

 Population ED50/LD50 b p RI50 

% Survival 

R1 >300 - - >300 

R2 >300 - - >300 

S 1.7 −2.4 <0.001 - 

% Fresh weight 

R1 >300 - - >300 

R2 >300 - - >300 

S 1.4 2.7 <0.001 - 
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Figure 5.  Effects of tribenuron-methyl applied at increasing rates on the plant survivals (%) and shoot 

fresh weights of sensitive (S) and resistant (R1 and R2) CHYCO populations 21 days after treatment. 

 

4. Discussion 

4.1. Glebionis coronaria occurrence in Northern Tunisia 

Field surveys were conducted in Northern Tunisia in the region of Bizerte where wheat 

crops are widely grown by farmers (Latiri et al., 2010). Results of the interviews made with the 

farmers revealed the reliance of growers on cereal monocropping under rainfed conditions, 

which may be attributed to the high price of the durum wheat in Tunisian market, thus making 

continuous wheat cropping the most adopted practice by farmers of the region. However, such 

cultural practice usually selects for weeds species having phenological and physiological 

similarities to the crop (Cardina et al., 1998; Massa et al., 2013). This may explain the 

abundance of CHYCO, among other weed species in the fields continuously sown with winter 

wheat. The ALS-inhibiting herbicides (group B) or mixed herbicides with two MoAs (ALS 

inhibitors and auxin herbicides) were frequently used by farmers to control weed flora 

associated to winter wheat. The abundance of rigid ryegrass (Lolium Rigidum Gaud.) another 

problematic weed in the same fields (Hartzler, 2000), may explain in part the continuous use of 

the ALS-inhibiting herbicides. The lack of herbicide rotation and the high frequency of the use 

of herbicides of the group B were highly correlated with CHYCO occurrence in our survey. 

Previous studies focusing on the rotation of the mode of action (MoA) within different cropping 

systems to delay weed selection, showed that the frequency of herbicide use was the most 

important factor to explain the dominance of weed species and the occurrence of herbicide 
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resistance (Thomas et al., 1990; Beckie et al., 2004). Our study showed that few farmers are 

aware of the possible occurrence of resistance in CHYCO. Practically, this awareness was 

associated with late sowing of wheat, which increases the suppression of emerging weed 

seedlings while preparing the seedbed for sowing (Thomas et al., 1999). On the other hand, 

unaware farmers were those usually adopting conventional tillage. In fact, the deep soil 

disturbance resulting from plowing decreases the germination and the emergence rates of low 

dormant weed seeds (Cardina et al., 1998), leading to a decrease in the spreading of weeds 

throughout the field. Despite the effect of soil tillage in reducing weed infestations, 

conventional tillage used in monocropping systems still remains ineffective to avoid the risk of 

the occurrence of herbicide resistance (Massa et al., 2013). 

Surveys conducted in our study also showed high levels of infestations by CHYCO. The 

fitting adopted for wheat and CHYCO competition was sigmoidal. Previous studies reported 

that the gentle initial slope of the sigmoidal fitting would imply high weed control thresholds 

(Swinton et al., 1994; Zimdahl, 2004). In our study, a density of more than 20 plants m−2 could 

be a critical density since it is associated with significant yield losses ranging between 5% and 

20% as reported previously (Oliver, 1988; Swanton, 1999). Several studies related to the 

competitive ability of broad-leaved weeds in wheat pointed out the negative correlation between 

crop yield and weed density (Wilson and Wright, 1987; Manalil et al., 2020). For a high density 

of 80 plants m−2, Galium aparine, a troublesome weed in winter wheat, reduced the grain yield 

by 31.5% (Mennan and Zandstra, 2005), reaching 57% in other studies in England (Wilson and 

Wright, 1987). Our results indicated that CHYCO caused 72% of yield losses for the same 

density (based on sigmoidal curve equation), thus, CHYCO is likely more competitive. In 

contrast, the competitive ability of CHYCO was similar to Sinapis arvensis (Mennan, 2003) for 

middle density (30 plants m−2), causing 34% and 36% of wheat yield losses, respectively. 

Similarly, for Papaver rhoeas, wheat yields decreased up to 32% (Torra et al., 2008). In 

conclusion, CHYCO competes vigorously with winter wheat, like previous known troublesome 

weeds. In fact, weeds from the Asteraceae family are very competitive due to their vigorous 

growth and potential to exploit available resources (Brant et al., 2012; Manalil et al., 2020). 

This competitive ability of CHYCO and it is associated wheat yield penalty emphasize the need 

for correct weed management decisions. In addition, the high levels of infestations recorded in 

this study may increase the probability of recurrent selection of resistance in CHYCO with the 

use of the same MoA (Stephenson et al., 1990; Powles et al., 1996; Beckie et al., 2004). 
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4.2. Confirmation of CHYCO resistance to ALS-inhibiting herbicides 

This study showed low efficacies of sulfonylurea herbicides (tribenuron-methyl and 

mesosulfuron + iodosulfuron) to control CHYCO. The pot experiments using these herbicides 

confirmed previous findings in field conditions in ten populations across the Bizerte region in 

northern Tunisia, which may suggest that resistance to sulfonylurea’s chemical family is spread 

across the region. In the dose–response experiments with tribenuron-methyl, two populations 

were confirmed as resistant to sulfonylureas. Both R1 and R2 were highly resistant to 

tribenuron-methyl, and all plants survived 16 times the recommended field dose, as reported in 

previous studies in CHYCO (Tal and Rubin, 2004) or in others broadleaf species (Rey-Caballero 

et al., 2017), these include Descurainia sophia (Cui et al., 2008), Lamium amplexicaule 

(Varanasi et al., 2016), Papaver rhoeas (Torra et al., 2010), Conyza sumatrensis (Albrecht et 

al., 2020), Diplotaxis erucoides, and Erucaria hispanica (Matzrafi et al., 2020). Finally, in field 

trials, triazolopyrimidines (pyroxsulam + florasulam) control levels were limited or even 

ineffective, which suggests a possible cross resistance to this ALS family, as reported in other 

weed species (Varanasi et al., 2016).  

All studied populations came from fields treated for a long time with ALS-inhibiting 

herbicides to control grasses and dicotyledonous weeds in winter wheat. According to this 

study, putative populations resistant to ALS inhibitors could be widely distributed in Northern 

Tunisia. Similar results were found for D. sophia in China (Rey-Caballero et al., 2017), as well 

for L. rigidum in Tunisia (Khammassi et al., 2018), another troublesome weed species in the 

region, which behaved similarly and had evolved resistance in 87% of tested populations 

(Khammassi et al., 2020). At field rate, at least for one of the two sulfonylureas tested, the dry 

weight increased compared to nontreated plants in most populations which suggest a hormetic 

effect induced in CHYCO resistant plants. Researchers hypothesized that highly resistant 

individuals may be especially responsive to hormesis. The dose–response experiment for 

tribenuron supports this hypothesis (Calabrese and Baldwin, 2002). 

This study represents the first report in Tunisia and second case worldwide of resistance 

to ALS-inhibiting herbicides in CHYCO. The high levels of resistance pointed to a target site 

alteration of the ALS gene encoding the herbicide target ALS enzyme. In the future, molecular 

studies will be crucial to confirm the presence in this weed of TSR mechanisms to the ALS-

inhibiting herbicides. 

5. Conclusion 

Based on the results of this study, herbicide resistance in CHYCO has evolved as a result 

of a decrease of the efficacy of ALS-inhibiting herbicides, mainly due to wheat monocropping 

Untreated  
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and high frequencies of herbicide treatments with the same MoA. Field and pot experiments 

showed that the presence of resistance to sulfonylureas is widespread in the region of Bizerte 

in Northern Tunisia, which was confirmed for tribenuron-methyl in two populations. However, 

farmers were not aware of this threat; therefore, more proactive efforts are required to increase 

both the responsiveness of farmers to the evolution of herbicide resistance in this weed species 

and the implementation of integrated weed management strategies based on alternative MoA 

(i.e., auxin herbicides and others) and adequate cultural and management practices to mitigate 

the occurrence of CHYCO resistance. 
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Point mutations as main resistance mechanism together with P450-Based 

metabolism confer broad resistance to different ALS-inhibiting herbicides in 

Glebionis coronaria from Tunisia 

1. Introduction 

Glebionis coronaria L. (CHYCO) is one of the most troublesome broadleaf annual 

weeds in cereal crops in northern Tunisia. For years, Tunisian farmers faced challenges 

managing this weed in wheat fields. It has been estimated that wheat yield losses associated 

with high densities of CHYCO is up to 75% (Hada et al., 2020). Typically, CHYCO control is 

still heavily dependent on chemical treatments, mainly acetolactate synthase (ALS)-inhibiting 

herbicides and synthetic auxin herbicides (SAH). Recently, it has been proven that CHYCO 

evolved resistance to sulfonylureas (SU), herbicides with potential cross-resistance to 

triazolopyrimidines - Type 1 (TP) family (Hada et al., 2020). Both herbicide families target the 

ALS enzyme, which catalyzes the first common step in the biosynthesis of leucine, isoleucine, 

and valine in plants (Duggleby et al., 2008; Liu et al., 2015). ALS is also the target of three 

other chemical families, namely imidazolinones (IMI) (Shaner et al. 1984), sulfonanilides 

(BTP) (Stidham, 1991), and triazolinones (SCT) (Santel et al., 1999).  

The ALS (also referred to as acetohydroxyacid synthase, AHAS) is the target site that 

is more resistance prone (Yu and Powles, 2014b). So far, evolved resistance to ALS inhibitors 

has been associated principally to target-site resistance (TSR), by one or more point mutations 

in the nuclear ALS gene, that disrupt herbicide binding, then reducing the sensitivity of the 

target enzyme to herbicides (Corbett and Tardif, 2006; Liu et al., 2015). Nowadays, 29 amino 

acid substitutions at eight different positions, namely Al122, Pro197, Al205, Asp376, Arg377, 

Trp574, Ser653, and Gly654, have been documented (Tranel et al., 2019) in 165 weed species 

around the world (Heap, 2020). These amino-acid substitutions result in various cross-

resistance patterns among the five chemical families of ALS-inhibiting herbicides depending 

on weed species (Powles and Yu, 2010; Beckie and Tardif, 2012; Yu and Powles, 2014b; Tranel 

et al., 2019). For example, resistance to SU has been reported usually as a result of substitution 

in Pro197 position (Park et al., 2004), and in Gly654 position with less frequency. Amino acid 

substitutions in Al122, Ala205, Ser653 or Gly654 can endow resistance to IMI but not to SU 

family (Powles and Yu, 2010; Beckie et al., 2012). Both mutations in Trp574 and Asp376 

positions resulted in wide cross-resistance to at least four families of ALS inhibitors (Tranel 

and Wright, 2002; Powles and Yu, 2010; Tranel et al., 2019). 

Recent studies reported the occurrence of polygenic resistance mechanisms, that reduce 

the amount of herbicide reaching ALS target site below lethal levels, known as Non-target-site 
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resistance (NTSR) (Délye, 2013). In NTSR, there are no significant changes at the ALS target 

enzyme or ALS enzyme expression level, although this subject is more complicated and less 

known in both biological and genetic contexts. Metabolic resistance or enhanced rates of 

herbicide metabolism is one of the major NTSR mechanism in weeds. Often, it involves major 

enzymes such as cytochrome P450 monooxygenases (P450s), and glutathione S-transferases 

(GSTs), that confer to the resistant plant the ability to detoxify herbicides belonging to different 

chemical classes, and with different mode of actions (MoA) (Preston, 2004; Busi et al., 2013, 

2014; Yu and Powles, 2014a). ATP-binding cassette (ABC) transporters and enhanced activity 

of GSTs are also implicated in metabolic herbicide-resistant populations (Yu and Powles, 

2014a). Enhanced metabolic resistance to ALS-inhibiting herbicides has been documented 

principally in grass weeds, such as Alopecurus myosuroides Huds. (Moss and Cussans, 1991), 

Lolium rigidum Gaudin (Yu et al., 2009), and Echinochloa oryzoides (Ard.) Fritsch (Yasuor et 

al., 2009). NTSR to ALS inhibitors has been rarely documented in dicot weeds. Examples are 

Sinapis arvensis L. (Veldhuis et al., 2000), Amaranthus tuberculatus (Moq.) Sauer (Guo et al., 

2015), and Papaver rhoeas L. (Rey-Caballero et al., 2017).  

Few cases have been found in which the accumulation of enhanced metabolism and 

punctual gene mutations coexist and increases resistance levels in weeds. The most known well-

studied case has been a population of L. rigidum resistant to chlorsulfuron in Australia 

(Christopher et al. 1991, 1992). Rapistrum rugosum (L.) All. is another weed showing high 

levels of resistance due to both target gene alteration and enhanced metabolism as resistance 

mechanisms (Hatami et al., 2016). Coexistence of TSR, such as point mutation, and NTSR 

(enhanced metabolism) in the same plant, has been documented very rarely, particularly in 

dicots (Rey-Caballero et al., 2017). 

This study aimed to investigate the potential TSR and NTSR mechanisms involved in 

CHYCO resistance to ALS-inhibiting herbicides. The objectives were (1) to evaluate the 

resistant levels and the potential cross-resistance patterns based on in vivo and in vitro (ALS 

enzyme activity) dose-response experiments, (2) to determine if absorption, translocation 

and/or enhanced metabolism endow resistance to CHYCO resistant populations, and (3) to 

determine the presence of possible point mutations in the ALS gene conferring TSR to CHYCO. 

2. Materials and Methods 

2.1.  Plant material  

For all experiments, three populations of CHYCO were used. Resistant (R) populations 

(R1 and R2) were selected from a previous screening of ten putative R populations collected 

across the Bizerte region in Northern Tunisia, both populations showing highly resistance levels 
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to SU herbicides (Hada et al., 2020). The susceptible (S) reference population, collected from 

the roadsides of the National Institute of Agronomy of Tunisia, had never previously received 

any herbicide treatments. Prior to every experiment, seeds were scarified using sand paper, 

soaked in 0,3% GA3 solution for 24h at room temperature, and then germinated in growth 

chamber at 27/17°C day/night and 16 h photoperiod under 350 µmol m-2 s-1 photosynthetic 

photon-flux density. Four days after, seedlings with two cotyledons just appearing were 

transplanted into pots filled with sand and peat mixture (1/3:2/3 v/v) and placed in greenhouse 

under natural sunlight, 25/15°C and ~75% relative humidity, at the Universitat de Lleida and 

were watered as needed. 

2.2.Whole-Plant Dose-Response experiment 

The R (R1 and R2) and the S populations were sprayed at 2-4 leaf stage with tribenuron 

(Granstar 50 SX®, Dupont TM, 50 g Kg-1), florasulam (Nikos supra®, Dow AgroSciences, 50g 

L-1) and imazamox (Pulsar® 40, BASF, 40g L-1), at increasing doses (Table 1). A pretreatment 

with malathion (organophosphate insecticide, indicator of P450 enzymes involvement in 

resistance to ALS inhibitors by enhanced metabolism, Christopher et al., 1994) was applied to 

the plants one hour and half prior to both tribenuron and imazamox application. The dose of 

malathion applied was about 2,000 g a.i ha-1, which was the maximum dose without affecting 

CHYCO survival or growth, according to preliminary trials. Either herbicides, malathion or 

both were applied using a precision bench sprayer with two Hardi ISO LD-110-02 flat fan 110º 

opening nozzles, operating at a forward speed of 0.9 m s-1, 50 cm above plants, 200 l ha−1, and 

at a pressure of 215 kPa. Non-treated plants or plants with only malathion were used as controls. 

The experiment was arranged with six replicates (2 plants per pots) per treatment (herbicide 

with malathion or herbicide without malathion), and per dose. After application, all pots were 

transferred to the greenhouse and arranged in completely randomized design. Three weeks after 

treatment, the percentage of survivals and the fresh weights were recorded. The weight 

reduction was calculated in respect to corresponding untreated controls for each population and 

treatment. Experiments were performed twice. 
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Table 1. Herbicides range of doses applied to resistant and susceptible populations with or without 

malathion 

Herbicide Field rate 

ga.i.ha−1 

malathion* Pop Rates 

(g a.i.ha−1) 

tribenuron 18.7 +/- R1, R2 18.75 37.5 56.25 75 150 300 0 

+/- S 0.29 0.59 1.17 2.34 4.69 9.38 0 

florasulam 7.5 - R1, R2 3.75 7.5 15 30 60 0  

- S 0.47 0.94 1.88 3.75 7.50 0  

imazamox 50 +/- R1,R2 25 50 75 100 200 0  

+/-  S 1.56 3.13 6.25 12.5 25 50  

* (+/-) means that both treatments with malathion and without malathion were applied; (-) means that only 

herbicide without malathion treatment was applied 

2.3. ALS gene sequencing 

Plants from the S, the R1 and the R2 populations were subject to target-site resistance 

investigation in a previous unpublished study.DNA was extracted from two susceptible plants 

from the S population, and four and eight tribenuron-resistant plants from R1 and R2 

populations, respectively, using the rapid procedure described by Délye et al. (2015). 

 Primers GC-ALS 197 (5’- AGGTGGAGCTTCAATGGAGA-3’) and GC-ALS574 (5’- 

CCTGCAGGAATCATGGGTAA-3’) were used to amplify a 1300bp ALS fragment of 

CHYCO corresponding to 433 amino acids. PCR amplifications were performed using KOD 

FX (Toyobo, Osaka, Japan). Primers were used at a final concentration of 0.3μM. The cycling 

program consisted of 94°C for 2min followed by 35 cycles of 98°C for 10s, 55°C for 15s and 

72°C for 2 min. After amplification, PCR products were purified using the ExoSAP-IT PCR 

Product Clean-UP reagent prior to sequencing. 

2.4. Crude Enzyme Extraction and ALS activity 

Experiments were conducted to evaluate the ALS enzyme activity in presence of ALS 

inhibiting herbicides following the method described by Rojano-Delgado et al. (2015). The 

ALS activity was measured by means of the quantification of acetoin production (nanomoles 

of acetoin per milligram of protein per hour). The acetoin product is formed by decarboxylation 

of acetolactate in the presence of acid. Acetoin reductions indicate that acetolactate production 

is inhibited due to less ALS enzyme activity during branched-chain amino acid synthesis 

(Dayan et al., 2015).   

The activity of ALS enzyme were conducted in presence of five ALS inhibitors from 

different chemical families (bispyribac, florasulam, flucarbazone, imazamox and tribenuron) 
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using crude extracts isolated from young foliar tissues of the R1, the R2 and the S populations. 

For enzyme extraction, 3 grams of young leaf tissues were frozen and powdered using liquid 

nitrogen. Leave powders were then homogenized in an extraction buffer (in a ratio of 1:3, tissue: 

buffer), containing 5 g of polyvinylpyrrolidone .The extraction buffer was prepared as a mixture 

of 0.1M K-phosphate buffer solution (pH 7.5), 5 mM MgCl2, 10 mM sodium pyruvate, 100 μM 

flavin adenine dinucleotide, 50 mM thiamine pyrophosphate, 12 mM dithiothreitol and 

glycerol–water (1:9, v/v). This homogenate was agitated for 10 min at 4°C, filtered through four 

layers of cheesecloth and centrifuged for 20 min (20,000 rpm) to separate the supernatant. The 

supernatant obtained was immediately used for ALS enzyme activity assays.  

ALS activity was assayed by adding 0.05 mL of enzyme extract to 0.1 mL of freshly 

prepared assay buffer (0.08 M potassium phosphate (KH2PO4 ⁄ K2HPO4), pH 7.5, 0.15 M 

sodium pyruvate, 1.5 mM MgCl2, 1000 μM FAD), and increasing concentrations of herbicides 

(0 to 1000 µM). After mixture and incubation (37°C for 1 h), the reaction was stopped by the 

addition of 0.05 mL of H2SO4 (3 M). The reaction tubes were then heated (15 min at 60°C) to 

facilitate decarboxylation of acetolactate to acetoin. Acetoin was detected as a colored complex 

(520 nm) formed after the addition of 0.25 mL of creatine (5 g L-1, freshly prepared in water), 

and 0.25 mL of α-naphthol (50 g L-1, freshly prepared in 5 M NaOH), and then incubated (60°C 

for 15 min). Background was determined using control vials in which the reaction was stopped 

before the incubation, and subtracted. Maximum specific activity of ALS was measured in the 

absence of herbicides. The experiment was performed with three replications per herbicide 

concentration and per population, and repeated twice. 

2.5. Absorption and translocation of 14C-tribenuron experiment 

Radiolabeled herbicide solution was prepared by mixing commercial tribenuron 

herbicide at the recommended field dose (18.7 ga.i. ha-1), with labeled herbicide (14C-

tribenuron, specific activity of 1.422 MBq mmol-1, Institute of Isotopes Co. Ltd. Budapest, 

Hungary). At two-leaf stage, plants of the R and the S populations received on one of the two 

leaf surfaces four 0.5 μL droplets of herbicide mixture using a microapplicator (Hamilton PB 

6000 dispenser, Hamilton, Co., Reno, NV, USA). Every plant received a total radioactivity of 

0.67KBq µL−1. Five plants per population and per sampling time (expressed as hours after 

treatment, HAT) were considered as repetitions. In each sampling time (12, 24, 48 and 72 

HAT), plants were removed from pots, roots were carefully washed with distillated water, and 

treated leaf (TL) was separated from the rest of aerial section (AS) and root section (RS). 

Unabsorbed 14C-tribenuron was washed from every treated leaf using 2ml of acetone-water 

solution in a ratio of 1:1 (v/v), the washes were mixed with 15 mL of scintillation fluid (Ultima 
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Gold TM, Perkin-Elmer, Packard Bioscience BV), and radioactivity was quantified by liquid 

scintillation spectrometry (LSS, 6000 TA scintillation counter, Beckman Instruments, CA, 

USA). The plant sections were dried for 48 h at 70°C, and combusted in a biological sample 

oxidizer (OX 500; R. J. Harvey Instrument, Tappan, NY, USA). The released 14CO2 was 

trapped in 18 mL of Oxysolve C400 (Zinsser Analytic, Frankfurt), and its associated 

radioactivity was determined by LSS. The translocation of 14C-tribenuron in each plant section 

was determined and expressed as a percentage of total absorbed radioactivities. The average 

total recovery of the applied 14C-tribenuron was greater than 88%, both in S and R populations. 

For qualitative study of radiolabeled tribenuron, three plants per population were removed from 

the soil at 24, 48 and 72 HAT. Roots were rinsed and whole plants were pressed and dried at 

room temperature for 4 days. Then, plants were pressed against a phosphor storage film 

(25cm*2.5cm, PerkinElmer Life and Analytical Sciences, Shelton, CT), for 6h. Dried plants 

were scanned using a phosphor imager Cyclone (Perkin-Elmer, Packard Bioscience BV). 

The absorption and the translocation were calculated following these two expressions 

 

𝐴bsorption (%) =
the radioactivity recovered from plant section 

Total radioactivity recovered
 x 100 

𝑇ranslocation (%) =
the Absorbed radioactivity in TL, AS or RS

Absorbed radioactivity in all plant sections
 x 10 

2.6.Enhanced metabolism study of imazamox herbicide 

Enhanced metabolism in CHYCO populations was investigated by applying, at field 

rate, imazamox herbicide (50 g ai ha−1) alone and imazamox plus a pretreatment of malathion 

(2000 g ai ha−1). Two groups of controls were used: one group of non-treated plants and the 

second of plants treated only with malathion. Plants were harvested at different times (0, 48, 

72, 96 HAT). Prior to the extraction, each plant was washed with 60 mL of water to remove 

traces of imazamox, and soil on the leaf surface. The washed plants were divided into roots and 

shoots. The extraction and detection of metabolites was previously described by Rojano-

Delgado et al. (2014). One-half gram of each plant samples was ground to powder in liquid 

nitrogen, and mixed with a methanol–water solution (10 ml, 90:10 v/v), the mixture was ultra-

sonicate during 10 min (at 70 W, duty cycle 0.7 s s−1),  then centrifuged for 15 min (at 20,000 

rpm). Six mL of supernatant were collected and evaporated under an air stream, and later 0.5 

mL of extractant (methanol–water, 90:10 v/v) were added to reconstitute the sample. The new 

solution was filtered through a 45 μm pore-filter syringe (13 mm i.d. from Millipore, 

Carrigtwohill, Ireland), and used for liquid chromatographic quantification. Fifty microliters of 

the reconstituted solution were injected into a liquid chromatography. A Gold HPLC (High-
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performance liquid chromatography) System (Beckman Coulter, Fullerton, USA), equipped 

with a DAD (wavelength range 190– 600 nm) was used to detect different analytes. The 

imazamox and metabolites separation was performed by using a hydrophilic interaction liquid 

chromatography column (HILIC; 3 μm particle size, 20 cm x 4.6 cm, Phenomenex, California, 

USA), with constant flow rate of 1.0 mL min−1 at 40°C. In this experiment, the wavelength of 

240 nm was measured. In mobile phase A, 1% of acetic acid- water (v/v) was used, and mobile 

phase B, pure methanol was used. The gradient elution program begun with first 5% mobile 

phase B and then linear gradient composed of (i) 5-20 % methanol in 10 min; (ii) 20 to 80% 

methanol in 10 min; (iii), 80 to 100% methanol in 5 min; and (iv) 100 to 5% methanol in 10 

min. 

Target compounds were detected based on the retention times referring to the imazamox 

standard. The metabolites detected were quantified based on the calibration curve of imazamox, 

and results were given as concentrations (μg g−1) of imazamox and metabolites. The experiment 

was performed for each population using three replicates per sampling time, and two 

repetitions. 

2.7. Statistical analysis 

One way ANOVA were performed using the SPSS-20 software (IBM, NY, USA) to 

analyze the dose-response data, for both whole-plant and ALS activity experiments, and means 

were compared using the Duncan post-hoc pair wise test (p-value = 0.05). Four parameter log-

logistic regression models (equation 1) were fitted to determine the herbicide concentrations 

required to decrease the ALS activity (I50), fresh weight (ED50) and survival (LD50) by 50% in 

the three populations. The fitting for dose-response experiment was performed using Sigmaplot 

11.0 (Systat Software, San Jose, CA, USA), and the fitting for ALS enzyme activity was 

performed using R software (drc package). The resistance index (RI) of the R1 and the R2 

populations to different ALS inhibitors tested were calculated as RI=LD50 (R)/ LD50 (S), RI= 

ED50 (R)/ ED50 (S) or RI= I50(R)/ I50(S). 

 

Equation 1: 𝑦 = 𝑐 +
(𝐷−𝐶)

1+(
𝑥

𝑥50
)

−𝑏 

c = the lower limit adjusted to 0, d = the upper limit adjusted to 100, b = the Hill’s slope at x50 

(inflection point, representing the effective herbicide dose required for 50% reduction in ALS 

activity, fresh weights and survivals), x was the independent variable (dos of herbicide applied 

(g a.i. ha-1) and y was the dependent variable (ALS activity, fresh weight or survival) expressed 

as a percentage of the untreated control. 
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For 14C-tribenuron experiment, a two-way ANOVA was conducted to determine the 

effect of populations, sampling time, as well as their interaction on herbicide absorption and 

translocation. Data from imazamox metabolism experiment was subjected to one way ANOVA. 

Means were compared using Duncan post hoc pairwise test (p-value = 0.05).  

3. Results 

3.1.Cross-resistance pattern and malathion effect on resistance 

Both R1 and R2 populations exhibited resistance in response to tribenuron, imazamox, 

and florasulam based on survival and fresh weight reduction (%) recorded in this study. The 

highest resistance level (greater than 300) was attributed to tribenuron herbicide. In tribenuron 

treated R1 and R2 plants, increasing rates of herbicide did not affect significantly the survival 

and fresh weight reduction (%), as the ED50 and LD50 values exceeded the highest applied dose 

(300 g a.i. ha−1). Thus, both R populations survived up to 16-fold the recommended field dose 

(Table 2).  
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Table 2. Parameters of the log-logistic equation of the dose-response regression curves of survivals and 

fresh weight in S and R population in presence and absence of malathion. 

 Herbicide Malathion Population LD50/ED50 

(g a.i./ha)a 

slope  RI d 

% Survivals 

 

tribenuron + S 1.7 -1.7 - 

R1 >  300 - >  300 

R2 >  300 - >  300 

- S 1.7 -2.4 - 

R1 >  300 - >  300 

R2 >  300 - >  300 

imazamox + S 8.0 -1.8 - 

R1 49.5 -3.0 6.2* 

R2 49.9 -2.8 6.2** 

- S 8.3 -3.0 - 

R1 63.8 -3.4 7.9** 

R2 69.7 -3.1 8.7* 

florasulam - S 0.6 -0.9 - 

R1 5.2 -0.9 8.4*** 

R2 10.2 -1.7 16.5*** 

%Fresh 

weight 

 

tribenuron + S 0.8 1.8 - 

R1 >  300 - >  300 

R2 >  300 - >  300 

- S 1.4 2.7 - 

R1 >  300 - >  300 

R2 >  300 - >  300 

imazamox + S 6.5 2.2 - 

R1 20.8 1.6 3.19*** 

R2 24.8 1.7 3.81*** 

- S 5.6 2.4 - 

R1 27.7 1.6 4.25*** 

R2 21.1 1.4 3.24*** 

florasulam - S 0.5 1.3 - 

R1 2.2 0.9 4.67*** 

R2 4.0 1.1 8.66*** 
d RI = resistance index 

* P<0.05,**P<0.01,***P<0.001. 

Regarding to florasulam resistance, the R2 population was two times more resistant than 

the R1, showing higher survival rates and less fresh weight reduction (LD50=10.2 g a.i. ha−1and 

ED50=4.0 g a.i. ha−1 respectively, Table 2, Figure 2). Lower resistance levels were attributed to 

imazamox herbicides as presented by the resistance index (Table 2). The two R populations of 

CHYCO showed similar survival rates with higher LD50 in R2 compared to the R1 plants (69.7 
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and 63.8 g a.i. ha−1 respectively). In contrast, fresh weight reduction was slightly higher in R1, 

ED50 were about 27.7 and 21.1 for the R1 and the R2, respectively.  

A pretreatment with malathion partially increased the sensitivity of both CHYCO 

resistant populations to imazamox (Figure1, Figure 2, Table 2). This was clearer in survival 

data, as both R1 and R2 exhibited 6.2 more resistance than the S plants, showing 21% and 29 

% reduction of resistance levels compared to plants treated only with imazamox. The results of 

fresh weight measurements supported these findings only for the R1 population (Table 2), 

together with the visual inspection of plant sizes (Figure1). Finally, malathion had no effect on 

tribenuron resistance in CHYCO. These findings supported the hypothesis that enhanced 

imazamox metabolism may be present at least in the R1 population. 

 

 

Figure 1.  Photograph of Glebionis coronaria plants from three populations, one susceptible (S), and 

two resistant (R1 and R2) to ALS inhibitors, treated with imazamox (50 g a.i. ha-1), without (- M), or 

with a pre-treatment with the P450 inhibitor malathion 
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Figure 2.Response of fresh weight and survivals of susceptible and resistant populations of CHYCO to 

different concentrations of florasulam (a,b) and imazamox (c,d) 

 

3.2. ALS activity 

In the absence of ALS inhibitors, the R1, the R2 and the S populations presented similar 

activity of extracted ALS. The basal activities were 305.9 (± 18.6), 321.1 (± 9.4) and 317.4 ( ± 

11.9) nmol acetoin mg TSP-1 h-1, respectively. However, results revealed significant differences 

in ALS activity between the R and the S populations when exposed to ALS-inhibiting 

herbicides (Table 3, Figure 3). The I50 values ranged from 6.81e-02 to 3.34 µM for the S 

population, 3.76e-02. 
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Figure 3. Dose–response curves of the ALS enzyme activity of CHYCO biotypes exposed to increased 

concentrations (μM) of herbicide. 

 

 Higher values of resistance index (RI) in tribenuron and bispyribac were found. 

Resistant plants of the R1 and the R2 required a tribenuron concentration of 36 and 27 times 
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only 1.7 fold higher in both R populations compared with the the S population treated with 

flucarbazone, indicating almost no resistance to this herbicide. 

 

Table 3. The resistance levels of different CHYCO population to bispiribac, florasulam, flucarbazone, 

imazamoxand tribenuron herbicides 

Herbicides 

(chemical family) 

Biotypes I50 (µM) F value RI 

Bispyribac 

(BTP) 

 

S 3.34  – 

R1 33.80 48.945*** 10.242 

R2 45.20  13.532 

florasulam 

(TP) 

 

S 1.15 e-02  – 

R1 3.76 e-02 11.732*** 3.270 

R2 6.34 e-02  5.513 

flucarbazone 

(SCT) 

 

S 6.81 e-02  – 

R1 1.17 e-01 11.645*** 1.718 

R2 1.15 e-01  1.689 

imazamox 

(IMI) 

S 1.22  – 

R1 12.03 4.6486*** 9.861 

R2 6.68  5.475 

tribenuron 

(SU) 

S 0.44  – 

R1 16.02 2.2309*** 36.409 

R2 11.91  27.068 

a Abbreviation: SU: sulfonylurea; IMI: imidazolinone; TP: triazolopyrimidine; PTB: pyrimidinyl-thiobenzoates ; 

SCT sulfonyl-aminocarbonyl-triazolinone ; I50 :herbicide dose required to inhibit ALS activity by 50% compared 

with that of the untreated control, R1 and R2, resistant population; S, susceptible population. RI: resistance index 

=I50 (R1)/ I50 (S); (RI) = I50 (R2)/ I50 

 

Results showed also that resistance to tested herbicides varied among the two 

populations R1 and R2. The quantification of the ALS activity revealed that the R1 was more 

resistant to tribenuron and imazamox, while the R2 was more resistant to bispyribac and 

florasulam. Based on the RI estimated by the ALS activity assays, resistance to ALS inhibitors 

may be classified as follows: flucarbazone < florasulam < imazamox < bispyribac < tribenuron. 

Furthermore, our results might suggest that both R1 and R2 populations developed cross-

resistance to four out of the five chemical families of the ALS-inhibiting herbicides used in this 

study 
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3.3.ALS sequencing 

Comparison of ALS gene sequences in susceptible (accession number MW598184) and 

resistant plants (accession numbers MW598185 to MW598189) revealed three non-

synonymous mutations at positions 197, 376 and 574 standardized to the ALS protein sequence 

of Arabidopsis thaliana (Supplementary I, Figure 1) and, which are already known to be 

involved in sensitivity to ALS-inhibiting herbicides in weeds (Tranel et al., 2019). At codon 

197, the amino acid substitution Pro (CCA) to Thr (ACA) was detected in susceptible and 

resistant plants. However, the Arg197, Ser197, and Gln197 substitutions caused by variable 

nucleotide positions, were only detected in the R2 population. The amino acid change at 

position 376 was caused by a substitution from Asp (GAT) to Glu (GAA) in three plants from 

the R2 population. A point mutation at the second base of the amino acid Trp (TGG) that 

resulted in the substitution by Leu (TTG) was found in one homozygous and one heterozygous 

plant from the R1 population (Table 4). These findings showed that most R plants sequenced 

contained at least one mutant-resistant allele, suggesting that the TSR mechanism is relevant in 

CHYCO resistance to ALS-inhibiting herbicides. 
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Table 4. Different amino acid substitutions detected at codons Pro197, Asp376 and Trp574 of the ALS gene from S (susceptible) and R1 and R2 populations 

(resistant) of CHYCO based on amino acid positions in Arabidopsis thaliana. 

 

Population Plant Substitutions* 

CCA (Pro197) GAT (Asp376) TGG (Trp574) 

S 1 CCA/ACA* (Pro/Thr) - - 

2 CCA/ACA (Pro/Thr) - - 

R1 1 - - TTG/TTG (Leu/Leu) 

2 - - TGG/TTG (Trp/Leu 

3 ACA/ACA (Thr/Thr ) - - 

4 ACA/CAA (Pro/Gln) - - 

R2 1 CCA/TCA(Pro/Ser) - - 

2 ACA/TCA (Thr/Ser) - - 

3 CAA/ CAA (Gln/Gln) - - 

4 CAA/ CAA (Gln/Gln) - - 

5 CCA/ CGA(Pro/Arg) GAT/GAA(Asp/Glu) - 

6 - GAT/GAA(Asp/Glu) - 

7 - GAT/GAA(AspGlu) - 

8 - GAT/GAA(Asp/Glu) - 

* Nucleotide changes are in Bold 
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3.4. Absorption and translocation 

Statistical analysis showed no significant differences (P>0.05) in absorption patterns 

between populations, as the penetration of labeled herbicide remained asymptotic. Overall, the 

14C‐tribenuron absorption was less than 30% for all populations. No significant differences 

were found in absorption percentages between R and S populations over time, although the R2 

population was able to absorb more labeled herbicide (27%) at the end of the experiment, 

compared to the R1 and the S populations  (22% and 24%) (Table 5).  

 

Table 5.  Absorption (expressed as % of recovered radioactivity) and translocation to different plant 

organs (expressed as % of absorbed radioactivity) of 14C-tribenuron in S, R1 and R2 population of 

CHYCO at 12, 24 ,48 ,72 HAT 

Populations HAT Absorption 

(%) 

Translocation 

(%) 

Treated leaf 

(TL) 

Rest of aerial section 

(AS) 

Root section 

(RS) 

S 12 24.0 ±4.1 92.2±1.9 7.3±1.9 0.5±0.1 

24 29.6± 9.6 96.1±0.3 3.5±0.3 0.4±0.2 

48 23.2±3.6 89.7±2.6 9.9±2.6 0.4±0.1 

72 23.8±1.4 91.4±2.3 8.2±2.3 0.4±0.0 

R1 12 20.6±1.5 93.6±2.3 5.8±2.2 0.5±0.0 

24 22.9±2.0 90.9±3.2 8.6±3.2 0.4±0.0 

48 22.9±3.6 92.6±2.0 7.1±2.0 0.4±0.0 

72 21.8±1.5 93.2±2.4 6.4±2.4 0.4±0.0 

R2 12 22.0±2.9 86.5±1.3 13.0±1.2 0.5±0.1 

24 21.0±1.9 88.2±1.4 11.1±1.5 0.7±0.3 

48 22.0±3.4 90.5±0.4 9.0±0.5 0.5±0.1 

72 27.4±2.5 90.9±2.1 8.8±2.0 0.3±0.0 

Means of 5 repetitions per population± values of standard errors are given 

ANOVA          Absorption (%)    Treated leaf (TL)Rest of aerial section (AS)    Root 

section (RS) 

Population P=0.331 NS P=0.016 ** P=0.019** P=0.459 NS 

HAT P=0.712 NS P=0.856 NS P=0.873 NS P=0.258 NS 

Population*HAT P=0.542 NS P=0.134 NS P=0.142 NS P=0.497 NS 

ns : no significant differences were found,**: significant differences were found at P=0.05 based on Duncan test. 

According to the translocation data (Table 5), the highest amount of the labeled 

herbicide remained in the treated leaves, representing more than 90% of the recovered 

radioactivity at 72 HAT. The lowest amounts of radioactivity were detected in both shoots and 

roots in a similar distribution pattern for all populations. However, significant differences in 
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herbicide translocation were found between populations until 24 HAT. Only 86% of 

radioactivity remained in the R2 treated leaves compared to 92% and 93% in the S and the R1 

plants, respectively. Similarly, 13% of radioactivity was found in the aerial part of the R2 plants, 

while only 7% and 5% of radioactivity were detected in the S and the R1, respectively. These 

differences remained until 24 HAT but faded over time, indicating a similar pattern of 

tribenuron herbicide translocation in all tested populations. 

Thus, neither absorption nor translocation mechanisms could be responsible for the high 

levels of tribenuron resistance observed in both R1 and R2 populations. Phosphor images 

illustrated a similar level of 14C‐tribenuron movement in the R and the S populations, showing 

minimal translocation to the rest of the aerial section and the roots (Figure 4). 

 

Figure 4. Digital photographs (plants on the left) and autoradiographic photographs of the 

Porphoroimager (plants on the right) showing the distribution of 14C-Tribenuron within CHYCO plants 

of population S, R1 and R2 (A, B and C, respectively) to 72 HAT. The highest concentration of 14C is 

highlighted in red. 
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3.5. Imazamox metabolism studies 

In all sampling times, higher amounts of herbicide were detected in the whole plants 

(foliar and roots) of the S population, especially at 72 and 96 HAT, compared to the R1 and the 

R2 resistant populations (Table 6). 

In the absence of malathion, the amount of imazamox was significantly different among 

populations. However, it was statistically similar in leaves when plants where pretreated with 

malathion. Chromatographic analysis permitted the detection of a hydroxyl metabolite of 

imazamox (imazamox-OH) at 20 min (Supplementary Figure 2). No imazamox metabolite was 

formed in the leaves and roots of plants pretreated with malathion in all tested populations.  

In the absence of malathion pretreatment, the imazamox-OH was detected at all 

sampling times for the R1 population and only at 96 HAT for the R2 population. Additionally, 

imazamox metabolites were not detected in the S plants over time (Supplementary Figure 2), 

indicating different metabolism patterns between the R and the S populations. These results 

may suggest the important role played by a P450 enzyme system, inhibited by the pretreatment 

with malathion, conferring greater resistance through the hydroxylation of imazamox (first step 

in metabolism) in the R1 and the R2 plants when exposed to the herbicide. Statistical analysis 

showed significant differences in imazamox and imazamox-OH concentrations between the R1 

and the R2 populations. At 48 HAT and in the absence of malathion, the amount of imazamox 

in the R1 population was significantly lower than in the R2. Imazamox herbicide was detected 

in the roots of the R1 population while it was found only in foliar part of the R2. The imazamox-

OH was first detected in leaves of the R1 population, then in both leaves and roots at the 

concentrations of 7.9 µg g-1 and 2.8 µg g-1, respectively. No metabolite was detected in the R2 

population until 96 HAT. The detection of imazamox-OH in the R2 population occurred at very 

low concentration (1.6 µg g-1), compared to the one detected in the R1 (8.9 µg g-1).  
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Table 6. Imazamox concentration and its hydroxyl metabolite (imazamox-OH) in foliar and root extracts from resistant and susceptible population of CHYCO 

at 48, 72 and 96 HAT 

 

HAT Pop -Malathion + Malathion 

Imizamox Imizamox -OH Imizamox Imizamox -OH 

Foliar Root Foliar Root Foliar Root Foliar Root 

48H S 32.4±2.1 b 9.9±0.4b ND ND 30.2±2.1a 12.7±19 b ND ND 

R1 25.2±1.9 a 1.7±0.4a 5.9±0.2 ND 29.6±0.5a 9.7±0.4ab ND ND 

R2 33.0±2.4 b ND ND ND 29.2±0.9a 7.0±1.3a ND ND 

F value 8.07* 132.5 *** - - 0.3 ns 8.8* - - 

72H S 36.0±2.8 a 25.5±2.7c ND ND 39.3±0.8a 31.9±3.1b ND ND 

R1 48.1±2.2 b 2.9±0.5 b 7.9±0.4 2.8±0.5 38.0±0.6a 26.9±0.5b ND ND 

R2 48.2±1.6 b 2.7±0.3 a ND ND 36.4±2.4a 15.7±2.1a ND ND 

F value 19.6** 112.*** - - 1. 9 ns 29.3*** - - 

96H S 31.3±3.9a 42.5±1.7c ND ND 38.5±1.5a 50.0±1.3c ND ND 

R1 42.5±4.0b 8.8±0.2b 8.9±0.3b 9.9±1.6 36.6±1.1a 38.9±0.2b ND ND 

R2 63.3±3.0c 4.0±0.3a 1.6±0.4a ND 36.9±1.1a 32.0±1.2a ND ND 

F value 43.2*** 858.4*** 732.1*** - 1.4ns 181.1*** - - 
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4. Discussion 

Results from this study revealed the development of cross-resistance to ALS-inhibiting 

herbicides in two CHYCO populations from Bizerte region in Northern of Tunisia. Since their 

introduction in 1999, the SU herbicides were excessively used by the Tunisian wheat growers 

to control troublesome grass weeds such as L.rigidum (Khammassi et al., 2020) and 

dicotyledonous weeds. The main reason was their broad-spectrum weed control at low rates. 

Aprevious survey, conducted in the same region, showed that florasulam was frequently used 

in a mixture with SAH to control CHYCO in cereal crops (Hada et al., 2020) while imazamox 

has never been applied on the weed to our knowledge.  

Data on the survival and the fresh weight reduction showed that both R1 and R2 

populations exhibited high resistance levels to tribenuron and were less resistant to florasulam 

and imazamox. Similar results were found in P. rhoeas showing that the degree of resistance 

varied among ALS inhibitors, withRI lowest for florasulam and imazamox than for tribenuron 

(Kaloumenos et al., 2011). Our findings are in line with the only known study conducted by 

Tal and Rubin (2004) on the occurrence of resistance to ALS-inhibiting herbicides in CHYCO 

populations, showing high RI (greater than 729) to tribenuron and cross-resistance to all 

chemical families of ALS-inhibiting herbicides (RI ranging between 4 and 48). There is an 

abundant literature demonstrating resistance to ALS-inhibiting herbicides in dicotyledonous 

weeds species including S. alba in Spain (Rosario et al., 2011), Myosoton aquaticum (L.) 

Moenchin China (Liu et al., 2015), R. rugosum in Iran (Hatami et al., 2016), P. rhoeas in Spain 

(Rey-Caballero et al., 2017) and A. palmeri in the United States (Küpper et al., 2017). It is 

common for these species to develop resistance to herbicides belonging to SU chemical family, 

but also cross-resistance to herbicides from other families within ALS inhibitors. 

The results of in vitro ALS activity further confirmed the cross-resistance to florasulam, 

imazamox, tribenuron and also to bispyribac. A lower RI (<2) was determined for flucarbazone. 

Gene sequencing revealed amino acid replacements in positions Pro197, Asp376 and Trp574. 

Both mutations in Trp574 and Asp376 positions, resulted in wide cross-resistance to at least 

four families of ALS inhibitors (Tranel and Wright, 2002; Powles and Yu, 2010; Tranel et al., 

2019). Amino acid substitutions in Pro197 were previously reported in resistant CHYCO (Tal 

and Rubin, 2004). These authors found that Thr197 and Ser197 substitutions conferred high 

resistance levels to tribenuron. However, in this study, the Thr197 substitution was also detected 

in susceptible plants. In Monochoria korsakowii, a Pro197Leu codon known to confer 

resistance in other species was detected in a pseudogene (Iwakami et al., 2020). These point 

mutations are widely reported in other dicotyledonous weeds as endowing resistance to SU 
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(Cruz-Hipolito et al., 2013; Yu and Powles, 2014a; Liu et al., 2015) and cross-resistance to 

other chemical families (Hatami et al., 2016).Our findings, which are in line with the previous 

studies, suggest that the cross-resistance pattern found in this study may be explained by the 

substitutions in Pro197, Asp376 and Trp574 and that target-site alteration may be the dominant 

mechanism of resistance developed by CHYCO to ALS-inhibiting herbicides.  However, it is 

important to determine the copy number of ALS genes and their transcription in CHYCO to 

better understand the evolution of target-site herbicide resistance. Despite that SU and TP 

herbicide families are the only ones applied by Tunisian farmers in wheat fields, the weed has 

developed resistance to other ALS inhibitor families that have never been used before, which 

might hamper the use of any new ALS inhibitor in the cereal fields in this northern region of 

Tunisia.  

The levels of tribenuron absorption and translocation in the R and the S populations 

were also investigated in this study. Based on the results, neither absorption nor translocation 

contributed as mechanisms to CHYCO resistance to ALS-inhibiting herbicides. Indeed, both 

mechanisms rarely underlay resistance to the ALS-inhibitors (Veldhuis et al., 2000; Cruz-

Hipolito et al., 2013; Riar et al., 2013; Yu and Powles, 2014b). These results further support 

the reports from other studies on Conyza sumatrensis (Retz.) E. Walker (Osuna and De Prado, 

2003), S. alba (Rosario et al., 2011) or R. rugosum (Hatami et al., 2016). However, several 

resistant weed species such as P. rhoeas (Rey-Caballero et al., 2017) were able to translocate 

more herbicide than the susceptible ones, suggesting that ALS inhibitors may affect the 

transport of assimilates into the phloem. Previous work on Pisum sativum L. reported that 

carbohydrates were excessively accumulated in leaves of S plants after herbicide application 

(Zabalza et al., 2004). Similar results were also reported on Thalpsi arvense L. (Bestman et al., 

1990). 

In dose–response experiments, pretreatment with the P450 inhibitor malathion had no 

effect on the efficacy of tribenuron. However, it partially synergized with imazamox, leading 

to a shift toward sensitivity in both R populations. This indicates that P450 would be involved 

in the resistance response of CHYCO to ALS-inhibiting herbicides, at least those of the IMI 

family. The P450 superfamily is the largest enzymatic protein family in plants, linked to vital 

functions, participating in the synthesis of fatty acids, sterols and hormones. Members of this 

superfamily are involved in multiple metabolic pathways with distinct and complex functions, 

mediating a vast array of reactions (Jun et al., 2015). Furthermore, it is known that this family 

of enzymes is responsible of the detoxification processes of xenobiotics, in particular of 

herbicides in plants (Powles and Yu, 2010). Malathion has an inhibiting effect on P450 in 
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plants, which can no longer catalyze herbicide degradation. Therefore, R plants may totally or 

partially, as in the case of this study, lose their resistance.  

Enhanced metabolism, likely meditated by P450 in both R1 and R2 populations, was 

confirmed by HPLC experiments. This is the first report of the presence of NTSR mechanisms 

in CHYCO. Indeed imazamox-hydroxyl metabolite was detected in both R1 and R2 populations 

and disappeared with the pretreatment with malathion. Comparing both R populations, the R1 

was able to detoxify imazamox faster than the R2 did. In fact, the faster an herbicide is 

metabolized, the less it is available for translocation and activity at the site of action (Zimdhl, 

2007). This may explain the differences in the translocated amounts of imazamox between the 

two R populations. Previous works in L. rigidum (Busi et al., 2011) and A. myosuroides (Petit 

et al., 2011) pointed out that metabolic resistance can be controlled by polygenic loci and that 

these loci were involved in NTSR to ALS inhibitors depending on plants and populations. 

Recent studies characterized P450-based metabolic cross-resistant individuals in L. rigidum and 

hypothesized that the genetic control was probably of polygenic and quantitative nature at the 

population level (Han et al., 2021, Yu and Powles, 2014). Considering the complexity of 

metabolic herbicide resistance and the diversity and number of P450s in plants, we hypothesize 

that the differences observed in metabolism speed and metabolite amounts between the R1 and 

the R2 populations could be explained by herbicide and environmental selection pressures, 

particularly the history of herbicide applications in the fields where R populations were 

collected (Hada et al., 2020, Yu and Powles, 2014). Owing to genetic diversity of the weedy 

species, differences in the P450 activity and presence of other genes may be involved in the 

resistance of CHYCO to imazamox, which can be observed even in different individuals of a 

single population as reported by Yu and Powles (2014). This ability of P450 to metabolize 

existing and yet-to-be-discovered herbicides is a serious threat to herbicide sustainability. It is 

unpredictable and could confer resistance to CHYCO regardless the herbicide molecule or 

MoA. This may include SAH very effective to manage this newly resistant weed as reported 

recently (Hada et al., 2020). It has already been suggested that a common P450 can metabolize 

SAH and imazamox in multiple herbicide resistant P. rhoeas (Torra et al., 2021).  

Even no evidence was found on the presence of enhanced metabolism to tribenuron. 

Both R populations were able to metabolize, in part, imazamox which belongs to the same 

MoA. It suggests that only one unit from the P450 system might contribute to the imazamox 

detoxification. This raises the hypothesis that enhanced metabolism is present in G.coronaria 

populations as a mechanism of resistance to herbicides. However, it could be hidden under the 

high resistance conferred by point mutations in the target gene. This observation is similar to 
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the aformentioned reports on P. rhoeas (Rey-Caballero et al., 2017) and R. rugosum (Hatami 

et al., 2016), with multiple resistance mechanisms. 

 

5. Conclusion 

In this study, both point mutations in ALS gene and enhanced metabolism, were 

confirmed as mechanisms endowing resistance to ALS-inhibiting herbicides in CHYCO, a weed 

spreading in the most important cereal land in Tunisia. Amino acid substitutions could explain 

the high resistance levels for tribenuron herbicide and cross-resistance to imazamox, florasulam 

and bispyribac. Meanwhile, enhanced metabolism was only detected for imazamox herbicide 

in both tested R populations, showing that CHYCO weed is able to detoxify herbicides never 

received before. Therefore, the management of these weed R populations with NTSR 

mechanisms is challenged as reported by previous researches (De Prado and Franco, 2004; Yu 

et al., 2009; Yu and Powles, 2014a). So far, it is unknown the relative importance of enhanced 

metabolism in the resistance response of CHYCO to ALS inhibitors in field conditions. 

Furthermore, we ignore the interaction between TSR and enhanced metabolism, both at 

physiological and genetic levels. This should trigger more research, exploring the multiple 

resistance factors by means of transcriptome analyses and inheritance studies to understand the 

potential risk of the multiple resistance mechanisms evolving in CHYCO in wheat fields. 
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Temperature thresholds, light requirement, and growing-degree-day model 

for Glebionis coronaria germination and development 

1. Introduction 

Glebionis coronaria (L.) Cass. ex Spach (CHYCO) is an heterocarpic annual winter 

weed belonging to the Asteraceae family. It is usually found as a weed in several crops, along 

roadsides, on field margins, and on abandoned fields (Cook, 2011). Despite essentially 

Mediterranean, it was reported as invasive plant species far beyond their native range because 

of its abundance and persistence (Cook, 2011). In north Tunisia, the chemical control using 

common ALS inhibiting herbicides is declared ineffective by farmers in last years. This control 

failure was attributed to the development of herbicide resistance in CHYCO as a second report 

worldwide (Heap, 2020). For annual weeds, such as CHYCO, the timing of germination is 

critical for its life cycle (Saatkamp et al., 2009), with temperature and light as the most 

important environmental cues for initiating such process (Schutte et al., 2014). For seeds buried 

in the soil, temperature and light are important by providing a sense of their position in the soil 

profile and the occurrence of soil disturbance (Batlla and Benech-Arnold, 2014). 

To predict potential germination times, temperature thresholds should be determined, 

particularly the base temperature (Tb), that is, the temperature below which the process of 

germination does not occur for a given species (Arnold, 1959). Base temperature is required 

also to account for the effect of temperature, as thermal time units, on the germination rate 

(Trudgill et al., 2005). Expressed in growing degree-days (GDD), thermal time units have been 

used to describe the timing of biological processes of some winter annual weeds (Ball et al., 

2004). Moreover, it has vastly improved the description and prediction of phenological events 

compared to other approaches such as time of year or number of days (McMaster, 1993). 

For CHYCO, there have been few studies dealing with the effect of abiotic 

environmental factors such as temperature and light on seed germination requirements (Bastida 

et al., 2010; Puglia, 2014). Additionally, there is currently no information, as far as we know, 

on the Tb and cumulative temperature for the germination and the growth of CHYCO. The main 

objective of this work was to study some biological traits of CHYCO, specifically focusing on 

(1) temperature and light regime requirements for germination, (2) optimum (To), ceiling (Tc) 

and base (Tb) temperature for germination, and finally (3) modeling the phenology of the weed 

based on the degree days required for every stage. 
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2. Materials and methods 

2.1.Plant material 

Mature cypselas (fruit of asteraceae) of cross-resistant CHYCO population were 

collected from Fritissa, Mateur, in north of Tunisia (37°1’50.91”N, 9°42’26.92”E) at crop 

harvest. Cypselas were collected from at least 40 plants randomly chosen from a cereal field 

which was under cereal monoculture using ALS-inhibiting herbicides for more than eight years. 

Harvested cypselas were cleaned, stored in glass bottles at room temperature (20 °C) and used 

six months later for next experiment. 

Experiment 1: Base, ceiling and optimum temperatures requirement for CHYCO germination. 

In growth chamber, five replicates of 20 scarified seeds were used for each temperature 

treatment in a complete randomized design. Seeds were laid out in Petri dishes lined with a 

single layer of filter paper, and moistened with 8 ml of distillated water. Petri dishes were 

wrapped with parafilm and placed in growth chambers at six constant temperatures (5°C, 10°C, 

15°C, 20°C, 25°C, and 30 °C) with light for 12 h a day. The germination percentage was 

determined twice a day until no more germination occurred. Seeds were considered as 

germinated when the radicle is of 1mm long (Steinmaus et al. 2000). For the To and Tc, the 

relationship between temperature and germination rate was fitted following a Gaussian equation 

with 3 parameters (Figure1). 

Equation 1:𝐺𝑅 (%) = 𝐺𝑅𝑚𝑥 ∗ 𝑒(−0.5∗((
 𝑇−𝑇𝑜

𝑏
)

2
)
 

Where GR is the germination rate corresponding to a temperature T, GRmax is the maximum 

rate of germination corresponding to the optimum temperature, To is the optimum temperature 

and b is the shape of the curve.The time to reach 50% of germination (t50) was derived by 

modelling cumulative germination over time using a nonlinear sigmoidal function with 3 

parameters following the equation 2. 

Equation 2: 𝐺𝑃𝑇 = 𝐺𝑃final

1+ 𝑒

(−(𝑡−𝑡50))
𝑏

 

Where GPT is the proportion of germinated sseds up to the sampling time t, t is the time (hours) 

since putting in Petri dishes, t50 is the time needed (hours) to reach 50% of the final germination 

proportion and GPfinal is the maximum proportion of germination and b is the slope, which 

corresponds to the GR at t50.  
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For the Tb estimation, the reciprocal time to 50% of germination (1/t50) was regressed 

on temperature (Equation 3). From this regression, the Tb was estimated as the x-intercept by 

the mathematical approach reported by Steinmaus et al., 2000. 

Equation 3:
1

𝑡50
= 𝑦0 + 𝑎 ∗ 𝑡 

Where a and y0 are, respectively, the intercept and the slope of the linear regression versus 

temperature.   

Experiment 2: Light requirement for CHYCO germination. 

A growth chamber experiment was carried out to investigate the effect of light on 

CHYCO germination. Seeds were exposed to two light regimes (a 12-h photoperiod regime and 

full darkness regime) under three constant temperatures (15°C, 25°C and 30°C temperatures), 

with five replicates per treatment in a complete randomized design. Each replicate consisted of 

20 seeds set on 9 cm Petri dishes with a single filter paper. To achieve the full darkness, five 

Petri dishes were wrapped with aluminum foil. The number of germinated seedswas assessed 

twice per day until no germination happened. 

Experiment 3: CHYCO phenology using growing degree days 

Growth and development experiment was carried out in a greenhouse located in the city 

of Tunis (36°49’49.01’’N; 10°11’02.07’’E, and an altitude of 23 m).  Scarified seedswere used 

for the entire experiment. One seed was put to germinate in each cell of 0.7 mm thick plastic 

trays filled with commercial substrate inside the greenhouse. Uniform seedlings (2 leaf stage) 

were selected for transplanting each to a single pot; transplantation was done nine days after 

sowing (DAS). CHYCO plants were grown under natural photoperiod, and a range of 

temperature between 18 and 28°C flowing a complete randomized design. The temperature was 

registered every hour using a data logger recorder. Every 10 days, ten plants were harvested. 

The date of every stage was considered when at least 80 % of the plants reached the same stage. 

The phenological stages were determined through the BBCH weed phenological scale (Hess et 

al, 1997). The cumulative GDD were calculated following the next equation.  

Equation 4:𝐺𝐷𝐷 = (
𝑇𝑚𝑎𝑥+𝑇𝑚𝑖𝑛

2
) − 𝑇𝑏 

Where Tmax is the daily maximum temperature; Tmin is the daily minimum temperature and Tb 

refers to base temperature. 

2.2.Statistical Analysis 

All Curves fitting and the ANOVA for the effect of light regime on CHYCO germination 

were carried out using SigmaPlot 11.0 (Systat Software, San Jose, CA), the R2 values were 

calculated as (sum of error squares) ⁄ (total corrected sum of squares). 
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3. Results 

3.1.Temperatures thresholds 

In order to estimate the optimum and the maximum temperature for the germination of 

CHYCO, a Gaussian model with three parameters was successfully fitted, relating GR and 

temperature (Figure 1). The model had a good fit (R2 =0.97) with P model = 0.0045<0.01. Both 

normality (P = 0.3295) and homogeneity (P = 0.0600) tests were passed. The results showed 

that the seeds of CHYCO could germinate across a wide range of temperatures from 5°C to 30 

°C. The germination percentages recorded were high for all temperature treatments, reaching 

56 % and 89 % for 5°C and 20°C, respectively (Figure 1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.Temperature (°C) effect on the germination rate (%) of CHYCO. The curve is fitted as a 

Gaussian equation with 3 parameters 

Our results suggested that Tb and Tc are out of the range of the tested temperatures, 

although To can be detected directly from the fitting model, which was about 18 °C. Using the 

Gaussian equation, the maximum temperature for which no germination may occur was 

estimated at 39.5 °C. We expected that CHYCO germination is entirely inhibited around 40°C. 

Sigmoidal curves with three parameters were fitted to the germination percentages vs 

temperature. The results showed that nearly 1.7 and 1 days were required for 50% germination 

at 15°C and 20°C, respectively (Table 1, Figure 2).   
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Figure 2. Cumulative germination pattern (percentages) of CHYCO population at constant 

temperature of 5°C, 10°C, 15°C, 20°C, 25°C and 30°C under 12/12 h day/ night photoperiod 

 
Table 1. The three parameters for sigmoidal curves fitted for germination rates vs temperature, GR= a/ 

(1+exp (-(x-GR50)/b) 

Temperature  P>F Model parameters  R2 R2 
adj 

A B GR50 

5 °C 0.0013 52.33 30.82 44.28 0.89 0.85 

10°C <0.0001 80.12 35.45 58.23 0.98 0.97 

15°C <0.0001 84.17 30.80 31.19 0.99 0.99  

20°C <0.0001 88.26 11.83 24.08 0.99 0.99 

25°C <0.0001 81.75 3.93 17.74 0.99 0.99 

30°C <0.0001 65.67 6.43 16.82 0.99 0.99 

 

In order to estimate the t50 for each experimental unit according to Steinmaus et al. 

(2000). The linear regression of 1/t50 over temperatures was fitted, the fitting model was highly 

significant (Pmodel <0.0001) and the normality (P = 0.2229) and homogeneity (P = 0.1097) tests 

were passed (Table 1). The Tb of CHYCO was estimated to be -1.74ºC almost -2°C (Figure 3). 
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Figure 3. Reciprocal time to 50% germination regressed on temperature for Glebionis coronaria L. 

Only the data points derived statistically for the time to 50% germination were plotted as observations 

(Symbols). 

3.2.CHYCO light requirement 

The Germination rates were similar at all temperatures under complete darkness or 

12/12 h light/dark. The light and the dark did not show any significant difference on seeds 

germination. Nevertheless, a slightly higher germination percentage was noted in complete 

darkness than under 12/12h of light/dark regime. Unlike, for the high temperature (30°C), the 

seedsrequired a little bit lighter to reach higher GR compared to Darkness conditions (table 2) 

Table 2. Germination percentage of CHYCO under two light regimes (12 h light, and full darkness), 

and three constant temperatures (15 °C, 25 °C, 30°C). 

 

Temperature °C 

Light regime Statistical 

differences Light                  Darkness 

15 85±10 87±9 NS 

25 82±9 89±8 NS 

30 65±14 61±10 NS 

 

3.3.Growing-degree-day model for CHYCO development 

Our results showed that theemergence of CHYCO occurs after accumulation of 103 

GDD according to the linear regression fitting (figure 3). The weed required 217 GDD to first 

true leaves appeared, 673 GDD to the first side shoot visible and 812 for the first visibly 

extended internodes. CHYCO need 1238 GDD for the beginning of heading and 1793 GDD for 
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the full flowering stage. Under greenhouse conditions, the cypseals of CHYCO ripe was 

estimated at 2328 GDD (Table 2). 

 

Table 3. Principal growth stages of CHYCO L. (BBCH scale) in function of the GDD accumulated 

Date BBCH Development Stage GDD 

17/04 0 Germination 0 

25/04 1 Leaf development (main shoot) 217 

16/05 2 Formation of side shoots 673 

22/05 3 Stem elongation 812 

7/06 5 Inflorescence emergence (main shoot 1238 

28/06 6 Flowering (main shoot) 1793 

17/07 8 Ripening or maturity of fruit and seed 2328 
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Figure 4. Phenological development of Glebionis coronaria as related to growing degree days (GDD) 

 

4. Discussion 

Glebionis coronaria L. is widespread in the Mediterranean region (Turland, 2004), 

characterized by hot, dry summers and mild, wet winters, where the minimum temperature is 

comprised between 5°C and 10 °C. This could explain why CHYCO is abundant mainly 

throughout the thermo- Mediterranean bioclimatic belt such as North Africa and southern 

Europe and absent in the northern regions where winters are colder and temperatures drop 

below the Tb estimated in this study. The Tb estimated suggests that CHYCO requires a low 

temperature for its germination, and may explain the high germination rate found previously 

for low temperatures (5°C and 10°C). This Tb is typical for winter annual plants, Torra et al. 
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(2016) estimatedunder growth chamber conditions that values of three Mediterranean weeds 

are Tb ≤0 °C namely Hypecoum pendulum (Tb = −2.6), Roemeria hybrida ( Tb  = −0.8 C) and 

Papaver argemone (0 ºC). For annual Asteraceae weeds such as Crassocephalum crepidioides, 

Conyza canadensis, and Ageratum conyzoides. Previous studies reported that the maximum 

germination occurred at temperature range of 15–30˚C (Yuan and Wen, 2018) and it was 

highest at the average expected winter temperature, which is around 15°C (Schütz et al., 2002). 

These results are in agreement with the finding in this study for CHYCO. 

In Tunisia, CHYCO germination occurs starting from October (early autumn) to Mai 

(early summer), no germination and emergence happened out of this period. Using the Gaussian 

fitting from our experience, the Tc for CHYCO germination was around 40°C. This high 

temperature is frequent in summer in Tunisia, indicating that summer coincides well with the 

primary dormancy period of CHYCO. According to Bell et al (1993), maintenance of dormancy 

under high temperatures is vital for species in Mediterranean-climate since occasional rainfall 

in summer don’t provide sufficient moisture for germination.  

In general, for annual Asteraceae under a Mediterranean climate, germination is greater 

in darkness than in light (Bell, 1993). For CHYCO, no significant differences were found 

between light and darkness, with slight higher germination percentage in darkness at the To 

range. For the favorable period of CHYCO germination, seeds don’t need light as an obligate 

cue to start germination. These results were found, similarly, in previous works on Glebionis 

coronaria (Chiang et al, 1994; Puglia, 2015).  

According to Bastida (2004), CHYCO emergence occurs in autumn and seedlings 

develop into overwinter rosettes that bolt in January and February. Flowering and fruiting start 

in late February or March and continue to early summer. These stages depend on the starting 

of the rainy season, the emergence period can start in autumn up to early winter (November, 

December) and the cypselas release starts probably in early June (Bastida et al., 2010). In 

Tunisia, the emergence of CHYCO is extended along the growing season and cypselas ripe 

starts in Avril-Mai. The timing of the main stages of CHYCO development is critical to control 

this weed, however the estimation expressed as days or months, is variable depending on 

studies. Our results provide a GDD characterization of the main stages of CHYCO development, 

which allows a better prediction of every stage. Nevertheless, a confirmation of the model fitted 

based on field data is required. These results could partially explain the high competitiveness 

of CHYCO weed observed in wheat fields. The low Tb, the rapid germination, the high 

germination rates under a wide range of temperatures confer to this weeda strong 

competitiveness against winter wheat.  
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5. Conclusion 

With this study, we target the most important environmental factors for the germination 

establishment of CHYCO. Light and temperature requirements were determined. Likewise, the 

base temperature was elaborated using the reciprocal time for 50% of germination method, this 

base temperature lead to predict and modeling the crucial stages of CHYCO development versus 

the GDD accumulated during the whole life cycle of the weed. Such study is likely to be useful 

for a first understanding of this weed’s biology, which may help to more effectively manage 

this new threat in winter cereal fields.  
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Ecological behavior and competitive characteristics of Glebionis coronaria 

 

1. Introduction 

The occurrence of herbicide resistance in Glebionis coronaria (CHYCO) in Northren of 

Tunisia raises the concern about the competitiveness of this weed and its adaptation to the 

environmental conditions. Although it’s known as ornamental plant (Alvarez-Castellanos and 

Pascual-Villalobos, 2003) and even consumed as vegetable in Asia (Senatore et al., 2004; 

Zheng et al., 2004), CHYCO is invading the cereal cropping system, as weed, and vigorously 

interfere with crops leading to considerable yield losses (Careme, 1990; Tal and Rubin, 2004; 

Hada et al., 2020). A first understanding of the ecological behaviors and the biological traits is 

critical to understand the interaction between weeds and crops (Maxwell and O’Donovan, 2007) 

and effectively use the non-chemical control measures to manage herbicide resistant population 

in field (Van Acker, 2009). 

Seedling emergence is one of the most critical phases in annual plant development 

(Forcella et al., 2000) at which the weed can compete for an ecological niche and is mediated 

by various environmental factors such as temperature, light, pH, osmotic and salt stress 

(Andersson et al., 2002). The Timing of weed emergence is dependent on the timing and rate 

of seed germination, which is dependent mainly on soil temperature but also on moisture 

potential (Gardarin et al., 2010, Zhang et al., 2012). The moisture potential is affected by soil 

salinity. High salinity leads to nutrient and water stress (DiTommaso, 2004). Moisture stress 

may delay, reduce or prevent germination and growth of plant (Norsworthy and Oliveira, 2006). 

Ability to germinate under conditions of moisture stress may enable a weed to take advantage 

of the condition that limit the growth of other species. Seeds that respond to environmental 

conditions and alter their germination behavior are more likely to survive and successfully 

establish themselves (Ngo et al., 2017). The determination of base water potential threshold 

(Ψb) parameter is required for predicting the limit of moisture needed for predicting germination 

and emergence (Gardarin et al., 2010).  

Informations on weed phenology stages would allow more specific estimation of the 

timing of weed control (Ghersa and Holt, 1995). For a weed, the growth rate determines its 

vigor, hence, its competitive capacity (Storkey, 2004). Usually, the plants that present faster 

growth and greater size are those which are more enabled to compete for resources of the 

environment (Roush and Radosevich, 1985). The analysis of the weed growth is an employed 

analytic tool to characterize the development, based on data from the dry matter and leaf area 

resulting from the allocation of accumulated biomass in the different organs throughout the 
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cycle (Poorter et al., 2012). Biomass evolutionisan important ecological trait that likely 

facilitates the evolution of greater plasticity enabling higher invasibility of a weed (Droste et 

al., 2010). Understanding the factors that control phenological variability is crucial for the 

design of weed management practices (Ghersa, 2000). 

Considering that CHYCO is a national large scale threaten weed for cereal cropping 

system and that the difficulty to control it has increased after the herbicides resistance 

occurrence, a first understanding of  the emergence requirements and biomass accumulation 

and allocation of CHYCO is required. The objectives of this study were to determine (i) the 

effect of physical environmental factors namely osmotic stress, salt stress, and burial depth on 

seeds germination and seedling emergence (ii) the growth and development stages particularly 

time required to emergence, elongation and flowering and (iii) the pattern of biomass evolution 

in potexperiments. 

2. Materials et Methods 

2.1.Cypselas collection 

Mature cypselas (fruit of asteracea) of a cross-resistant population CHYCO population 

were collected from Fritissa, Mateur in Bizerte-northren Tunisia (37◦10’50.91.00’’N; 

9◦42’026’92.00’’E). Harvested cypselas were cleaned, separated between central and peripheral 

morphotypes and stored in glass bottles at room temperature (~20 °C) until use. 

2.2.Germination experiments 

All cypselas were scarified to liberate seeds from the pericarp tissue prior to each 

experiment. Scarification was carried out with mortar pestle flowed by sand paper. The 

germination was evaluated by placing 25 seeds in a 9-cm-diameter Petri dish containing one 

layer of Whatman filter paper no. 1, moistened with 8 ml of distilled water or a treatment 

solution (polyethylene glycol or NaCl). Every treatment was replicated four times. Petri dishes 

were sealed within parafilm and placed in growth chamber at 27/17°C day/night, 12h day night 

respectively under 350 µmol m-2 s-1 photosynthetic photon-flux density placed in an incubator 

set at 20ºC with a photoperiod set at and light intensity of 40 μmol m-2 s-1 chamber at 20°C 

day/night and 16 h photoperiod under 350 µmol m-2 s-1 photosynthetic photon-flux density. 

Seeds were considered germinated when radical length is ≥1mm, germinated seeds were 

counted once per day then removed from the Petri dish. Experiments lasted 7 days. Empty, 

damaged or infected seeds were excluded from the all calculations. 

The germination percentages were calculated by the following equation. 

G (%) = (Number of germinated seed / Number of total seed)*100 
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Experiment 1: effect of osmotic stress on germination 

Ranges of increasing rates of osmotic stress were investigated for their effect on 

CHYCO germination. For that, Solutions with osmotic potentials of 0,-0.1,-0.2,-0.4,-0.6,-0.8 

and -1 MPa were prepared by dissolving polyethylene glycol (PEG 8000) in distilled water as 

described by Mitchel (1983). The numbers of germinated seeds were counted daily until no 

germination occurred. The experiment was conducted twice. 

Experiment 2: effect of salt stress on germination 

Salt stress was imposed by an increasing rate of salinity using sodium chloride (NaCl). 

Different solutions with different salinity levels of 0, 20, 40, 80, 160, 250, 320 mM were 

prepared by dissolving NaCl in distilled water. The numbers of germinated seeds were counted 

daily until no germination occurred. The experiment was conducted twice. 

Experiment 3: Burial depth effect on emergence 

To assess the impact of soil burial on emergence. Pot experiment were conducted in 

greenhouse located in the in the National Institute of Agronomy of Tunisia (36°49’49.01’’N; 

10°11’02.07’’E) under natural condition (Range of Temperature between 28ºC (Tmax) and 

18ºC(Tmin), with natural light and photoperiod). the experiment consist in placing 20 scarified 

seeds at  0, 1, 2, 3, 4 cm below the soil surface of plastic pot filled with sterile soil . Pots were 

adequately watered to maintain the required moisture level. Emerged seedlings were counted 

every day for the first week, then every two days until no emergence occurs. The seedlings were 

gently removed after each count. 

2.3. Growth and development experiments 

Growth and development experiment was carried out in a greenhouse from April to July 

2018. Only scarified seeds were used for the entire experiment. Initially, seed of CHYCO were 

soaked in 0, 3% GA3 solution for 24h at room temperature, and then pregerminated in growth 

chamber at 27/17 °C day/night and 12 h photoperiod under 350 µmol m-2 s-1 photosynthetic 

photon-flux density. Pregerminated seeds were transplanted individually in cells of plastic trays 

filled with commercial substrate and placed under natural photoperiod. The temperature was 

registered every hour using a data logger recorder. At two-leaf stage, uniform seedlings were 

selected for a new transplantation in pot (1plant/pot). Throughout the life cycle of CHYCO, 

plants were transferred from one pot to a bigger one to sustain optimum growth conditions. Pots 

were adequately watered to maintain the required moisture level. The date of every 

phonological stage was determined when 80 % of the plants reached the same stage. The 

experimental was arranged as randomized design. One hundred plants were growing and ten 



Chapter III. Resistance mechanisms, Biological traits and ecological behavior  

 

79 
 

plants were harvested each sampling time as repetitions. The plant samplings were carrying out 

every 10 days during the development cycle of CHYCO. 

Plant was carefully removed from the pot and washed in running water to remove the 

remaining soil from the roots. In each evaluation time, The Leaf aera (LA) was determined 

using ENVI software and the phonological stage of development was determined using the 

phonological scale for BBCH weeds (Hess et al., 1997). The samples were dried for 48h at 75 

ºC and dry matter (g/plant) of leaves (LDM), stem (SDM), roots (RDM), flower (FDM) and 

total dry biomass (TDM) were recorded. 

2.4.Statistical analysis 

One way ANOVA were performed for all experiment (germination and emergence) 

using SPSS software SPSS-20 software (IBM, NY, USA)  and means were compared using the 

Duncan post hoc pairwise test (p-value = 0.05). All Curves fitting were carried out using Sigma 

Plot 11.0 (Systat Software, San Jose, CA), the R2 values were calculated as (sum of error 

squares) ⁄ (total corrected sum of squares). 

3. Results 

3.1.Effect of osmotic stress on germination 

Under laboratory conditions, the germination rate of CHYCO decreased as the osmotic 

potential increased. Based on the linear fitting (R2 = 0.98), the germination is completely 

inhibited at -1.12 MPa (figure 1) and the osmotic potential required for 50% inhibition of the 

maximum germination was −0.52 MPa. No significant difference (P<0.05) was found between 

the control treatment (with only distillated water) and the first treatment (-0.20 MPa). This 

suggest that osmotic potential of -0.2 MPa had no effect on germination. However, as the 

osmotic potential increased the germination percentage of CHYCO decreased significantly 

(P<0.05) from 88% to 13% at -0.2 MPa and -1 MPa respectively. 
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Figure 1. Effect of osmotic potential (MPa) on germination of CHYCO. The fitted line represents a 

linear model Y = 93.6598+a*83.6937 (R2 = 0.98). Each data point represents the mean of two 

experiments pooled with four replicates 

 
 

3.2.Effect of salt stress on germination 

The germination response of CHYCO to salt stress was fitted to exponential regression 

(R2 = 0.93). Germination decrease with the increase of NaCl concentrations. The concentration 

of NaCl required to inhibit the germination by 50% was estimated at 47 mM. Seeds germination 

was completely inhibited at 350 mM NaCl (Figure 2). CHYCO seed germination was fairly 

sensitive to NaCl concentration. Germination was greater than 60% at less than 40 mM NaCl 

and was lowest (6%) at 320 mM NaCl. At 160 Mm, 20% of seed are able to germinate which 

suggest that even at high soil salinity, a proportion of CHYCO seed may germinates   
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Figure 2. Effect of salt stress (NaCl) on germination of CHYCO .The fitted line represents an 

exponential model: Y= 85.9023*exp (-0.0121*x). Each data point represents the mean of two 

experiments pooled with four replicates 

 

3.3.Effect of burial depth on Seedling emergence rate 

The emergence rates of CHYCO seeds decreased as the depth of seed burial increased 

(Figure 3). In pot condition, a low emergence rates was recorded varying between 13% on soil 

surface to 0% at 4 cm of depth. The emergence of seedling was maximum for seeds placed on 

the soil surface. The 2-cm depth of seed burial had a significant impact on the emergence rates 

and no seedlings emerged from seeds placed at a depth of 4 cm.  
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Figure 3.  Effect of burial depth on emergence rate of CHYCO 

 

3.4.Critical period of weed growth 

The results from greenhouse experiment showed that the emergence of 80% of the 

seedling of CHYCO required 96.1 GDD. The accumulation of dry matter followed a Gaussian 

distribution with a maximum accumulation of dry matter happened at 1600 GDD, which 

coincides with flowering stage (Table 1).  

Initially the accumulation of total dry matter of CHYCO is slow until reaching the stem 

elongation stage which required 662.88 GDD to be achieved. From that moment, there was an 

increase, following an exponential trend until the flowering emergence stage (1300-1400 

GDD). The curve inflection point (around 1200 GDD) indicates that the plant stops having 

exponential growth and begins to accumulate less dry matter throughout time. For the leaves, 

stem and roots, the accumulation of dry matter throughout the development cycle 

happenedfollowing the same Gaussian distribution and the maximum of dry matter 

accumulation was associated to 1600 GDD (figure4, Table1).  

The emergence of flowers on the main shoot happened at 1147.9 GDD. From that 

moment on, there was intense flowering that extended until the curve inflection point (around 

1300 GDD). The flower number per plant was established only at 1600 GDD, simultaneously 

to the maximum leaf area that until that point presented an exponential increase and that, from 

that moment on, is reduced drastically (Figure 5). 
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Figure 4.  Leaves Dry Matter – LDM (A), Stem dry matter – SDM (B), roots dry matter – RDM (C) 

and total dry matter – TDM (E) as a function of GDD. Fits are Gaussian functions 
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Figure 5. Flowers dry matter-FDM (A) fitted as Gompertz functions and leaf area-LA (B) fitted as 

Gaussian functions throughout the development cycle of CHYCO 

 

3.5.The  dry biomass evolution  in CHYCO  

Throughout the development cycle of CHYCO, variations were observed in the partition 

of the biomass for leaves, stem, roots and flowers (figure 6). Initially, 67% of total dry matter 

was composed by leaves and the remaining biomass was divided between stem (13.2%) and 

roots (24.8%). Accumulation of dry matter in leaves was the highest in the beginning of the 

cycle and decreased progressively over time. Nevertheless, two pics of leave biomass 

accumulation were observed at 1147.9 GDD (relative to the end of stem elongation stage) and 

1666.3 GDD (relative to full flowering stage) (Table 1). At 664 GDD, one can observe an 

increase in stem biomass with a decrease in root and leaves biomass. The distribution of 

biomass between leaves, stem and roots was 62.81%, 13.93% and 23.26% respectively.  

The dry biomass in stem increased throughout the cycle and the maximum of dry matter 

in stem was determined at the inflorescence emergence at 1433.85 GDD. Maximum stem dry 

matter (41.32%) was associated with a decrease in leaves dry matter (36.76%) and an increase 

in flowers dry matter (6.45%), the remaining biomass was 15.47 % of total biomass in roots 

((Figure 6). Flowers biomass increased with GDD accumulation to reach 6.7% of total biomass 

at full flowering stage. The main biomass accumulation was determined in leaves (43.7%) stem 

(34.3%) and root (15.3%). 
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Table 1. The growth stages of Glebionis coronaria (BBCH scale) in function of the evaluation period 

(in days after sowing – DAS and days after emergence – DAE) and the GDD accumulated 

 

Date BBC

H 

Development Stage DAS DAE GDD 

17/04 0 Germination 0 - 0 

20/04 9 Cotyledons emergence  4 0 96.1 

25/04 12 Two true leaves(main shoot) 9 4 201.65 

04/05 14 four true leaves(main shoot) 19 13 374.8 

08 /05 15 Four to six true leaves(main shoot) 23 17 450.1 

11 /05 16 six true leaves(main shoot) 26 20 514.05 

15 /05 18 Eight true leaves(main shoot) 30 24 601.65 

16 /05 21 First side shoot visible 31 25 620.45 

18 /05 22 Two side shoot visible 33 27 664.35 

22 /05 33 Three visibly extended internodes   37 31 749.7 

29 /05 39 Nine visibly extended internodes   44 38 919.55 

7/06 51 Flower buds visible (40 %) 53 47 1147.9 

13 /06 55 First individual flowers visible (still closed) 59 53 1304.35 

18/06  59 First flower petals visible (in petalled forms)  64 58 1433.85 

28/06 65 Full flowering (50% of flowers open, first petals 

may have fallen 

74 68 1666.3 

7//07 69 End of flowering :fruit set visible 83 77 1898.65 

17/07 89 Fully ripe 93 87 2168.3 
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Figure 6. Evolution of dry biomass in different parts of the plant (%) throughout the development 

cycle of CHYCO. Leaves Dry Matter – LDM, Stem dry matter – SDM, roots dry matter – RDM and 

flowers dry matter FDM 

 

4. Discussion 

4.1.Effect of physical environmental factors on germination and seedling 

emergence of CHYCO 

The germination of CHYCO is affected by an increase of osmotic stress. However, some 

germination occurred at high level of stress (G=13.4% at -1MPa).  In this study, the germination 

was completely inhibited at -1.12 MPa, which is considered as the base water potential of the 

tested population. This limit of osmotic stress tolerated by CHYCO is similar as other asteraceae 

weeds such as Senecio vulgaris (-1.23 MPa), Picris echioides (-0.79 MPa) and Matricaria 

perforate (-0.75 MPa) (Guillemin et al., 2013). This funding suggests that CHYCO can 

germinate under moderate water stress conditions. According to Gardarin et al. (2010), autumn 

germinating species, with low base temperatures, had fewer requirements for soil moisture and 

their base water potentials usually around −1 MPa. Salt stress is one of the most dramatic abiotic 

stresses that induce oxidative and osmotic stress simultaneously (Tanveer et al., 2017). Based 
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on results in laboratory conditions, CHYCO tolerate salt stress until 47 mM of NaCl 

concentration, but it conserve, partially, its ability to germinate at high salt stress (G=18% at 

160 mM). Previous studies on other broadleaf weeds such as Caperonia palustris showed that 

germination is the lowest (27%) at 160 mM NaCl (Koger et al., 2004). This result indicate that 

CHYCO is fairly sensitive to salt stress which suggest that even at high soil salinity, seeds may 

germinate.  

The response of CHYCO to moisture stress indicates that it could tolerate a deficit of 

water in the soil at certain limits. However, Water stress is an important factor reducing seed 

germination of CHYCO, which hypothesis that moisture stress at -1.12 MPa caused secondary 

dormancy in ungerminated seeds. Seeds may become dormant under moisture stress conditions 

such as in dry seasons. Previous studies showed that ungerminated seeds, because of moisture 

stress, are able to germinate when they are exposed to adequate hydration. This hydration 

mimics rainfall in field conditions that stimulate emergence of new cohorts of some weed 

species (Ismail et al., 2002). The base water potential (-1.12 MPa) for germination estimated in 

this study could not be related to any key emergence dates, regardless of the season. Soil 

moisture is therefore probably not a major factor for determining the usual mean emergence 

periods of a weed, it is rather responsible for timing the actual emergence cohorts occurring in 

a given year (Guillemin et al., 2013). 

The timing of germination, thus emergence, of weeds depends on the interaction 

between moisture and temperature. Base water potential is positively correlated with base 

temperature (Gardarin et al., 2010). For the same population of CHYCO, the base temperature 

was estimated previously as -1.74°C (Hada et al., 2020), which is a low base temperature and 

it is coupled usually by less requirement for soil moisture. This may suggest many cohortsof 

the weed emergence in field conditions. 

Our results showed also that the emergence rate of CHYCO depend on seed burial depth.  

According to Preliminary works on CHYCO, it was shown that, although the plant produces a 

large number of seeds, the emergence percentage tends to be very low (<10%) under field 

condition (Vicente et al., 2002). The emergence of scarified seed was higher at the surface of 

the soil (0 to 1cm) and it decreased dramatically with the depth. Decreased emergence due to 

increased planting depth has been reported in several weed species, including Eleucine indica 

(Ismail et al., 2002), Caperonia palustris (Koger et al., 2004) and Chloris virgata (Ngo et al., 

2017). Small embryos as the case of CHYCO (<2 mm, Bastida et al., 2010), are unlikely to have 

sufficient energy reserves or coleoptile length to emerge from deep burial. Therefore, 

emergence in fields where deep tillage was applied is likely to be much lower than in fields 
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where crops were grown with minimum- or no-till systems (McLean et al., 2014; Widderick et 

al., 2014). These results suggest that under field conditions, no-tillage or minimum-tillage 

practices would potentially enhance CHYCO seed germination at the soil surface.  

4.2.Growth, development and evolution of biomass in CHYCO weed 

Under greenhouse conditions, it tooks 96.1 GDD, which is equivalent to 4 days after 

sowing, to the emergence of G.coronoria. This rapid emergence suggests that the weed has 

distinct competitive advantage over crop or weeds that develop later. Previous study reported 

that winter wheat required 50 to 180 GDD to reach its emergence stage under Mediterranean 

conditions (Miller et al., 2001; Richter et al., 2010). This mean that both plants wheat and  

CHYCO start their development cycle in the same time and that they have simultaneous 

demands of limited resources. The first plants that effectively obtain water, nutrient and sunlight 

overcome the others. From observation in field, two leaf stage of CHYCO coincides with three 

leaves stage of durum wheat (data not showen). 

The dry biomass accumulated by CHYCO seedlings is slowly happened in vegetative 

stages, namely leaves development and side ramification stages. This accumulation started to 

grow exponentially after the accumulation of 662.88 GDD which coincided with stem 

elongation stage. It was reported that species that usually have a faster growth are abler to 

compete for resources of the soil (Roush and Radosevich, 1985). With that, we understand that, 

from stem elongation stage, CHYCO’s ability to compete crops for resources increases. It seems 

that thisis critical stage in which CHYCO exceeded the associated crop and also the limit stage 

to control CHYCO under cropping systems. If compared with durum wheat. The elongation 

stage of CHYCO coincides with wheat tillering stage which required around 967 GDD (Miller 

et al., 2001). Usually, wheat is highly demand to nitrogen in this stage in order to establish the 

future yield and it is highly recommended to control weeds before this critical stage (Zhang et 

al., 2020). 

The maximum accumulation of dry matter required 1600 GDD and happened at 

Flowring stage with a maximum of foliage area. This is almost the same amount of GDD 

required to reach heading stage in wheat (Richter et al., 2010, Inurreta-Aguirre et al., 2018). In 

this period, minimum radiation will greatly affect grain number per unit area particularly in hot 

climates. Moreover, insufficient water availability will significantly reduce the yields (Helman 

et al., 2019). 

The distribution of dry matter throughout out its cycle, indicates that CHYCO 

concentrate a high proportion of dry matter to build a tall and vigor stem with a large foliage 

for best light interception. The reduction of leaves area developed by the weed started at 
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flowering stage. This is originated from the drain of photoassimilates to produce seeds. Despite 

the number of seeds was not determined in this study. Previous study reported that CHYCO 

produces an average of 200 seeds per flower (Bastida and Menendez, 2004). This high number 

of seed could be the source of the seed bank replenishment and the continuing emrgences in 

field condition.  

Based on our results, CHYCO adapt its germination and emergence to minimum water 

stress and it germinate when adequate moisture is established in soil surface. Emergence rates 

recorded in this study are low compared to germination rates, it seems that CHYCO have more 

then one cohort during grown seasons witch depend, among others, on adequate soil moisture 

induced by rainfall. Moreover, we think that the effect of CHYCO on yield losses of durum 

wheat previously determined is caused mainly to the high competitive ability of the weed 

starting on elongation stage and continuing until flowering stage likely because of stem 

elongation and foliage development. This biological and ecological analysis of a weed behavior 

enables the planning of instances for the application of herbicides in phases where they are 

more susceptible and the translocation potential is higher.  

 

5.Conclusion 

To develop any weed management program, it is essential to understand the biology and 

ecology of weed. According to our study, CHYCO is a moderately tolerant species to osmotic 

stress and germinates mainly on the soil surface. We first determinate the base water potential 

for the weed, which permit to fit, later, a more useful model to predict the main phase of growth, 

especially the emergence, based on HTT (hydrothermal time). The main competitive 

characteristics of the weed are a tall stem and large foliage, and it is most competitive starting 

from stem elongation stage. The knowledge of such biological and ecological traits of the weed 

is very useful to set up the appropriate strategy to effectively manage resistant populations 

Further studies are needed to be conducted to better adjust the weed behavior in 

interspecific interactions and natural conditions (differential management practices, rainfall, 

temperature, soil type…). Moreover, several populations should be included in order to draw 

conclusions of the competitiveness of CHYCO in field conditions.   

 



 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter IV 

Tillage, Chemical control and allelopathic crops: 

Potential components for an integrated weed 

management strategy against resistant Glebionis 

coronaria to ALS-inhibiting herbicides. 
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Early growth of Glebionis coronaria L. is reduced by allelopathic effect of 

Barley (Hordeum vulgare L.) and Rapeseed (Brassica napus L.) crops 

 

1. Introduction 

Allelopathy is defined as the direct or indirect harmful or beneficial effects of one plant 

on another through the release of chemical compounds into the environment (Rice, 1984). 

Several phytotoxic substances isolated from plant tissues and soils inhibit the germination and 

the growth of other plants in the surrounding environment (Mushtaq et al., 2020). These 

substances, collectively known as allelochemicals, are usually secondary plant products or 

waste products of the main metabolic pathways of plants (Chon and Kim, 2002; Ashrafi et al., 

2007). Allelochemicals emancipated as residues, exudates and leaches by plants from leaves, 

stem, roots, fruit and seeds reported to interfere with growth of other plants (Asgharipour and 

Armin, 2010).  

Today, allelopathy is recognized as an appropriate potential technology to control weeds 

using chemicals released from decomposed plant parts of various species (Naseem et al., 2009). 

Additionally, allelopathic crops integrated in weed management as cover crops, mulch, smother 

crops, intercrops or green manures, or grown in rotational sequences, build up fertility and 

organic matter status of soil, thereby reducing soil erosion, and improve crop yields (Khanh et 

al., 2005). The use of plant aqueous extract alone or in combination with reduced doses of 

herbicides was widely reported, to provide effective control of weed and reduce the overreliance 

on chemical herbicides for weed management (Naby and Ali, 2020). 

In Tunisia, weed flora is highly diversified and composed of annual, perennial and 

parasitic speciescausing important yield losses, estimated at 60% in cereal crops (INGC, 2013). 

Control methods commonly used to suppress weed species in crops are essentially cultural and 

chemical. However, intensive use of herbicides to control weeds has adversely affected the 

environment and water quality and has resulted in the development of herbicide resistance in 

many weed species, such as Glebionis coronaria L. (CHYCO), recently confirmed as cross-

resistant to ALS inhibiting herbicides. Such concern has triggered interest towards the 

development of weed control alternatives that minimize the use of herbicides and their impacts 

on the environment while sustaining crop production. 

This study is aimed to assess (i) the phytotoxic effect of aqueous extracts from different 

crops on CHYCO growth in laboratory bioassays (ii) the effect of increasing concentrations of 

aqueous extract of barley and rapeseed on CHYCO root length, and (iii) the effect of crop 

residue incorporation on early growth of Glebionis coronaria in pots.  
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2. Materials et Methods 

2.1.Plant materials 

Seeds of a cross-resistant population of CHYCO to ALS-inhibiting herbicides (R) were 

collected from a field in Fritissa, Mateur-Bizerte (37◦10’50.91.00’’N; 9◦42’026’92.00’’E). 

Furthermore, fully grown healthy plants of five known allelopathic crops namely Sorghum 

bicolor var. Jawher, Brassica napus var. Trapper, Secale cereal var. Allawi, Hordeum vulgare 

var. Rihane and Avena sativa var. Chapela were harvested from the experimental field site at 

the National Institute of Agronomy, Tunis, Tunisia (36°49’49.01’’N; 10°11’02.07’’E). 

2.2.Preparation of aqueous extract from different crops 

Plants were carefully washed with tap water and dried on towel paper. The whole plants 

were oven dried at 60 °C for 24 h. Dried samples were ground into fine powder and stored dry 

at 4 °C until use. The aqueous extract of each crop were prepared by adding 2.5 gr of plant 

powder in 50 ml of distilled water. The extracts were shaken at 200 rpm at room temperature 

for 24h, filtered using 4 layers of cheesecloth to remove fiber debris and centrifuged twice for 

40 min at 9000 rpm at 8°C. The supernatant was filter-sterilized through a Millipore filter 0.22 

μm. The filtered solutions (Stock solutions) were freshly prepared before each experiment.   

2.3.Preparation of Growth medium 

The growth media for in vitro bioassays is prepared by adding twelve grams of agar to 

1 L of distilled water. The mixture is then autoclaved for 20 min at 120°C and left cooling 

below 50°C.  For each crop aqueous extract, 20 ml of the stock solution (20% w/v) are added 

to the water agar. Controls received 20 ml of sterile distilled water. Bioassays were conducted 

in Petri dishes containing each 40 ml of the growth media.  

2.4. In vitro experiments 

Seeds of the herbicide resistant population of CHYCO are sterilized using 3% of 

commercial NaOCl solution for 2 minutes and subsequently washed with sterile distilled water. 

Seeds are then immersed in 70 % of ethanol solution for 30 seconds and washed again with 

sterile distilled water. After sterilisation, seeds are allowed to pre-germinate on a moistened 

filter paper. The photoperiod was set at 16h/8h day and night respectively, under 350 μmol m-

2 s1photosynthetic photon-flux density. Germinated seeds with 1-2 mm of root lengths are used 

for the experiments.  

In a first set up, crops were screened for their phytotoxic ability to reduce the root length of 

pregerminated seeds of CHYCO. The growth medium is prepared as mentioned above.  

Four Peri diches are used for each crop water extract. Ten pre-germinated seeds of the weed are 

placed on the surface of the water-agar. All Petri dishes are kept in a growth incubator at a 
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temperature of 22°C / 20°C day/night with 16/8 light/dark photoperiod for 7 days. The root 

lengths of CHYCO are measured and compared to control seeds.  

In a second experiment, we investigated the effects of various concentrations of the aquous 

extracts of Brassica napus var. Trapper and Hordeum vulgare var. Rihane on root length of the 

weed.  Five concentrations (12.5, 25, 50, 75, and 100 %) are used for this experiment by diluting 

the stock solution of both crops. The experiment is performed with four replications per 

concentrations of water extract and per crop. In each replication, ten pre-germinated seeds are 

used and root length of CHYCO is measured after 7 days of incubaron in growth incubator at a 

temperature of 22°C / 20°C day/night with 16/8 light/dark photoperiod. 

The percentage of root growth inhibitions is determined using the following equation: 

Root length inhibition (%) = [(Control– Extract)/Control] x100 

2.5.Pot experiments 

Pot experiments are conducted to evaluate the effect of the incorporation of crop 

residues on the growth of CHYCO seedlings. The amounts of residues used in this experiment 

are determined based on previous estimations of the average crop residues/ha in Tunisian fields 

(Ben Jeddi, 2005). The residues of barley and rape are about 500 Kg/ha and 2000 Kg/ha 

respectively. Three amounts of residues for each crop (Table1) are mixed with 1 Kg of sand-

perlite mixture per pot (1:2 w/w) and allowed to decompose for one week before transplanting 

weed seedlings. Each pot of 7 cm-diameters is filled by 100g of residue-soil mixture. The seeds 

of CHYCO are pre germinated as described above and transplanted into pots at growth stage of 

two-cotyledons. The experiment is conducted as a complete randomized design with 10 

replications per residues mixture and per crop. Pots without residues were used as controls. The 

pots are kept under greenhouse conditions and regularly irrigated to keep the moisture at field 

capacity. At 14 days after transplantation, all seedlings are harvested and the length of shoots 

and roots are determined and dry weights per plants are recorded. 

 

Table 1. The amount of barley and rape residues incorporated in g/kg of soil mixture 

crop Treatments 
Amount of crop residue (g/kg 

of soil mixture) 

Barley B1 0.16 

 B2 0.32 

 B3 0.64 

Rape R1 2.0 

 R2 4.0 

 R3 8.0 

Control C - 
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2.6.Statistical analysis 

All data were subjected to analyses of variance (ANOVA), using the SPSS software 

(IBM SPSS statistics 20) for statistical analysis. The comparison of means was performed by 

the Duncan post hoc pairwise test at 0.5% of probability. 

 

3. Results 

3.1.Effect of the crop aqueous extracts on the root length of CHYCO root length 

The results showed a significant reduction in the radical length of CHYCO seedlings in 

the presence of aqueous extracts from all tested crops compared to the controls. Significant 

differences were also observed between the crops. Radical reduction arranged from 30% to 

74% (Figure 1). The most pronounced inhibitory effect on the radical elongation of CHYCO 

seedlings was caused by barley’s extract (around 70%), followed by rapeseed’s extract (around 

60%). 

 

 

Figure 1. Radical length reduction (%) of CHYCO seedling in the presence of crop aqueous extracts. 

 

3.2. The effect of increasing aqueous extract concentrations of rape and barley on CHYCO 

root length. 

The response of CHYCO to increasing concentrations of aqueous extracts of barley and 

rapeseed showed that the higher the concentration is, the greater is the reduction in the root 

length. At all tested concentrations, barley have the highest inhibitory effect on CHYCO growth 

(Figure 2). At a concentration of 25%, the inhibitory effect of barley exceeded significantly the  
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inhibitory effect of rapeseed. Radical inhibition may reach up to 80% with the highest aqueous 

extract concentration from barley and rapeseed (Figure 2). This result may suggest the presence 

of a single or a set of allelochemicals that are soluble in water and which may effectively affect 

the growth of CHYCO seedlings.  

 

 

 

Figure 2. Root length reduction (%) of CHYCO seedlings at increasing concentrations of aqueous 

extract of barley and rapeseed. 

 

3.3. Effects of barley and rapessed residues on CHYCO shoot and root length in pot 

experiments 

Figure 3 shows the effect of various concentrations of barley and rapeseed residues on 

root and shoot growth of CHYCO in pot experiments. Results showed that effects varied among 

crop residues as well as among the different amount of crop residues. Barley and rapeseed 

residues caused significant reductions in root length of weed seedlings while significant 

stimulatory effects were observed on shoot growth of CHYCO seedlings (Figure 3).  Root length 

was reduced by 84.52% and 73.22 % of the controls with residues of barley and rapeseed at the 

concentrations of 0.64g/kg and 8g/kg, respectively. 

For barley, the lowest amount of residues incorporated in soil (B1=0.16g/kg) caused a 

significant reduction in average seedlings root length (23.01%), whereas shoot length was 

significantly stimulated. For the B2(0.32 g/kg), root length measured was statistically identical 
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to control and less stimulation was observed in soot length, suggesting almost no effect of this 

rate of barley on CHYCO seedling growth.  

A comparative effect was observed between the different amounts of rapeseed residues 

incorporated in soil. The R1 (2g/kg) inhibited the root length by 25.1 % and stimulate the shoot 

length by 42.75%. A slight reduction was observed in root length at R2 amount of rapeseed 

residues (4g/kg), determined as 1.65% shoot length was stimulated by 20.21%.  

The dry biomass results further confirm these results. Significantly differences were 

found between different amounts of crop residues (Table 2). Both R3 and B3 had the highest 

effect on dry matter accumulation in CHYCO seedling. The dry matter reductions were 

estimated as 37.35 % and 45.65% for R3 and B3 respectively. For R1, R2, B1 and B2 residues 

rate, the dry biomass of CHYCO were stimulated, most probably because of shoot length 

stimulation previously determined  

 

 

 

Figure 3. The effects of increasing concentrations of barley and rapeseed residues on root and shoot 

length of CHYCO seedlings in pot experiments 
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Table 2. Glebionis coronaria average dry weight reduction/stimulation at 14 days after incorporation 

of barley and rapeseed residues at different concentrations. 

Crop Treatment Average Dry Weight (g) 

(IR or DR %) 

Dry Weight (g) IR/DR 

Barley B1 

B2 

    B3*** 

0.13 

0.16 

0.05 

IR=27.31 

IR=42.61 

DR=45.65 

Rapeseed R1 

R2 

    R3*** 

0.08 

0.15 

   0.06 

DR=10.44 

IR=37.35 

DR=37.35 

Control C 0.09 - 

 

IR: Increase Rate (%), DR: Decrease Rate (%).different superscript letters are significantly different classes 

according to the Duncan test (p = 0.05)  

 

4. Discussion 

Our results revealed that the root elongation of CHYCO seedlings was affected by a 

wide range of crops commonly cultivated in agroecosystems in Tunisia. In laboratory 

conditions, the levels of growth inhibition, expressed as root length, are medium (<50%) to 

high (>50%) depending on crops species. Poaceae family are previously reported as one of the 

most botanical family with pronounced allelopathic potential to suppress weeds (Sánchez-

Moreiras et al., 2003; Tantiado and Saylo, 2012; Favaretto et al., 2018). Poaceae is an 

ecologically dominant plant family and it is economically important worldwide, known for its 

chemical diversity, which represents an important source to allelelopathic molecules. In this 

study, Sorghum bicolor reduced CHYCO root length up to 50%, most probably, due 

tosorgoleone, a lipid benzoquinone released from sorghum plant, that reduces weed growth 

through its action on the PSII (Hejl and Koster, 2004), in a similar way to herbicides of the 

triazine class (Gniazdowska and Bogatek, 2005). Secale cereal is usually used ascover crop to 

compete weeds (Nagabhushana et al., 2001; Farooq et al., 2011) or as a mulch to inhibit the 

emergence and the growth of weeds (Teasdale and Mohler, 2000) by mean of hydroxamic acid 

(Pérez and Ormeno‐Nunez, 1993), which reduces the need of herbicides (Bhadoria, 2011). In 

the same way, the allelopathic potential of Avena sativa was largely explored in weed control. 

Previous studies reported the inhibiting effect of oat due to phenolics namely scopoletin, a 

bioactive coumarin known for its allelopathic effect that successfully controls weeds when 

released into the soil (Belz et al., 2005). 

The results also showed that the highest growth inhibition of CHYCO seedlings was 

caused by barley and rapeseed aqueous extracts and varied with the concentration of the extract.  
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This result was in agreement with previous investigations with barley, where the activity 

of extracts was directly related to its concentrations (Ashrafi et al., 2009). The release of water-

soluble allelochemicals from vegetative components is thought to be the primary factor 

contributing to the overall weed suppressive effect of crops (Kremer and Ben-Hammouda, 

2009). Knowledge on putative barley allelochemicals traces back to Liu and Lovett (1993). 

Both gramine (N,N-dimethyl1H-indole-3-methanamine) and hordenine (p-[2- (dimethylamino) 

ethyl] phenol) are the main alkaloids constitutively exuded from barley (Jabran, 2017). Phenolic 

compounds are also among the important allelochemicals produced by barley (Oueslati et al., 

2009) that inhibit seed germination and seedling growth of numerous weed species such as 

Echinochloa crusgalli, Eclipta prostrata and Bromus dianrus (Chon et al., 2004; Oueslati et 

al., 2009; Bouhaouel et al., 2016). On the other hand, the family of Brassicaceae receives great 

attention as source of allelochemicals, often used for weed suppression (Bialy et al., 1990). 

Most of the species of Brassica like rapeseed (Brassica napus) produces allelochemicals that 

inhibits germination and growth of weed species such as Sorghum halepense (Uremis et al., 

2009b). Brassica glucosinolates play a key role for weed suppression as they can be converted 

to the corresponding isothiocyanates by the enzyme myrosinase (Petersen et al., 2001). 

According to Uremis et al. (2009a), higher allelopathic potential could be attributed to the 

higher isothiocyanates content.  

In pot experiments, a more pronounced effects on roots rather than on shoots were 

reported in our study, suggesting that the inhibitory effect of Barley and rapeseed are more 

relevant on the underground elongation of CHYCO at this early stage of growth. These results 

are in line with the finding that water extracts of allelopathic plants generally have more 

pronounced effects on radicle/root, rather than hypocotyl or shoot growth (Turk and Tawaha 

2002; Ashrafi et al., 2009). This may be attributable to the fact that radicle are the first to come 

in contact with allelochemicals (Ashrafi et al., 2009). Besides the inhibition of root elongation, 

many of the extracts also altered root morphology, producing distorted and twisted radicles 

compared to normal seedlings (Jennings and Nelson 2002; Bouhaouel et al., 2016). Results of 

the pot experiments showed that barley and rapeseed residues leached water soluble 

allelochemicals that inhibit the growth of CHYCO. However, when incorporated into the soil at 

increasing rates, crops residues are effective only at first and third level of crop residues (B1, 

B2 and R1, R3). For both B2 and R2 crop residue levels, no effect on the root elongation was 

observed compared to the control. According to Narwal (1994) allelochemicals that inhibit the 

growth of some species at certain concentrations might, in fact, stimulate the growth of the 

same species at another concentration, it is thus essential to identify the appropriate crop residue  
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level at which growth inhibition occurs, before using allelopathic crops in weed management 

programs (Ashrafi et al., 2009). In general, the allelochemicals released in the soil affect the 

growth of weeds through changes in the cell structure, inhibition of cell elongation/division, 

disruption of membrane structures, and disruption of water and nutrient uptake and the process 

of photosynthesis (Jabran, 2017).  

Allelopathic crop residues are widely used for weed management (Tabaglio et al., 

2008). For barley crop, the release of water-soluble allelochemicals from vegetative 

components is thought to be the primary factor contributing to the overall weed suppressive 

effect of barley used as mulch (Kremer and Ben-Hammouda, 2009). Barley residues added to 

the soil surface of field plots inhibited emergence of Solanum ptycanthum by 98% and Setaria 

glauca by 81% 30 days after planting the weed species (Creamer et al., 1996). Subsequent 

studies confirmed the effectiveness of barley residues in reducing plant densities of the weeds 

Portulaca oleracea and Digitaria ischaemum 60 days after killing the barley with paraquat 

(Kremer and Ben-Hammouda, 2009). Rapeseed residues are generally incorporated into the soil 

after harvest in order to control weed. Previous study showed that perennial herbicide resistant 

Sorghum halepense control with over 90% was achieved by Rapeseed residues 30 day after its 

incorporation (Uremis et al., 2009a). Weeds, especially small seeded weeds, could be controlled 

with the incorporation of rapeseed residues in the soil.  Rapeseed residues were reported to 

inhibit the germination and growth of Amaranthus retroflexus, Solanum nigrum, Portulaca 

oleracea and Echinochloa colonum (Uremis et al., 2009b). For allelopathic residues, it was 

recommended the combined application of various allelopathic materials to increase the 

efficiency in weed management, due to the synergistic effect of diverse allelochemical. The soil 

surface allelopathic residues could be integrated with no-tillage or reduced tillage (Teasdale 

and Mohler, 2000). 

 

5. Conclusion 

Our study showed the allelopathic potential of both barley (Hordeum vulgare) and 

rapessed (Brassica napus) to reduce the seedling growth of a cross-resistant population of 

CHYCO. Thus, suggesting the advantage to incorporate these allelopathic crops in resistance 

management programs. Both crops could be used as water extract, incorporated in the soil or 

as a part of a rotation program to control herbicide resistant population of CHYCO in field. 

Further studies should be conduct to investigate the effect of Barley and rapeseed in field 

conditions in order to manage the spreading of resistance to ALS inhibiting herbicides. 
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Demography of Glebionis coronaria as influenced by tillage, allelopathic 

crops and herbicide application 

1. Introduction 

Glebionis coronaria (CHYCO) is a troublesome weed in cereal cropping system in 

Northern Tunisia, causing significant yield losses up to 75% in wheat fields. The ability of this 

weed to invade, grow, and compete wheat crop was attributed to several factors including rapid 

germination, extended emergence period, the timing of main phenological stage and the 

development of a vigor stem and a dense foliage. In the last years, CHYCO has become a 

growing threat because of the occurrence of herbicide-resistant populations to Acetolactate 

Synthase (ALS) inhibitors. Resistance to ALS inhibitors was attributed to three point mutations 

in the target ALS gene. Evidence of enhanced metabolism developed by the weed, as 

polygenetic non-target site resistance mechanism, has also been reported (Hada et al., 2020). 

The co-existence of both mechanisms confer to the weed high resistance levels to ALS 

inhibitors and likely the ability to detoxify herbicides with different mode of actions (Beckie 

and Tardif, 2012, Hatami et al., 2016). 

The genetic bases of resistance as well as the biological and ecological traits of CHYCO, 

mitigate the efficacy of the chemical approach to restrict the spread of resistant populations. 

Further research is required to explore more combinations of complementary selection 

pressures to be implemented as integrated management strategy (IWM). Particular attention 

need to be focused on resistant population demographics (Puricelli et al., 2002) as it can be 

effectively used to improve crop management decisions (Bussan et al., 2000; Norsworthy et al., 

2007). Demography is the study of a population as it responds to intrinsic and extrinsic factors 

that act upon it (Werner and Caswell, 1977; Hutchings, 1997). Under Mediterranean climate, 

weeds may occur in different cohorts that may differ in population dynamics and susceptibility 

to control measures (Torra and Recasens, 2008). Understanding the demographic traits of 

weeds, including emergence timing and survival of weed cohorts together with growth 

characteristics of individuals are valuable to predict the competitive ability of weed species 

within the cropping system (Cousens and Mortimer, 1995, Torra and Recasens, 2008).  

In wheat cropping system, the control of cross-resistant population of CHYCO rely on 

synthetic auxins in herbicide rotation or within herbicides mixture mainly with ALS inhibitors, 

however this strategy is no more effective with the occurrence of enhanced metabolism  (Hada 

et al.,2021). Among the safest tool to control resistant population, crop rotation has been 

reported as reducing the selection intensity of relying solely on herbicides. It allows varying the 

management of fields, creating an unstable and inhospitable environment which prevents weeds 
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from proliferating as well as disrupting weed population dynamics (Liebman and Dyck, 1993; 

Andersson, 2017). The introduction of allelopathic crops in rotation could be promising because 

of a large variety of secondary metabolites, commonly called allelochemicals, released into 

their environment (Scavo et al., 2018). In the field, allelochemicals have an inhibitory effect on 

seed germination and weed density (Scavo et al., 2019). However, the efficacy of allelopathy 

approaches in not enough unless combined within an IWM strategy (Scavo and Mauromical, 

2020). Tillage is widely adopted as a major component of IWM combinations. The main goal 

of tillage is to control weed seedbank, to disrupt germination, and to destroy emerged weed to 

give the crop a competitive advantage in its first stages of growth (Scavo and Mauromical, 

2020). However, tillage may increase the germination of some weeds, directly by increasing 

soil–seed contact or indirectly by increasing exposure to light, aeration of soil and soil 

temperature (Chauhan et al., 2006). Individually, the effect of allelopathic crops and tillage has 

been well reported, however their interactions is less studied (Rashid et al., 2017). 

The purpose of this field study is to test the hypothesis: if the allelopathic crops (barley 

and rapeseed) could reduce the emergence of CHYCO and suppress its growth, then if the 

interactions of complementary selection pressures of tillage, crops, and herbicides would 

improve the level of CHYCO control under natural field conditions. Specific objectives are to 

determine in two successive growing seasons (1) the evolution of weed density and the cohort’s 

establishment, (2) the evolution of total dry matter along each growing season, and (3) the weed 

height at flowering stages. 

2.  Materials and methods 

2.1. Site description 

The field experiments were conducted during two consecutive growing seasons (2017–

18 and 2018–19) at Fritissa, Mateur-Bizerte region (37°1′50.91′′ N, 9°42′26.92′′ E) under 

rainfed conditions. The soil was clay-loam soil, with 2.3% of organic matter and a pH of 8.5. 

Precipitation and temperature data were recorded daily by an automatic agrometeorological 

station near to the experimental site. The mean annual temperature was 17 ºC and total yearly 

precipitation averaged 389 mm. The field is highly infested by CHYCO and has been under 

wheat mono-cropping system for the ten last years. The studied population in this field has been 

confirmed as cross resistant population to ALS-inhibiting herbicides, owing to both gene 

mutations and enhanced metabolism mechanisms. 

2.2. Experimental design, crop managements and measurements 

The field experiments were carried out to evaluate the effect of tillage systems, 

allelopathic crops competition and herbicide application on the demography of cross-resistant  
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population of CHYCO. In the first growing season (2017-2018), two tillage practices were 

studied: conventional tillage (T1) included autumn mouldboard ploughing (up to 40 cm) and 

disk harrowing (up to 15cm) for seedbed preparation, and reduced tillage (T2) included only 

harrowing. The two tillage practices were combined with three crops including barley 

(Hordeum vulgare L. var Rihane) and rapeseed (Brassica napus L. var Trapper) and durum 

wheat (Triticum durum Desf. var Maali). For each crop × tillage combination, herbicides were 

applied in the half of the cropped area (H) and the other half was left without herbicide 

treatments (NH). During the following growing season (2018-2019), the same herbicides and 

crop treatments were kept, however, only harrowing was used. Therefore, T1 referred to 

harrowing preceded by mouldboard ploughing, while T2 referred to harrowing preceded by 

harrowing.    

The treatments were arranged in a split–split–plot experimental design with tillage 

practices (T1 and T2) as main-plot, the crops (barley, rapeseed and wheat) as subplot and 

herbicide application (H and NH) as sub-subplot factors. Each sub-subplot was 10 m × 50 m. 

Three repetitions were used for each treatment (crop × tillage× herbicide).  Repetitions were 

separated by two hallways (4 m of width) left as fallow, where the weed grow in absence of 

crop competition (Figure 1). For both growing seasons, different combinations give a total of 

36 sub-subplots plus extra 4 subplots of fallow under T1 and T2 tillage systems.  

Every year before sowing, the soil was amended by phosphor fertilizers and the 

appropriate PRE-sowing herbicides (Table 1). During the growing season, fungicide (Opus, 

1L/Ha) and early POST- herbicides and POST-herbicides were applied for each crop.  
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Figure 1.  Schematic representation of the experimental design with the 40 experimental subplots in 

(A) 2017-18 and (B) 2018-19 growing seasons; (C) Picture of the experimental unit (one repetition) 

within the field. 
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Nitrogen was broadcast as ammonium nitrate (33.5% N) in three fractions for wheat and 

barley (30% at 3-leaf stage, 40% at ear-1-cm and 30% at the stem elongation stage) and two 

fractions for rapeseed (50% at 4-6 leaf stage and 50% at stem elongation). PRE, early-POST 

and POST herbicides were applied at the labeled dosesusing a backpack sprayer calibrated to 

deliver 200 L ha−1 at a pressure of 3 KPa. The management program included the sowing 

densities and dates, the harvest dates and herbicide applications are represented in Tables 1 and 

2. 

During the two growing seasons, weed samplings were carried out monthly to determine 

the evolution of weed densities and total dry biomass accumulated by the weed under different 

combinations of treatments. Likewise, main weed cohorts were recorded within each crop× 

tillage× herbicide plot. In each sampling date, three quadrats (0.5 m2) per plot were sampled. 

At flowering stage, weed heights (cm) was recorded. At crop harvest, weed densities, biomasses 

and heights were also recorded in non-cultivated hallways under both T1 and T2 tillage systems 

as controls. Weed samples were oven-dried every time (for 48 h at 70 °C) before dry biomass 

measurements. The POST herbicide efficacies were evaluated based on the weed density using 

the following equation:  

Herbicide efficacy (%) =
WDi−WDi+1

WD i
∗ 100 

Where WD i is the average density before herbicide treatment and WDi+1 is the average density 

measured 30 days after herbicide treatment. 

 

3.3. Statistical analysis 

The effect of tillage, crops, Herbicide applications and their combinations on CHYCO 

densities, dry biomass, and heights were subjected to a linear mixed model analysis (LMM). 

Two-way ANOVA were performed for interactions and means were compared using the 

Duncan post hoc pairwise test (p-value = 0.05) using SPSS software (IBM SPSS statistics 20). 

All the effects are fixed and every growing season was analyzed separately. Prior to each 

analysis, normal distribution and homogeneity of data were checked. The plots of density and 

biomass evolution were carried out using Sigmaplot 11.0 (Systat Software, San Jose, CA, 

USA). 
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Table 1.  Management practices during the two growing seasons 

 

Growing Seasons 

2017-2018 2018-2019 

Crop Density 

Kg/Ha 

Sowing 

date 

Harvest 

date 

Crop Density 

Kg/Ha 

Sowing 

date 

Harvest 

date 

Wheat 200 11-24 06-16 Wheat 200 11-22 06-20 

Barley 140 11-24 05-18 Barley 140 11-22 06-04 

Rapeseed 4.5 11-24 05-18 Rapeseed 4.5 

 

11-09 06-04 

 

Crop Herbicide Dates Crop Herbicide Dates 

Wheat Menarix† 

Nikos + Topik††† 

Dialen super††† 

12-07-2017 

01-15-2018 

03-16-2018 

Wheat Nikos + Topik††† 

Dialen super††† 

02-20-2019 

03-18-2019 

Barley Nikos + Axial††† 

Dialen super††† 

01-15-2018 

03-16-2018 

Barley Nikos+ Axial††† 

Dialen super††† 

02-07-2019 

03-18-2019 

Rapeseed Trifluraline† 

Twiga†† 

Lontrel††† 

11-24-2017 

12-07-2017 

01-15-2018 

Rapeseed Trifluraline† 

Twiga†† 

Lontrel††† 

 

11-08-2018 

11-26-2018 

01-18-2019 

† PRE-emergence herbicide; †† Early-POST-emergence herbicide, ††† POST-emergence herbicide 

 

Table 2.  Herbicides applied during the two growing seasons 

 

Trade name Active ingredients HRAC code Applied doses (L/Ha) 

Minarix* Prosulfocarbe N 2.5 

Nikos 306 SE 2,4-D Acid + 

Florasulam 

O+B 0.6 

Topik 80* Clodinafop-propargyl A 0.75 

Axial 045 EC* Pinoxaden A 1 

Dialen super Dicamba + 2,4-D O 0.8 

Trifluraline Trifluraline K1 2 

Twiga Methazachlore K3 2 

Lontrel Clopyralid O 1 

*These herbicides were applied to control Monocotyledonous weeds in the filed  
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3. Results 

3.1. Climatic Data 

The two growing seasons had the same pattern of temperature but differed in terms of 

amount and distribution of rainfall (Table 3). The 2017–2018 was the wettest season (436 mm), 

characterized by wet winter (235 mm, Dec–Feb), considerable rainfall in spring (126 mm, Mar-

Mai) and some rainfall in early summer (3mm). The 2018-2019 growing season was drier 

compared to the previous season with a total precipitation of 395.2 mm but differed mostly in 

the distribution of rainfall along the seasons, having the highest precipitation amount in January 

(114 mm) and the lowest in April (6.4 mm). 

Table 3.  Total monthly rainfall (mm) and mean temperature (°C) for the experimental site at Fritissa 

during the growing seasons 2017-2018 and 2018-2019 

 

Month 

2017-18 2018-19 

Cumulative 

Precipitation 

(mm) 

Mean 

temperature 

°C 

Cumulative 

Precipitation 

(mm) 

Mean 

temperature  

°C 

November 72 18 80.5 17 

December 77.5 14.5 56 13 

January 68.5 12.5 114 14 

February 89 12.5 25 12 

March 60.4 14 54 14.5 

April 16.9 16 6.7 17 

May 48.7 18 59 18.5 

June  3 24.5 0 23.5 

Total (mm)/Mean (°C)* 436 16.3 395.2 16.2 

* Total for the precipitation; Mean for the temperature. 

 

3.2. Effects of tillage, crops, herbicides and their interactions on the densities 

evolution of CHYCO 

Overall, our results showed that tillage, crops and herbicide applications have 

significant impact on the densities of the resistant population of CHYCO. Nevertheless, these 

effects were closely depending on the growing seasons (Table 4, Figure2). 
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Table 4. Results of main effect and interactions from ANOVA of CHYCO densities for 2017-18 and 2018-19 

Treatments 

 

Main effects Interactions 

Tillage Crops Herbicides Tillage × Crop Tillage× Herbicide Crop × Herbicide Tillage × Crop ×Herbicide 

2017-18 ** *** *** ** NS NS NS 

2018-19 NS *** NS NS NS NS NS 

The symbols indicate the significance level at P= 0.05: *** < 0.001; ** <0.01 and NS >0.05 

 

 

   

Figure 2. The effects of tillage (T1 and T2), Crops (wheat, Barley and Rapeseed), herbicide applications (H and NH) on the density (plants/m2) of CHYCO 

determined at crop harvest in the two growing seasons,Same superscript letters across treatments either in 2017-18 or 2018-19 are statistically similar according to 

Duncan test (P=0.05). 
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In the first growing season 2017-18, analysis of variance showed significant effects of 

crops (P<0.001), herbicide application (P<0.001) and tillage (P<0.01) on the weed densities. 

While only crops effect was significant in 2018-19. The interactions between treatments were 

inconsistent between the two years of study. Only tillage by crop interaction was found to be 

significant (P < 0.001) in the first year and no other significant interactions were revealed.  

At crop harvest, the densities of CHYCO were significantly reduced in presence of 

different crops compared to non-cultivated plots (fallow plots), the lowest densities were 

recorded in barley plots. Average densities ranged between 4 plants/m2 to 47 plants/m2 in 

barley and wheat, respectively (Figure 2, A2). The effect of herbicide application was only 

significant in the first season 2017-18. An average density of 7 plants/m2 was recorded in H-

plots compared to 59 plants/m2 in NH plots (Figure 2, A3). Similarly, results showed that 

harrowing (T2) significantly reduced weed densities in 2017-18, resulting in an average of 27 

plants/m2 compared to 39 plants/m2 in plots with conventional tillage (T1), and no effect of 

tillage was reported in 2018-19 (Figure 2, A1). 

Our results showed that the interaction between crops and tillage significantly impact 

the weed densities in 2017-18 (Table 4). Along this growing season, the evolution of weed 

densities and the establishments of main cohorts were analyzed separately under H and NH 

treatments (Figure 3).  

In the NH-plots, the initial densities of the weed were statistically similar between crops, 

with higher densities recorded under conventional tillage (T1) than reduced tillage (T2) (Figure 

3; c, d). In T1 plots, densities varied between 61 plants/m2 and 165 plant /m2 in rapeseed and 

barely, respectively. In T2 plots, recorded densities were about 8 plants/m2 and 37 plants/m2 

in barley and rapeseed, respectively.  

In absence of the herbicide effect, the weed dynamics along the growing season depend mainly 

on the interactions between crops and tillage practices. Conventional tillage (T1) resulted in the 

highest linear emergence of CHYCO in wheat plots with density around 113 plants/m2. In 

contrast, more dynamic emergence was observed in barley and rapeseed plots during the 

growing season. The weed had opposite emergence patterns in the presence of these two crops.  
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Figure 3.  Evolution of CHYCO densities (plants/m2) across 2017-18 growing season, as influenced by tillage ×crop interactions, (a) and (b): herbicide 

treated plots; (c) and (d): non-treated plots .The arrows indicate the timing of herbicide application. 
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In barley, the highest density of the weed was observed in early season (165 plants/m2, Dec-

Jan) then decreased considerably (60 plants/m2, Feb) and again slightly increased (76 

plants/m2, Apr), by the end of the season 42 plant/m 2 was recorded in barely plots. In contrast, 

low density of CHYCO in rapeseed was recorded in Dec-Jan (60 plants/m2) and higher weed 

density in Feb (101 plants/m2), then density decreased to 36 plants/m2 in April, by the end of 

the season, another increase of the weed density was observed (81 plants/m2). Under reduced 

tillage (T2), weed emergence appeared to be more linear compared to one in T1 plots. In barley, 

the weed had the most linear dynamics (7 plants/m2, Feb) throughout the season. 

Simultaneously, an increase in densities was observed in both wheat (56 plants/m2, Feb) and 

rapeseed (62 plants/m2, Feb) (Figure 3; c, d). 

In herbicide-treated plots (H), the initial densities of CHYCO were homogeneous and 

statistically similar among plots with the same tillage practice. Early in the growing season 

2017-18 (30 days after sowing), the highest densities were recorded under T1 plots. The weed 

densities varied between 90 plants/m2 and 126 plants/m2 in wheat and barley plots, 

respectively. Lower densities were recorded under reduced tillage (T2), and varied between 25 

plants/m2 and 54 plants/m2 in rapeseed and barley plots, respectively (Figure 3; a, b).  

During 2017-18, Post herbicides resulted in significant reduction in the weed densities, as well 

as less dynamics in weed emergence along the growing season.  

In T1 plots, the application of Nikos herbicide (2, 4-D Acid + Florasulam) on cereals and 

Lontrel herbicide (Clopyralid) on rapeseed, reduced weed densities by 43.7%, 75.2% and 

66.4% in wheat, barley and rapeseed, respectively. The Dialen super herbicide (Dicamba + 2, 

4-D) applied in 20-March on cereals reduced the weed densities by 84.8%, 91.3% in wheat and 

barley respectively. No more herbicide was applied on rapeseed plot, however, our results 

showed that the weed density were reduced up to 90.5 % at the time of sampling (April). At 

crop harvest, weed densities recorded in T1 plots decreased significantly up to 94.4% in wheat, 

99% in barley and 99% in rapeseed plots after all herbicide treatments (Figure 3,a). 

In T2 plots, low efficacy was observed with Nikos herbicide application. The densities 

increased drastically in wheat to reach 200 plants/m2 (Figure 3, b). The Dialen super application 

caused a significant decrease of the densities in wheat and barely. After both treatments, 

densities were reduced up to 96.1%, 94.4% in wheat and barley, respectively (Figure 3; b). 

In 2018-19, the statistical analysis revealed that weed densities were only affected by 

the crops (P<0.001) and no interactions were revealed at P=0.05 (Table 4). At crop harvest, less 

contrast was observed between herbicide-treated plots (H) and non-treated plots (NH) under 

both tillage practices compared to the previous growing season, barely crop resulted in the 
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lowest densities compared to rapeseed and wheat under different combination of tillage and 

herbicides (Supplementary II, Figure 1).  

3.3. Effect of treatments and their interactions on dry matter evolution of CHYCO 

in two growing seasons 

Our results showed that the crops and the herbicide applications have a significantly 

impact on the weed dry matter in both years of study. The effect of tillage (P<0.01) was only 

observed in 2017-18 growing season (Table5). The interaction between tillage × herbicide and 

crop×herbicides were significant in 2017-18, while only tillage × herbicide interaction was 

found significant in 2018-19 (Table 5). 

At crop harvest, the statistical analysis showed that the weed accumulated less biomass 

within barley plots compared to wheat and rapeseed. Average weed dry matter were 35.5 g/m2 

and 21.2 g/m2 in 2017-18 and 2018-19, respectively (Figure 2, B2). Furthermore, Herbicide 

application significantly decreased the weed biomass in both growing seasons, resulting in 17.3 

g/m2 and 33.9 g/m2, respectively (Figure 2, B3). Our results showed also that reduced tillage 

practice (T2) was effective in controlling the weed biomass compared to conventional tillage 

(T1) plots. In 2017-18, weed biomass was around 96.3 g/m2 within T2 plots and 155.2 g/m2 

within T1 plots (Figure 2, B1). 
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Table 5. Results of main effect and interactions from ANOVA of CHYCO dry matter for 2017-18 and 2018-19 

Treatments 

 

Main effects Interactions 

Tillage Crops Herbicides Tillage × Crop Tillage ×Herbicide Crop ×Herbicide Tillage × Crop ×Herbicide 

2017-18 ** *** *** NS ** *** NS 

2018-19 NS *** ** NS ** NS NS 

The symbols indicate the significance level at P= 0.05: ***< 0.001; ** <0.01 and NS >0.05 

 

 

   

Figure 3. The effects of tillage (T1 and T2), Crops (wheat, Barley and Rapeseed), herbicide applications (H and NH) and their interactions on the biomass (g/m2) 

of CHYCO determined at crop harvest in the two growing seasons. Same superscript letters across treatment nts either in 2017-18 or 2018-19 are statistically 

similar according to Duncan test (P=0.05). 
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The two-way interaction between tillage and herbicide was significant on weed biomass in the 

two growing seasons, therefore, the biomass evolution were presented and analyzed in each 

crop, separately (Table 4). Our results showed that the accumulation of the aboveground 

biomass of the weed varied among the three crops used in our field experiments (Figure 5) 

In wheat plots, the biomass was significantly reduced by herbicide treatments in both 

seasons (Figure 5, a).  

In the NH-plots, the growing season 2017-18 was marked by a high biomass accumulation of 

the weed until wheat harvest, the highest biomass was recorded in the spring (March-April 

2018), being 624 g/m2 and 640.3 g/m2 in conventional tillage (T1) and reduced tillage (T2), 

respectively. High weed biomasses were also recorded at crop harvest with values ranging 

between 450 g/m2 in T1 plots and 283 g/m2 in T2 plots. During 2018-19, the highest weed 

biomasses were 442.3 g/m2 and 621.7 g/m2 in T1 and T2 plots, respectively and were recorded 

in April-Mai 2019 (Figure 5,a).  

In treated plots (H), less weed biomass was recorded compared to non-treated plots (NH) of 

wheat, in both growing seasons. The reductions were more important in 2018-19. The 

maximum average biomass recorded in 2017-18 was 233 g/m2 in T1 plots compared to 135.7 

g/m2 in T2 plots. In 2018-19, weed biomass was about 51 g/m2 in T1 plots compared to 111.6 

g/m2 in T2 plots (Figure 5, a). 

In barley plots, weed biomass was lower under the different tillage × herbicide 

treatments compared to wheat plots (figure 5, b).   

During 2017-18, similar patterns of biomass accumulation were observed in treated plots 

(T1×H, T2×H) and in non-treated plots under reduced tillage (NH×T2). The average biomass 

ranged between 1.8 g/m2 and 15.8 g/m2 in T2×H and T2×NH plots, respectively. In contrast, 

increased weed biomasses were recorded in non-treated plots under conventional tillage 

(NH×T1), being 376 g/m2 in March 2018 and 107.9 g/m2 at harvest. In 2018-19, higher 

biomasses were recorded under different treatments, except for T1×NH treatment. Values 

ranged between 128.3 g/m2 (T1) and 57.8 g/m2 (T2) in herbicide treated plots and between 202 

g/m2 (T1) and 180.4 g/m2 (T2) in Non-treated plots (Figure 5, b). 
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Figure 4. Effect of the interaction tillage × herbicides on the dry matter evolution of CHYCO (g/m2) throughout 2017-18 and 2018-19 growing seasons, (a): 

wheat; (b): barley; (c) rapeseed 
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In rapeseed plots, the herbicide application highly reduced the weed biomass in both 

seasons (figure 6, c).  

Under conventional tillage, the weed was entirely controlled by herbicides in 2017-18, and the 

average biomass was around 2 g/m2. Under the same treatments (T1×H), more weed biomass 

was recorded in 2018-19 with maximum biomass averaged 185 g/m2. In the absence of 

herbicide treatments (T1× NH), weed biomass was higher during the two growing seasons and 

averaged 613.8 g/m2 and 753 g/m2, respectively.  

Under reduced tillage (T2), less contrast was observed between treated plots (H) and non-

treated plots (NH). In T2×H plots, maximum weed biomass recorded were 345 g/m2 and 353 

g/m2 in 2017-18 and 2018-19 growing seasons, respectively (Figure 6,c). 

3.3. Effect of treatments and their interactions on CHYCO height in two growing 

seasons 

A three-way ANOVA was performed to investigate the effect of all treatments and their 

interactions on the height of the weed at the flowering stage. The results showed a significant 

effect of tillage (P<0.001), crops (P<0.001) and herbicide application (P<0.001) on the average 

height of the weed in 2017-18. During 2018-19, only herbicide application significantly reduced 

the weed height (P<0.001), neither crops nor tillage had significant effects on the weed height. 

Significant interactions occurred only between herbicides and crops during 2017-18 (P<0.001) 

and no significant interactions were revealed in 2018-19 (Table 6).  

A comparison of the different treatments in both growing seasons showed that reduced 

weed heights were mainly associated with T1 tillage. The lowest average weed height was 

recorded in barley plots compared to other crops and non-cultivated plots (fallow). 

In both growing seasons, the cumulative effect of herbicides applied caused about 50% 

reduction in weed length compared to those in NH plots. The average height of CHYCO, was 

significantly the lowest in treated plots of barley (30.2 cm) and wheat (38.7 cm), while the 

higher length was measured in non-treated plots of wheat (Table 6, Figure 8). In the 2018-19, 

even though no significant interaction was recorded, a similar trend of average weed lengths 

was recorded in crop × herbicide interactions. Weed height was the lowest in treated plots of 

barley (34.2 cm) followed by treated wheat (46.3cm) and treated rapeseed (58.5 cm). 
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Table 6 . Effect of tillage, crops and herbicide application on CHYCO height (cm) at flowering stage 

in the two growing seasons 

 

Treatment 

 

Height  (cm) 

2017-18 2018-19 

Main effets 

Tillage 

      T1 

      T2 

 

*** 

78.3 a 

91.6 b 

 

NS 

71.6 a 

78.8 a 

Crops 

     Barley 

     Wheat 

     Rapeseed 

     Fallow 

*** 

64.2 a 

77.8 b 

96.2 c 

118.5 d 

NS 

66.4 a 

67.1 a 

76.4 a 

106.8 a 

Herbicide 

     H 

     NH 

*** 

50.3 a 

108.4 b 

*** 

46.3 a 

93.6 b 

Interactions   

Tillage × Crop NS NS 

Tillage × Herbicide NS NS 

Crop × Herbicide 

      Barley × H 

      Wheat × H 

      Rapeseed × H 

      Barley × NH 

      Wheat × NH 

      Rapeseed × NH 

*** 

30.2 a 

38.7 a 

82.2 b 

98.2 c 

116.8 d 

110.2 cd 

NS 

34.2 a 

46.3 a 

58.5 a 

98.7 a 

87.8 a 

94.3 a 

Tillage × Crop ×Herbicide NS NS 

Symbols indicate significance significant level at P= 0.05: *** < 0.001; ** <0.01 and NS >0.05 
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4. Discussion 

The aforementioned results suggest that the emergence patterns and the growth of 

CHYCO, differed among tillage practices, chemical treatments and interspecific interactions  

 

 

A 

C 

B 

D 

Figure 5.  CHYCO infestations under different crops compared to non-cultivated plot at flowering stage, (A): 

herbicide-treated plot of barely, (B): herbicide-treated plot of rapeseed,(C): non-cultivated plot, (D): Non-treated 

plot of wheat ; Red arrow showed the height of wheat. 
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4.1.Effects of crops, tillage and herbicides on the emergence and growth of  CHYCO 

Our results showed higher intial densities of CHYCO under conventional tillage (T1, 

110 plants/m2 in average) compared to reduced tillage (T2, 33plants/m2 in average) in 2017-18, 

which emphasizes the potential effect of tillage on weed emergence as well as on weed seed 

bank dynamic. Indeed, it has been reported that different soil disturbance levels interact with 

the micro-environment of weed seeds and can influence the pattern of recruitment from the 

weed seed bank and the periodicity of weed emergence (Chauhan et al., 2006). 

The soil disturbance that allows the seeds of CHYCO to be more exposed to the fluctuations of 

temperature and humidity likely permits the weed to overcome its mechanical (physiological) 

dormancy imposed by its hard pericarp scaffold, resulting in a weak barrier to the water 

imbibition of the embryo. Thus, higher number of fruit-coat rupture events happened leading 

to higher germinability (Puglia et al., 2015).  

Under field conditions, CHYCO emergence increases if tillage brings deep buried seed to the 

surface, which is attributed to the small size of the embryo (1-2mm), giving a small hypocotyl 

that cannot successfully support the premergence process if it is buried at more than 3 cm in 

depth (limit of weed emergence depth for the weed, see Chapter II). According to our results, 

higher disturbance of the soil by deep tillage (40 cm) brings deep buried seed to the surface and 

stimulates high and simultaneous emergence, while the lower intial desnities and slower 

emergence dynamic occurred in T2 in early growing season, could be attributed to the 

stimulation of seeds only located at the top 5 cm layers of the soil (layer of “active” seed bank). 

Near to the soil surface, the germination was progressive more likely because of the favorable 

conditions (mainly available soil moisture) conserved by minimum disturbance of the soil and 

the high fluctuation of temperature between night and day (Cirujeda et al., 2008). 

Among crops, the lowest growth of the weed was associated with barley crop. At crop 

harvest, barley resulted in the lowest densitiy (less than 20 plants/m2), minimum biomass and 

shorther plants of CHYCO, theses results suggest that the crop succefully overcome the weed, 

by reducing its emergence and growth. In contrary, high desnsities (more than 20 plants/m2) 

were recorded in rapeseed plots at crop harvest, likewise higher biomass and length of the weed 

was associated with rapeseed. Previous studies reported differences in the patterns of the 

emergence and growth of weedsamong phonologically diverse crop (Teasdale et al., 2004). 

Each crop would result in different ecological conditions for weeds with regard to light 

interception, growth penology (Hallgren et al. 1999) and allopathic traits (Rice, 1984; Kremer 

and Ben-Hammoud, 2009; Uremis et al., 2009). It has been reported that the competitiveness 

of barley exceed the one of wheat in controlling Lolium rigidum (Cousens, 1996).  Moreover,  
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barley has been reported as more rich on allelopathic substances, such as phenolic acids than 

wheat (Baghestani et al., 1999; Ma et al., 1999), which confer to barley an additional 

competitive trait to overcome weeds.  

4.2. Effects of the interaction between tretament on emergence dynamics and 

growth evolution of CHYCO under field conditions 

 Our results revealed that the emergence of the weed and the establishment of main 

cohorts were variable depending on crops and tillage practices (Crops×tillage). The first cohort 

coincided with late autumn and early winter (Dec-Jan) as a result of tillage disturbance level 

and it happened in the same time within the three crops. The amount, timing and the number of 

next cohorts are likely influenced by herbicide application. 

In the absence of any herbicide treatment, the weed had a more intense dynamic of emergence 

under conventional tillage, while emergence was more or less linear under reduced tillage. This 

cohort is likely to be the main one that may compete vigorously with the crop as previously 

reported in other weeds such as Papaver rhoeas (Torra and Recasens, 2008), Kochia scoparia 

(Kumar et al., 2018) and Amaranthus palmeri (Korres and Norsworthy, 2017).  

Regardless the herbicide application, the interaction between barley and tillage practices 

resulted in one main cohort, with less densitiescompared to rapeseed and wheat. The maximum 

growth of the weed was recorded early in the season and decreased over time in barely plots.The 

differences in growth (density, biomass) and emergence patterns (number of emerging cohort) 

of the weeds among crops suggest differences in weed adaptation to both physical competition 

(light quality and nutrient competition) and allelopathic potential of each crop.The release of 

allelochemicals into the weed environment very early in the growth cycle (Oveisi et al., 2008) 

coupled with faster leaf area growth during vegetative stage (Lóopez‐Castañeda and Richards, 

1995; Torra and Recasens, 2008) could explain low densities as well as less cohort of 

emergence within barley plots. 

Overall, Rapeseed has an opposite dynamic compared to barely, in term of highest 

density and timing of cohorts. Similarly, more cohorts, highest biomass evolution of 

G.coronaria were recorded in rapeseed plots. Out of field conditions, rapeseed has been 

reported as producing allelochemicals that inhibits germination and growth of many weed 

species, with maximum allelochemicals releasedin flowering stage (Uremis et al., 2009). Our 

results showed that the pic of weed emergence was determined in Feb-March, which coincided 

with the flowering stage of rapeseed, wich indicate that the weed overcome rapessed in field 

conditions.The failure of rapessed to control CHYCO, observed in this study could be explained 
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by poor establishement of the crop because of the high emergence rates of G.coronariain the 

first cohort. 

However, our results revealed that the combination of rapessed withherbicides 

(belonging to K1, K2 and O modes of actions) controlled effectively the weed (>90%) if 

associated with deep tillage (Figure3). 

In general, the cumulative effect of herbicide treatments applied throughout the growing 

season affect the growth pattern of the weed by reducing the number of cohorts as well as the 

number and biomass of seedlings emerged in each cohort. However, low efficacies were 

associated with the POST herbicide treatments (florasulm+2,4D), which has partially or 

completely failed to effectively control the first cohort of CHYCO. The efficacy of this 

herbicide depend on crop and tillage practice. In cereal crops, the cross-resistance developed 

by the weed to florasulum, even with low resistance factor (Tal and Rubin, 2004; Hada et al., 

2021) is likely to be the main cause explaining this failure. However, increased weed control 

(80% weed reduction) was reported in barley suggesting the effective competitiveness of the 

crop even with low herbicide efficacy. Conversely, Auxin herbicide (O group) resulted in 

effective control of the weedand it consistently reduced the final density of the weed in wheat, 

barley and rapessed (Hada et al., 2020). 

4.3. Insight into further use of allelopathic crops, tillage and herbicide application 

to design an integrated weed management strategy to control cross-resistance in 

CHYCO 

Results of our study showed a reduced weed control with ALS inhibiting molecules 

(florasulam in this case) mixed with auxinic herbicides. However, herbicides belonging to 

groups O and K effectively control the weed population. On the other hand, the interaction 

between herbicide and barley crop is likely the best combination to control the weed 

competitiveness, resulting in low densities, low biomass accumulation and shorter plants. 

This study provided an important knowledge on demographic traits and competitive 

ability of CHYCO weed in different combinations of crops, tillage and herbicides mode of 

actions. Farmers in Bizerte region may plan an effective integrated management against 

CHYCO using rapeseed or barley in crop rotation with durum wheat and taking into 

consideration the history of weed infestation, previous weed management practices used by the 

farmer and climatic features in the growing season. It is evident that further studies and 

experiments in a wider range of locations under a variety of climate conditions are needed to 

confirm our results. 
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General conclusion and perspectives 

 

The current thesis was carried out as a result of an increasing spread of Glebionis 

coronaria (L.) Cass. ex Spach in cereal cropping fields in Bizerte region. ALS inhibiting 

herbicides are widely used in the region to control a broad range of species. Actually the 

application of ALS inhibitors seems no more effective to control CHYCO in wheat fields. 

Wheat growers reported important yield losses because of the failure in controlling the weed 

using ALS inhibitors, raising suspicion of a potential resistance evolution to ALS inhibitors.  

This thesis aimed to study the occurrence, the mechanisms and management of 

herbicide resistance in CHYCO in cereal cropping systems 

1. CHYCO has developed resistance to ALS inhibiting herbicides : high level of resistance 

to SUs and cross resistance to TPs, IMIs and BTPs chemical families 

The investigations of cereal fields in Bizerte region showed the abundance of CHYCO 

as one of the most troublesome weed competing wheat crop and causing yield losses. From 

farmer’s interviews, we established a significant link between the farmer’s awareness of 

herbicide resistance occurrence and their cultural practices, mainly adjusting sowing dates and 

tillage. Surprisingly, only third of farmers related the spread of CHYCO in their fields to a 

possible herbicide resistance, which emphasized the lack in farmer’s awareness regarding the 

development of resistant population of CHYCO in their fields. According to our results, the 

spread of CHYCO is attributed to the high frequency of ALS-inhibiting herbicides use together 

with the lack of rotation of herbicides mode of action. No correlations was found relevant 

between the use of labeled doses, the spraying setting, the absence of herbicide mixture and the 

use of rescue herbicide application, which may suggest resistance occurrence of CHYCO tothe 

ALS-inhibiting herbicides in the Bizerte region. 

Our findings further support this suggestion, and we conclude from laboratory, pot and 

field conditions the occurrence of resistance in CHYCO. High levels of resistance were 

determined for all tested populations to sulfonylureas (SUs), which points out the extent of 

resistance across Bizerte region. Furthermore, our results showed the development of cross-

resistance to triazolopyrimidines (TPs), imidazolinones (IMIs) andPyrimidinyl (thio) benzoate 

(BTPs) in CHYCO populations. The development of cross-resistance limits the use of any new 

herbicide belonging to these families, making the chemical control of the weed restricted to few 

other herbicide groups, mainly auxin herbicides (O group).  
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2. Cross-resistance in CHYCO is attributed to three point mutations in the ALS gene, and  

evidence of enhanced metabolism is revealed for the first time  

The molecular study permited to elucidate the genetic bases of the cross-resistance 

occurrence in CHYCO. The high level of resistance to SUs together with moderated to low 

resistance to other chemical families of ALS inhibiting herbicides were associated with three 

point mutations in the ALS gene. These findings support the hypothesis that target site-based 

resistance (TSR) is the main mechanism conferring cross-resistance to CHYCO, mostly to SU 

and TP chemical families widely used by Tunisian wheat growers.  

The Non-target site resistance mechanisms (NTSR) were also investigated in this study 

to more understand the basis of the resistance in CHYCO. Our results reported the detection of 

imazamox hydroxyl metabolite in resistant populations compared to sensitive ones, suggesting 

that metabolism contributes to the cross-resistance of the weed. Although the genetic basis of 

enhanced metabolism was not explored, the altered expression of cytochrome P450 observed 

partially in this study allows us to suggest that P450s are involved in the enhanced 

metabolismmechanism detected in CHYCO popultions  

It is more reliable to adjust chemical programs in controlling target site based resistance, 

by simple rotation of herbicides with different mode of action (MoA). On the contrary, the 

presence of NTSR mechanisms such as enhanced metabolism is more complex to interpret in 

terms of management decisions. This is mainly due to their high genetic complexity, poor 

molecular characterization, and slow detection in population and individual levels. 

3. Successful early growth and development of competitive organs across the phonological 

cycle of CHYCO  provide advantage to the weed over wheat crop 

Across infested wheat fields in Bizerte region, we estimated a critical density of 20 

plants/m2, from which wheat grain yield significantly decreased. Thus, wheat production is 

threatened by the weed competition, and resistance establishment give advantage for the weed 

to overlap the wheat crop. 

The study of the weed biology and its environmental requirements for successfully 

established in wheat field showed that the effect of CHYCO on yield losses of durum wheat, is 

mainly because of rapid germination under wide range of temperature, extent emergence period 

along a given growing season, timing of the most competitive stage occurring simultaneously 

with crucial wheat stages, and the development of long stem and important foliage. 

4. The use of allelopathic crops, such as barley (Hordeum vulgare L.) and rapeseed 

(Brassica napus L.), is promising approach for controlling cross-resistance in CHYCO 
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In order to optimize the culture management of CHYCO, we performed a screening for the most 

known allelopathic crops that have been reported as effective to reduce the germination, 

emergence and growth of weeds. Water extract and residues of both barley and rapeseed seems 

to be most promising in reducing the root elongation and biomass accumulation of CHYCO 

under controlled conditions. The allelopathic potential of crops, added to their physical effect 

in fields, make their incorporation in rotation programs a good component of IWM programs 

to manage cross-resistance of CHYCO to ALS inhibiting herbicides. 

5. Under field conditions, barely highly reduced the growth of G. coronary, While the 

effects of rapeseed is associated with right tillage practice and synthetic auxin 

herbicides use 

Ours results reported different dynamics of the weed in presence of two tillage practices 

(Mouldboard ploughing+ Harrowing and only Harrowing), different interspecific interactions 

(in presence of barely, rapeseed and durum wheat), and interference with herbicide applications.  

Our main results suggest that barely is effective to reduce the growth of CHYCO 

exceeding the overall effect of rapeseed and wheat. From this first attempt in field conditions, 

few recommendations are detected to manage resistant populations of CHYCO. In wheat crops, 

the weed could be controlled if the POST-herbicides (O group) applications coincided with the 

winter cohort and spring cohort, and both treatments are applied before elongation stage of the 

weed. In rapeseed, Mouldboard ploughing associated with POST-herbicide (O group) could 

effectively control the weed populations. In absence of chemical treatments, wheat and rapeseed 

failed to control the weed even with adequate tillage practice.  

Our results are limited by the field characteristics (high infestation, absent of deep tillage 

and high level of resistance in this field population) and climatic conditions of the experimental 

years. This needs more investigations at extended geographical and time measures to verify 

these preliminary results. Although, these findings could be a first step to understand the weed 

dynamic, therefore to adjust its management in Bizerte region.  

This study provides a first understanding of the biology, ecology, resistance 

mechanisms, and dynamics of the weed in interspecific interactions, which allow adjusting 

some combinations of methods such as tillage, rotation and herbicide use to control the spread 

of the weed in Tunisian wheat fields. However more studies need to be conducted to  

1. Expand the geographical surveys, estimation of yield losses and resistance levels in 

others important land for cereal production in northern Tunisia. Current prospections in 

Beja region revealed a dominance of the weed in cereal field, which hypothesis the 

extent of resistance across Northern Tunisia.  
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2. Explore the interaction between TSR and enhanced metabolism, both at physiological 

and genetic levels to understand the effect of their co-existence in the resistance 

response of CHYCO and future implications in chemical management of the weed.  

3. Develop an accurate model to predict the main weed growth periods and its potential 

dynamic regardless year conditions, by incorporating more parameters such as moisture 

and daylight 

4. Adjust an integrated weed management strategies (IWM) based on this first 

understanding of resistance factors, resistance mechanisms and the biological and 

ecological traits of the weed. More proactive efforts are required to increase both the 

awareness of farmers to the evolution of herbicide resistance in their fields, and the 

implementation of IWM focusing on allelopathic crop rotation (barely and rapeseed are 

among options), adequate tillage practices, and altering different modes of action (i.e., 

auxinic herbicides and others), in order to mitigate the resistance of CHYCO to ALS 

inhibiting herbicides. 
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Supplementary I 

 

Supplementary I. Table 1. Fresh weight (g pot-1) of three Glebionis coronaria populations, one 

susceptible (S) and two resistant (R1 and R2) to ALS inhibiting herbicides. Plants were untreated 

(Control), pre-treated only with malathion at two doses, 1000 g a.i. ha-1 (M1000) or 2000 g a.i. ha-1 

(M2000), only with imazamox at 60 g a.i. ha-1 (IMI), or malathion treatments followed by an imazamox 

application (IMI+M1000 and IMI+M2000) treatment at 60 g a.i. ha-1). Two plants were  

established in each pot, with four replicates (pot) per treatment. 

 

 

* no plants were available for these treatments. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Population Control M1000 M2000 IMI IMI+M1000 IMI+M2000 

S 1.22±0.40 1.29±0.07 1.04±0.48 0.00±0.00 0.00±0.00 0.03±0.00 

R1 1.56±0.36 * 1.35±0.35 0.53±0.46 * 0.31±0.32 

R2 1.70±0.99 1.92±0.20 1.33±0.33 0.57±0.35 0.5±0.02 0.31±0.29 



Supplementary I 

 

 

 

Supplementary I, Figure 1. Different ALS protein haplotypes detected in the S (susceptible), R1 and 

R2 populations (resistant). Dots indicate amino acids identical to those found in the consensus sequence.  
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Supplementary I, Figure 2. HPLC chromatograms of one susceptible (above) and one resistant plant 

(below) to ALS inhibitors of Glebionis coronoria from Tunisia at 96 HAT. The presence ofthe parental 

herbicide imazamox (both cases) or the hydroxyl metabolite (imazamox-OH) for the resistant plant 

(R1population) is indicated 



Supplementary II 

 

 

 

Sampling date

Jan Feb Mar Apr Mai June

D
en

si
ty

 (
p

la
n

t/
m

2
)

0

50

100

150

200
Wheat-T1 

Barely-T1 

Rape-T1 

 Sampling Date 

Jan Feb Mar Apr Mai June

D
en

si
ty

 (
p
la

n
t/

m
2
)

0

50

100

150

200

Wheat-T2 

Barely-T2 

Rape-T2 

 

Sampling Date 

Jan Feb Mar Apr Mai June

D
en

si
ty

 (
p
la

n
t/

m
2
)

0

50

100

150

200

Wheat-T1 

Barely-T1 

Rape-T1 

 
Sampling Date

Jan Feb Mar Apr Mai June

D
en

si
ty

 (
p

la
n

t/
m

2
)

0

50

100

150

200

Wheat-T2 

Barely-T2 

Rape-T2 

 

NS 

** 

** 

NS 

** 

** 
NS 

NS 

(a) (b) 

(c) (d) 

Supplementary II, Figure 1. Evolution of CHYCO densities (plants/m2) across 2017-18 growing season, as influenced by tillage ×crop interactions, (a) 

and (b) : herbicide treated plots; (c) and (d): non-treated plots.The arrows indicate the timing of herbicide application. 

 


