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ABSTRACT

Context. Yield losses in lentil (Lens culinaris ssp. culinaris Medik.) caused by weeds are estimated at
20-80%. In the absence of effective broad-spectrum herbicides, the menace of weed has emerged as
a serious Yield constraint in lentil. Aims. Identification of tolerance to two broad-spectrum post-
emergence herbicides, imazethapyr and metribuzin. Methods. 221 lentil accessions were screened
at the experimental research station of the International Center for Agricultural Research in the Dry
Areas, Terbol (Lebanon) over four crop seasons (2014/15-2018/19). During the 2014/15 season, a
preliminary screening experiment was conducted with 221 lentil accessions in an alpha lattice design
with two replications, where accessions were treated at the pre-flowering stage at 150% of the
recommended dose of imazethapyr (112.5 g active ingredient/ha) or metribuzin (315 g active
ingredient/ha). Based on the preliminary results, 38 accessions were selected for further
evaluation. In subsequent testing, the selected accessions were screened at 100% and 150% of
the recommended doses of imazethapyr or metribuzin. Key results. Herbicide treatments
delayed the flowering time and maturation of tested lentil accessions. The plant height of
selected tolerant accessions was reduced by 15% and 8% in the plots treated by imazethapyr
and metribuzin, respectively. Reduction index (Rlsy) was an effective tool to select for herbicide
tolerance. Stability analysis indicated that two accessions (1G4400 and 1G5722) performed under
high rainfall environments while two other accessions (IG323 and 1G4605) were adapted to low
rainfall environments. Conclusions. Four accessions (G323, 1G5722, 1G4400, 1G4605) were
identified as independently tolerant to metribuzin and imazethapyr. Implications. The
identified herbicide-tolerant accessions can be used to develop herbicide-tolerant cultivars.

Key words: genetic variability, herbicide tolerance, imazethapyr, Lens culinaris, lentil, metribuzin,
post-emergence herbicide, weed control.

Introduction

Lentil (Lens culinaris ssp. culinaris Medik.) is an important cool-season food legume crop
worldwide. It has been incorporated for many decades in the culinary traditions of
several countries especially in the Mediterranean, West Asia, Sub-Saharan Africa, and
South Asia regions for being highly rich in protein (26%), prebiotics and micronutrients
(Kumar et al. 2014). It is considered as a key option for sustainable intensification and
diversification of cereal-based cropping systems due to its positive effect on cereal
crops, adaptation to local conditions, ability to fix atmospheric nitrogen, and capability
to reduce carbon footprints and water use (Joshi et al. 2017; Ouji and Mouelhi 2017).
The latest triennium average suggests that the global production of lentil is 6.28 million
tons from 5.40 million ha area with an average productivity of 1163 kg/ha (FAOSTAT
2021). The top ten lentil producing countries, namely Canada, India, Australia, Turkey,
United States of America, Nepal, Kazakhstan, Bangladesh, Russian Federation, and
China, collectively produced more than 92% of global output (FAOSTAT 2021). With
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rising interest in plant-based protein among health-conscious
people, the gap between demand and supply of protein-rich
lentils is increasing (Rubiales et al. 2021). To bridge this
gap, there is a dire need to increase the productivity per
unit area by adopting improved varieties and crop
management practices.

Lentil is a poor weed competitor due to its shallow roots,
poor early vigour, and slow vegetative growth. Its open
growth habit easily stimulates the emergence and development
of a plethora of weeds at early crop growth stages (Smitchger
et al. 2012) especially in cool-season environments. The major
annual broadleaf weeds competing with lentil are Centaurea
balsamita, Ranunculus arvensis, Cephalaria syriaca, Lactuca
serriola, Sonchus oleraceus, Sinapis arvensis and Setaria
viridis (Wall and McMullan 1994; Erman et al. 2004,
Merriam et al. 2021). The estimated yield losses caused by
these annual weeds vary from 20 to 80% and may reach
100% in highly infested fields (Erman et al. 2004; Tepe et al.
2005) depending on the environmental conditions, and
density and diversity of weed species (Yadav et al. 2007).
On the other hand, the parasitic weeds affecting lentil
production are broomrapes (mainly Orobanche crenata, and
O. aegyptiaca) and dodders (mainly Cuscuta campestris),
which can cause severe yield damages of up to 95%,
especially in North Africa and Western and Central Asia
(Rubiales and Fernadndez-Aparicio 2012).

Several weed management practices such as manual
weeding, late sowing, higher plant densities, soil sterilisation,
fertilisation and irrigation scheduling are suggested to control
weeds in lentil fields (Brand et al. 2007). Still, most of these
strategies turn out to be costly with low efficiency (Yenish
2007). The pre-emergence application of broad-spectrum
herbicides such as metribuzin and imazethapyr is regarded
as one of the most effective and economical methods to
control weeds in lentil fields because of their ability to
suppress weed growth and prevent yield losses (Elkoca et al.
2005). These pre-emergence herbicides control weeds at the
early stage of crop growth, but weeds germinating after
crop emergence become a menace to crop production (Gaur
et al. 2013). Indeed, lentil cultivars are highly sensitive to
these herbicides when used as post-emergence treatment.
Metribuzin (CgH14N40S), which belongs to the triazinone
family is a pre- and post-emergence herbicide used to control
both broadleaf and grass weeds in crops like soybeans
(Soltani et al. 2005). Imazethapyr, an imidazolinone
herbicide, can be used as a pre- and post-emergence herbicide
to effectively control a wide range of weeds in legume crops,
especially lentils (Hanson and Thill 2001; Teja et al. 2017).
Therefore, selection of germplasm tolerant to post-emergence
herbicides would be one of the major strategies to control
weeds in lentils. Selection for combined resistance to both
herbicides with different modes of action would allow
herbicide rotation to retard the selection of herbicide
resistance in weeds.

Several studies were conducted in lentils to identify
tolerance to herbicides (Hanson and Thill 2001; Fedoruk
et al. 2011; Yadav et al. 2013). In Australia, metribuzin
tolerance in lentils has been identified (Mcmurray 2019) as
a means of enabling the control of broadleaf weeds. In West
Asia and North Africa there is a need to develop herbicide-
tolerant lentils to control weeds such as Orobanche crenata
and Cuscuta spp. and other annual broadleaves. Therefore,
the present study was undertaken in the region to identify
promising lentil accessions tolerant to both metribuzin and
imazethapyr and to assess the efficiency of adopted
herbicide tolerance scores. The second objective was to
evaluate the performance and stability of selected
accessions under diverse environments.

Materials and methods

Materials and experiments

221 accessions of cultivated lentils, among them 105 landraces
collected from 38 countries and 116 breeding lines developed
at the International Center for Agricultural Research in the
Dry Areas (ICARDA, Supplementary materials Table S1), were
evaluated for their response to imazethapyr and metribuzin
applied at the post-emergence stage under field conditions.
The experiments were conducted at ICARDA experimental
research station, Terbol, Lebanon (33.81°N, 35.98°E) at
890 metres above sea level. Terbol is characterised by cool
winters and high rainfall as typical of its continental to semi-
arid climate, with clay soil. The average precipitation during
the crop seasons was 537 mm and the average temperature
fluctuated between —1°C and 31°C (Fig. 1).

In this study, we conducted four experiments: two
preliminary experiments (Experiment 1 and 2) and two valida-
tion experiments (Experiment 3 and 4), where imazethapyr
and metribuzin were applied at the pre-flowering stage (5-6th
node stage, 10-15 cm plant height). Standard agronomic
practices were applied as following: soil fertilisation by adding
nitrogen, phosphorus and potassium fertiliser (NPK 15-15-15)
at 250 kg/ha; weeds were controlled by a pre-emergence
application of pendimethalin at 1200 g active ingredient
(a.i.)/ha followed by manual weeding to control weeds; sitona
was controlled by spraying lambda-cyhalothrin at 40 g a.i./ha;
thrips were controlled by a combination of thiamethoxam
and acetamiprid at 200 g a.i./ha each and fungal diseases
were controlled by a combination of azoxystrobin and
difenoconazole respectively at 72.8 and 45.6 g a.i./ha.

The experiments were planted in late November and
harvested in late May in rotation with cereals; durum
wheat [Triticum turgidum L. subsp. durum (Desf.) van
Slageren] or bread wheat (Triticum aestivum L.).

The plot size of the four experiments was a single row of
1 m length with 0.3 m distance between rows. The details
of the experiments are as follows:
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Fig. I.

(a) Precipitation (mm) trends during the cropping seasons of the years when screening was conducted.

(b) Variation of maximum temperature (°C) during the different cropping seasons. (c) Minimum temperature (°C)

during the different cropping seasons.

Experiment |

Experiment 1 comprised 221 accessions and two repetitive
tolerant checks (IG4400 and 1G4605; previously identified at
ICARDA in preliminary screening); which were conducted in a
strip design with two treatments and two replicates during
2014/15. The two treatments imazethapyr at 112.5 g a.i./
ha (1.5T) and metribuzin at 315 g a.i./ha (1.5Ty;) were
applied at 150% of the recommended dose as per the label
recommendation of the two herbicides metribuzin (Sencor:
Bayer) and imazethapyr (Pursuit: BASF).

Experiment 2

Experiment 2 comprised 38 accessions selected from
Experiment 1, including 34 tolerant and four susceptible
accessions (Table 1); it was conducted in an alpha design
with two replicates during 2015/16. Two herbicide
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treatments, imazethapyr 112.5 g a.i./ha (1.5T;) and
metribuzin 315 g a.i./ha (1.5Ty;), were applied at 150% of
the recommended doses.

Experiment 3

The same set of 38 accessions (Table 1) was evaluated for
their performance against imazethapyr (1Ty: 75 g a.i./ha) and
metribuzin (1Ty;: 210 g a.i./ha) and compared with control
(C) during 2016/17.

Experiment 4

The same set of 38 accessions (Table 1) was again assessed
for their performance against five treatments, namely
imazethapyr (1Ty: 75 g a.i./ha) and (1.5T;: 112.5 g a.i./ha),
metribuzin (1Ty: 210 g a.i./ha) and (1.5Ty;: 315 g a.i./ha)
and control (C) during 2018/19.
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Table I. List of selected lentil accessions evaluated for imazethapyr
and metribuzin tolerance in the validation trials during 2016/17 and
2018/19 seasons.

Genotype Accession number Crop number Origin

| 1G262 262 Cyprus
2 1G323 323 Serbia

3 1G1878 1878 Turkey

4 1G2131 2131 Syria

5 1G2194 2194 Pakistan
6 1G4400 4400 Syria

7 1G4605 4605 Argentina
8 1G4637 4637 Chile

9 1G5244 5244 Jordan
10 1G5562 5562 Jordan

I 1G5628 5628 Spain

12 1G5722 5722 ICARDA
13 1G5769 5769 ICARDA
14 1G70070 6015 ICARDA
15 IG71379 6447 ICARDA
16 1G73647 6783 ICARDA
17 1G75882 7163 Pakistan
18 1G76266 7547 ICARDA
19 IG114670 7668 ICARDA
20 IG 114685 7683 ICARDA
21 1G122889 8077 ICARDA
22 1G122907 8095 ICARDA
23 1G122915 8109 Argentina
24 1G122916 8110 Bulgaria
25 1G122918 8112 Pakistan
26 1G122921 8115 ICARDA
27 1G4152 4152 India

28 1G4606 4606 Palestine
29 1G5533 5533 Greece
30 1G5553 5553 Mexico
31 1G69577 5968 Cyprus
32 1G73734 6870 Syria

33 1G1005 1005 Chile

34 IG117 646 7946 ICARDA
35 8008 ICARDA
36 8009 ICARDA
37 IG156571 10 748 ICARDA
38 LRIL-22-46 LRIL-22-46 ICARDA

Recorded observations

Based on the lentil ontology (Kumar and Rajendran 2016), the
following observations were recorded:

Herbicide damage score (HDS)

HDS was recorded following a 1-5 scale after 2 weeks
(HDS1) and 5 weeks (HDS2) of herbicide application to
assess the ability of accessions to recover from the herbicide
treatments (Gaur et al. 2013). The detailed description of HDS
is as following:

e HDS = 1: No damage occurred, no symptoms of
phytotoxicity shown and the plants are in excellent
shape with a similar appearance to the control plants.

e HDS = 2: Slight damage observed by a light inhibition of
growth with a marginal yellowing of some leaves; these
plants continue normal vegetative growth to flowering
and podding stages.

e HDS = 3: Moderately damaged accessions showing a clear
difference with the untreated plot by the appearance of
necrosis on leaves and a lower vegetative growth with a
clear deformation on the newly formed apical leaves and
a rate of mortality below 25%. Plants at this stage were
able to proceed to the flowering and podding stages.

e HDS = 4: severely damaged accessions where plants have a
poor vegetative growth caused by a severe chlorosis,
narrowing and burning of leaves. These plants stop the
development of new leaves totally and the mortality rate
varies between 25% and 75%. The flowering stage is
heavily affected since the flowers are burned.

e HDS = 5: Severe damage of the crop with mortality above
75% per plot.

Crop phenology
Observations were taken on days to 50% flowering (DFLR)
and 95% maturity (DMAT) on a plot basis.

Agronomic and yield traits

At maturity, three plants were taken randomly to record
observations on plant height (PLHT), biological yield/plant
(BY), number of pods/plant (NPP), number of seeds/plant
(NSP), and seed yield/plant (SY) and the average of three
plants was used for statistical analysis.

Reduction indexes

Reduction index (Rl i) was estimated to measure the
performance of selected tolerant accessions, as follows
(Sharma et al. 2018):

100x T
Rl =100 — 100X D)

where (T) is the trait value of an evaluated accession
under herbicide treatments, and C is the value of the same
accession under controlled conditions without any herbicide
treatments. This reduction index was calculated for plant
height (PLHT), biological yield per plant (BY) and seed
yield per plant (SY).
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Statistical analysis

The statistical row-column model was applied to detect
differences among accessions (A), herbicide treatments (T)
and their interaction (AXT) for phenological and agronomic
traits using the Genstat statistical software (Goedhart and
Thissen 2010). Differences in the effects of accessions and
herbicide treatments were assessed using P values. The
best-unbiased values of each accession and treatment were
estimated by applying thestatistical software. Ordinal
regression analysis was performed between HDS1 and
HDS2 and the reduction index to assess the efficiency of the
herbicide tolerance score.

Multiple experiments analysis over the years was
conducted using the method of residual maximum
likelihood (REML) where A, T and A x T were fitted in the
fixed model while years, replicates and blocks were fitted
in the random model. In addition, each herbicide treatment
in every season was considered an independent environment
to assess the stability of 38 accessions selected for herbicide
tolerance in the preliminary studies. Genetics, genetics X
environment (GGE) biplot of multi-environment trial (MET)
analysis of these accessions were conducted using the best
linear unbiased predictions (BLUPs) to evaluate their
replicability over the seasons under diverse herbicides.
A line was drawn to connect each treatment to the biplot
origin to visualise the relationship between the herbicide
treatments, called vectors. The angle between two vectors
was used to approximate the correlation between the two
herbicide treatments (Yan and Tinker 2006; Kaya and
Turkoz 2016). The smaller the angle between two vectors, the
higher is the correlation between the two environments.
Finally, the biplot showed the mega-environments by drawing
an ellipse around similar environments which share the
same sector.

Results

Herbicide damage score

The HDS1 score of lentil accessions ranged between 2 and 5
for imazethapyr at 112.5 g a.i./ha (1.5Tp) during 2014/15,
showing wide range of variation among herbicide tolerance.
Among 221 accessions tested, 21 accessions scored two
with slight damage on leaves with marginal yellowness,
123 accessions scored three with moderate damage with
leaf necrosis, 68 accessions with score four were severely
damaged with 25-75% mortality, and nine accessions
scored five with total mortality. The HDS2 score, taken
after 5 weeks of herbicide treatment, indicated accentuated
damage in all accessions. Based on the HDS2 score, ten
accessions with marginal leaf yellowness recorded scores
of two, 92 with moderate levels of damage scored three,
107 accessions with severe damage scored four and finally,
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12 accessions with total crop failure scored five. For
metribuzin at 315 g a../ha treatment (1.5Ty;), HDS1
showed wide variation with seven accessions scoring two
with minimum damage (marginal leaf burning), 85 scoring
three with moderate damage (leaf necrosis and lower
vegetative growth), 127 scoring four with high damage
(severe leaf burning) and two accessions scoring five with
total mortality for more than 75% of plants in the treated
plot. The HDS2 score, taken after 5 weeks of herbicide
treatment, showed recovery from the herbicide damage
with the formation of new leaves. The HDS2 score showed
that only one accession scored one with no visible damage,
31 scored two with slight damage, 114 scored three with
moderate damage, 73 scored four with a mortality rate
between 25 and 75% and two accessions scored five with a
mortality rate above 75%.

Based on the herbicide damage score in the preliminary
screening trials, 38 accessions were selected for further
evaluation to confirm their tolerance. Validation trials
conducted during 2018/19 (Experiment 4) showed that
lentil accessions recovered from the herbicide damage
within 5 weeks after the application of imazethapyr at
75 g a.i./ha whereas the damage was accentuated when
treated with imazethapyr at 112.5 g a.i./ha (1.5Ty) (Fig. 2).
On the other hand, the results of Experiment 3 conducted
during 2016/17 showed that the damage was accentuated
5 weeks after treatment with imazethapyr at 75 g a.i./ha.
For metribuzin, lentil accessions showed recovery from the
herbicide damage after 5 weeks of metribuzin treatments
during 2016/17 and 2018/19 (Fig. 2).

Crop phenology

Combined analysis of variance showed that for days
to 50% flowering (DFLR) and 95% maturity (DMAT) data,
P < 0.001 among accessions (A), herbicide treatment (T)
and years (Y) was detected (Table 2). Analysis of variance
for these traits at each experiment among accessions and
herbicide treatments also showed that P was less
than 0.001 over the years except for DFLR among herbicide
treatments (T) during 2015/16 (Experiment 2) (Table 3).
Moreover, P < 0.001 obtained for the A x T interactions over
the years except for DFLR during 2014/15 (Experiment 1).

It was observed that the pre-flowering phase was
prolonged in plots treated with imazethapyr than in
metribuzin. Experiment 1 showed that flowering date
in lentil accessions was delayed by an average of 4.9 days
in the imazethapyr treatment at 112.5 g a.i./ha (1.5T)),
when compared to metribuzin treatment at 315 g a.i./ha
(1.5Ty). In addition, during 2016/17, the average
flowering time in lentil accessions was delayed by 7.6 days
for imazethapyr at 75 g a.i./ha treatment. In contrast, for
metribuzin at 210 g a.i./ha, there was no delay when
compared with the control (Table 4). The same results were
observed in the 2018/19 season.
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Distribution of lentil accessions based on HDS1 after
imazethapyr treatment during Experiment 4 (2018/2019)
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Fig. 2.
with different doses of imazethapyr and metribuzin.

The number of days to maturity of lentil accessions was
prolonged in plots treated with imazethapyr (1Ty), but not
in plots treated with metribuzin (1Ty;) during 2016/17 and
2018/19. Moreover, when increasing the dose of both
herbicides, no delays in either flowering and maturity time
were observed during 2018/19 (Table 4).

Agronomic traits

Combined analysis of variance showed that for plant height,
P was less than 0.001 for plant height, among accessions (A)
and herbicide treatments (T) (Table 2). In each experiment,
we observed that P was less than 0.001 for plant height
among lentil accessions (A) and herbicide treatments (T)
over the years except for the herbicide treatments (T)
during 2014/15 and 2015/16 (Table 3). The average plant

Distribution of lentil accessions based on HDS1 after
metribuzin treatment during Experiment 4 (2018/2019)
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Distribution of lentil accessions based on HDS2 after
metribuzin treatment during during Experiment 4 (2018/2019)
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height of lentil accessions was shorter under herbicide
treatments than in untreated control plots except when
compared with metribuzin treatments (1Ty; and 1.5Ty;) in
2018/19 (Table 4).

Yield attributes

Combined analysis of variance showed that for biological
yield (BY), P < 0.01 was observed among accessions (A)
and herbicide treatments (T) (Table 2). At the level of each
experiment, we observed that P was inferior than 0.001 for
biological yield among lentil accessions (A) and herbicide
treatments (T) except for treatments (T) during 2014/15
(Table 3).

During 2016/17, the average biological yield of the
untreated control plots (control) was higher than the
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Table 2. Combined analysis performed for preliminary and advanced screening trials to analyse significance differences (P value) for the studied traits among years, accessions, herbicide
treatments and the interaction between year, accessions and herbicide treatments.

Factors DFLR (df) DMAT (dff  PLHT (df) BY (df) SY (df) NPP (df) NSP (df) RlpL it (df) Rlgy (df) Rlsy (df)
Year (Y) <0.001 (3) <0.001 (2) <0.001 (3) <0.001 (2) <0.001 (2) 0.145 (1) <0.001 (1) <0.001 (1) 0.436 (1) <0.001 (1)

Accessions (A) <0.001 (37) <0.001 (37) <0001 (37) <0001 (37) <000l (37)  <0.001 37) <000l (37)  <0.00l 37)  <0.001 37)  <0.00I (37)
Herbicide treatment (T) <0.001 (4) <0.001 (4) <0.001 (4) <0.001 (4) <0.001 (4) 0.007 (4) <0.001 (4) 0.003 (3) 0011 (3) <0.001 (3)
AXT 0.002 (148) 0.615 (148) 0.884 (148) 0011 (148) 0968 (148) 0212 (148)  0732(148)  <0.001 (110)  0.098 (I11)  <0.001 (I11)
Y x A <0001 (I11)  <0.001 (74)  <0.001 (I11)  <0.001 (74)  <0.00l (74)  <0.00l 37)  <0.001 (37) 0.005 (37) <0001 (37)  <0.001 (37)
YxT 0.003 (4) 0.005 (3) 0.025 (4) 0.025 (3) <0.001 (3) 0.001 (2) <0.001 (2) 0.028 (1) 0576 (1) 0.016 (1)

YxAXT 0.004 (146) 0393 (108) 0.795 (137) 0782 (111) 0505 (I11) 0.196 (74) 0.125 (74) 0.168 (33) 0.02 (37) <0.001 (36)

DFLR, days to flowering; DMAT, days to maturity; PLHT, plant height; BY, biological yield per plant; SY, yield per plant; NPP, number of pods per plant; NSP, number of seeds per plant; Rlp 1, reduction index of

plant height; Rlgy, reduction index of biological yield per plant; Rlsy, reduction index of yield per plant.
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Table 3.

Spatial model analysis performed for preliminary and advanced screening trials to analyse significance differences (P value) for the studied

traits among accessions, herbicide treatments and the interaction between accessions and herbicide treatments.

Factors Experiment df DFLR DMAT  PLHT BY 3% NPP NSP RlpLar Rlgy Rlsy
A Experiment | 220 <000l  <0.00l <000l <000l  <0.00I ND ND ND ND ND
T I 0.010 0.114 0314 0.350 0.021 ND ND ND ND ND
AxT 220 0362 0.982 0911 0.001 0.887 ND ND ND ND ND
A Experiment2 38  <0.00l ND <0.001 ND ND ND ND ND ND ND
T I 0.604 ND 0.111 ND ND ND ND ND ND ND
AxT 38 <0.00l ND 0013 ND ND ND ND ND ND ND
A Experiment3 43 <000l <000l <000l <000l <000l <000l <000l <000l <000l  <0.00I
T 2 <0001 <000l <000l <000l  <0.00l 0.037 0.249 0.069 <0.001 0.036
AXT 83 0.003 0.039 0.273 <0.001  <0.00! 0.06 0.057 0.029 <0001  <0.001
A Experiment4 37 <000l <0001 <000l <000l <000l <000l <000l  <0.00l 0.001 <0.001
T 4 <0001 <000l  <0.00! 0.003 0.012 0.014 0.005 <0.001 0.159 0.001
AXT 1499 <0.00! 0.448 0275 0.323 0.477 0011 0.092 <0.001 0.233 0.003

Experiment |: 2014/15, Experiment 2: 2015/16, Experiment 3: 2016/17, Experiment 4: 2018/19, Accessions (A), Herbicide Treatment (T).
ND, not determined; DFLR, days to flowering; DMAT, days to maturity; PLHT, plant height; BY, biological yield per plant; SY, yield per plant; NPP, number of pods per
plant; NSP, number of seeds per plant; Rlp 11, reduction index of plant height; Rlgy, reduction index of biological yield per plant; Rlsy, reduction index of yield per plant.

Table 4. Means and standard errors of tested traits of lentil accessions as a function of different herbicide treatments in the validation trials at

Terbol, Lebanon.

Treatment DFLR DMAT PLHT BY SsY NPP NSP RlpLuT Rlgy Rlsy
Experiment 3 (2016/17)

Imazethapyr (75 g a.itha) (IT)) 140.2 172.9 223 4.7 0.4 42.1 12.0 314 54.3 84.0
Metribuzin (210 g a.i/ha) (1 Ty) 133.4 168.8 24.7 8.9 0.9 624 24.7 22.1 31.6 56.4
Control (C) 132.6 167.0 29.8 16.8 2.5 89.3 54.1

s.e. 0.5 1.3 1.5 0.67 0.13 6.8 7.8 ND 2.7 4.4
Experiment 4 (2018/19)

Imazethapyr (75 g a.itha) (1T)) 152.5 194.0 294 12.0 1.2 434 26.3 26.2 40.0 722
Imazethapyr (112.5 g a.i/ha) (1.5T)) 152.9 194.6 32.1 12.4 |.4 45.0 30.8 19.4 334 75.8
Metribuzin (210 g a.i/ha) (1 Tw) 143.1 181.8 40.5 14.4 32 92.5 77.6 54 249 30.8
Metribuzin (315 g a.i/ha) (1.5T) 145.0 186.6 36.4 I5.1 3.1 96.8 76.0 .3 23.1 355
Control (C) 142.8 183.5 382 18.4 43 129.5 103.9

s.e. 1.5 2.9 1.8 2.03 0.5 13.7 9.4 3.2 1.7 3.6

1.5T: imazethapyr |12.5 g a.i/ha, 1.5Ty: metribuzin 315 g a.i/ha, I T;: imazethapyr 75 g a.i/ha, | Ty: metribuzin 210 g a.i/ha.
C, control, DFLR, days to flowering; DMAT, days to maturity; PLHT, plant height; BY, biological yield per plant; SY, yield per plant; NPP, number of pods per plant; NSP,
number of seeds per plant; Rlp T, reduction index of plant height; Rlgy, reduction index of biological yield per plant; Rlsy, reduction index of yield per plant; s.e.,

standard error; ND, not determined.

average biological yield of imazethapyr at 75 g a.i./ha (1Tp
and metribuzin at 210 g a.i./ha (1Ty). However, during
2018/19 (Experiment 4), the average biological yield of the
untreated control plots was higher than the average
biological yield of lentils treated with imazethapyr with any
dose, but showed no difference with either dosage of
metribuzin at 315 g a.i./ha (1.5Ty;) (Table 4).

Combined analysis of variance showed that P was less
than 0.01 for seed yield (SY), number of pods per plant
(NPP) and number of seeds per plant (NSP) among

accessions (A) and herbicide treatments (T) (Table 2). In
each experiment, P was inferior than 0.001 for seed yield,
number of pods per plant and number of seeds per plant
among lentil accessions (A) and herbicide treatments (T)
over the years, except for the herbicide treatments (T) of
number of pods per plant and number of seeds per plant
during 2016/17 and of seed yield and number of pods
per plant during 2018/19 (Table 3). The Accessions X
Treatment (A x T) interaction showed P value above 0.05
indicating that there is no interaction between accessions
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and herbicide treatments applied (Table 3). All yield
attributes (SY, NPP and NSP) were higher in untreated
control plots than the herbicide-treated plots (Table 4).
However, increased dosages of herbicides did not further
affect the seed yield, number of pods per plant and number
of seeds per plant as exemplified in Experiment 4 during
2018/19 (Table 4).

Reduction index

Combined analysis of variance showed that P was less than
0.01 for reduction index of plant height (RIp;yt), biological
yield per plant (Rlzy) and yield per plant (Rlsy), among
accessions (A) and herbicide treatments (T) (Table 2). At
the level of each experiment, the analysis of variance for
the reduction index of plant height (RIpiyt), biological
yield per plant (Rlzy) and yield per plant (RIsy), P < 0.005
among accessions (A), herbicide treatments (T) and A X T
interaction during all the cropping seasons except among
the herbicide treatments (T) of Rlpyyr during 2016/17
(Experiment 3) and among the herbicide treatments (T) and
A x T interaction of Rlgy during 2018/19 (Experiment 4)
(Table 3).

The ordinal regression analysis of Experiment 3 conducted
during 2016/17 showed that for the reduction index of plant
height (RIp y1), biological yield (RIgy) and seed yield (Rlgy),
P was less then 0.05 with the herbicide damage score (HDS2)
except for RIgy with imazethapyr at 112.5 g a.i./ha (1.5Ty)
and for Rlgy and Rlgy with metribuzin at 315 g a.i./ha
(1.5Ty) (Table 5). The average Rlpyr, Rlgy and Rlgy
increased from 27.8 to 39.8%, from 46.5 to 98.3% and
from 78.6 to 99.6% when the herbicide damage score
(HDS2) increased after the treatment of imazethapyr with
75 g a.d./ha during 2016/17. The same observation was
made for metribuzin. The results of Experiment 4 conducted
during 2018/19 indicated no ordinal regression between
HDS2 score and reduction indexes for plant height,
biological yield (BY) and seed yield (Table 5).

Selection of tolerant accessions

Correlation analysis between HDS2 and reduction index of
plant height (RIp;y1), biological yield (RIzy) and seed yield
(RIgy) showed no correlation between HDS2 of four
herbicide treatments (1T;, 1.5T;, 1Ty and 1.5Ty;) and the
estimated reduction indexes of three traits (Table 5). The
HDS score was helpful in preliminary screening; however,
there is a need to rely on the yield and reduction index for
validation. In addition, some accessions showed phenological
recovery and vegetative growth after treatment, but none
was capable of full recovery because of unfavourable
environmental conditions.

Based on the estimated Rlgy, four accessions confirmed
their tolerance to both herbicides (IG323, 1G5722, 1G4400,
IG4605) (Table 6). The selected accessions (IG323, IG5722,

1272

IG4605, 1G4400) did not show a delay in flowering and
maturity under different metribuzin treatments (1T
210 g a.i./ha and 1.5Ty: 315 g a.i./ha). Interestingly,
IG4605 flowered earlier than the control even under
imazethapyr treatments (1T) and (1.5Ty). Overall, the
phenology of tolerant accessions was not affected when
treated with any of the herbicides.

Replicability analysis

The tested accessions under validation trials performed
differently among seasons and herbicide treatments as P
was less than 0.001 of Accession X Year x Treatment, and
Accession x Year and Treatment X Year (Table 2). GGE
biplot analysis was conducted for grain yield to assess the
replicability of lentil accessions selected previously in the
preliminary studies of herbicide tolerance. The biplot
accounted for >70% of the variation in grain yield in relation
to genotypes and their interactions with environment (Fig. 3).
The biplot was divided into eight sectors and four mega-
environments. Two mega-environments were represented
by one season-treatment each: Mega-environment 1 (E1:
season 2016/17 of imazethapyr at 75 g a.i./ha) and Mega-
environment 2 (E5: season 2018/19 of metribuzin at
210 g a.i./ha) and the other two representing more than one
season-treatment and Mega-environment 3 (E2: season
2016/17 of metribuzin at 210 g a.i./ha and E3: season
2016/17 control untreated with herbicide) and Mega-
environment 4 (E4: season 2018/19 of imazethapyr at
75 g a.i./ha, E6: 2018/19 season of metribuzin at 315 g a.i./ha
and E7: 2018/19 season control untreated with herbicide).
The two major mega-environments (3 and 4) aligned with
the weather conditions during 2016/17 and 2018/19,
respectively (Fig. 3).

Four lentil accessions, namely 1G5628, 1G5769, IG114670
and IG4152 were located close to the origin, indicating their
wide adaptation and highest stability with similar perfor-
mance under normal growth conditions without herbicide
treatments and with either metribuzin and imazethapyr in
Mega-environment 1; (E1); and Mega-environment 3;
(E2, E3) (Fig. 3). This observation shows the replicability of
these accessions in seasons with low rainfall conditions,
represented by the environmental conditions of 2016/17,
highlighted by a total precipitation equivalent to 458 mm
(Fig. 1a).

Five accessions, namely 1G2194, 1G4637, 1G73647,
IG1005 and ILL8008 were located in Mega-environment 4
with no herbicide treatments (control) and were adapted to
environments treated by imazethapyr and metribuzin,
indicated their wide adaptability with similar performance
under the different herbicide treatments. E4, E6 and E7 are
2018/19 environments highlighted by a total precipitation
equivalent to 709 mm (Fig. la). This shows that the
environmental conditions had a higher effect on the
accessions than the treatments applied. Fig. 3 also shows
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Table 5.

Ordinal regression (expressed as P value), estimated regression parameter and best linear unbiased predictions of phenotype values for

reduction index (%) of plant height (Rlp 47), biological yield per plant (Rlgy) and grain yield per plant (Rlsy) for different levels of herbicide damage in

each treatment.

HDS2 Treatment Rlp T (%) Rlgy (%) Rlsy (%)
Experiment 3
| Imazethapyr (75 g a.i./ha) ND ND ND
2 27.8 46.47 78.61
3 29.8 49.7 85.08
4 39.8 58.37 91.72
5 ND 98.32 99.57
Regression (P value) <0.05 <0.01 <0.01
Estimated parameter (x1073) 41.3% 28.5%F 57.6%F
| Metribuzin (210 g a.i./ha) ND ND ND
2 18.9 48.84 15.14
3 27.69 59.51 38.04
4 29.81 60.37 63.93
5 ND 90.25 79.11
Regression (P value) <0.05 <0.001 <0.01
Estimated parameter (x1073) 43.2% 51.2%%k 22.28%*
Experiment 4

| Imazethapyr (112.5 g a.i/ha) ND ND
2 27.72 78.11
3 44.07 72.79
4 51.03 75.89
5 ND ND
Regression (P value) 0.05 0.84
Estimated parameter (x1073) 17.55 -2.3
| Metribuzin (315 g a.i./ha) 35.49 38.19
2 30.63 44.87
3 34.67 41.82
4 ND ND
5 ND ND
Regression (P value) 0.32 0.76
Estimated parameter (x1073) 14.7 —2.86

*P < 0.05; *P < 0.01; **P < 0.001.

HDS?2, second herbicide damage score. ND, not determined; Rlp 1, reduction index of plant height; Rlgy, reduction index of biological yield per plant; Rlsy, reduction

index of yield per plant.

that 1G4400 is the most tolerant under Mega-environment 4,
thus under high rainfall conditions.

The four selected tolerant genotypes showed adaptability
to different seasons and herbicide treatments. IG 4400
was located in Mega-environment 4 with no herbicide
treatments (control) and was adapted to environments
treated by imazethapyr and metribuzin, indicated its
adaptability to high rainfall conditions. IG4605 was located
in Mega-environment 3 (E2, E3) with no herbicide
treatments (control) and was adapted to environments

treated by imazethapyr and metribuzin, indicating their
adaptability to low rainfall conditions. IG323 is not stable
and not adapted to any mega-environment. Still, the yield
data (SY) showed that IG323 had low yield under low
rainfall conditions and high yield under high rainfall
conditions. IG 5722 is located near the centre, and in the
sector of E4 and E5 (E4: season 2018/19 of imazethapyr at
75 g a.i./ha, E5: season 2018/19 of metribuzin at
210 g a.i./ha). Thus, it is a tolerant accession under a high
rainfall environment.
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Table 6. Herbicide damage scores, plant height, grain yield per plant; and reduction indexes of grain yield and plant height for the selected

accessions, and those used at Terbol in 2018/19.

Treatment HDSI HDS2 DFLR RlprLr DMAT RlpmaT PLHT Rlpyyr SWPP Rlswep
1G323 (SRB)

IT, (75 g a.i/ha) 2 2 161.7 1.7 194.8 5.1 285 15.5 0.9 316

I.5T, (112.5 g a.i/ha) 3 3 150.7 4.1 188.3 1.6 335 2.0 1.6 24.0

ITm (210 g a.i/ha) 2 2 160.7 1.1 192.8 4.0 38.0 225 4.4 -84

1.5Tnm (315 g a.i/ha) 2 2 150.7 4.1 186.3 0.5 33.0 17.5 2.7 25.1

1G5722

IT, (75 g a.i./ha) 3 3 151.8 1.3 197.0 3.1 27.0 29.4 1.7 41.5

I.5T, (112.5 g a.i/ha) 3 3 154.8 33 187.5 -1.8 315 18.2 22 27.2

1Ty (210 g a.i/ha) 2 | 165.8 10.7 197.7 35 42.0 -9.2 238 4.1

1.5Tm (315 g a.i/ha) 2 2 153.8 2.7 185.5 -29 37.0 39 3.1 -55
1G4605 (ARG)

IT, (75 g a.i./ha) 2 2 136.9 0.7 192.8 6.3 34.0 27.7 22 -79

I.5T, (112.5 g a.i/ha) 2 2 132.4 -2.6 184.8 1.9 26.5 -325 0.8 2.8

1Tm (210 g a.i/ha) 2 2 132.3 -26 192.0 5.9 40.0 -48 34 -2

1.5Tm (315 g a.i/ha) 3 3 132.7 —24 178.1 -1.8 40.0 14.9 2.9 5.5
1G4400 (SYR)

IT, (75 g a.i/ha) 3 155.0 84 195.0 83 275 5.1 4.1 50.3

I.5T, (112.5 g a.i/ha) 3 3 146.0 2.1 185.5 3.1 29.5 23.1 1.2 76.6

ITm (210 g a.i/ha) 2 | 150.0 4.9 194.0 7.8 47.0 -23.1 5.5 24.6

1.5Ty (315 g ai/ha) 2 2 143.0 0.0 178.5 -0.8 40.0 5.1 42 45.7

Terbol 2018/19 (Experiment 4)

Standard error (A) 5.7 10.9 1.4 21.7

Standard error (T) 5.6 10.8 1.4 22.1

P value (A) <0.001 <0.001 <0.001 <0.001

P value (T) <0.001 <0.001 <0.05 <0.01

P value (A x T) 0.3 <0.001 0.5 <0.01

Origin of each accession is shown in parentheses: ARG, Argentina; SRB, Serbia; SYR, Syria. Treatments: IT, imazethapyr (75 g a.i./ha), 1.5T, imazethapyr
(112.5 g a.i./ha); 1Ty, metribuzin (210 g a.i/ha); 1.5Ty, metribuzin (315 g a.i/ha); HDSI, Herbicide damage score |; HDS2, Herbicide damage score 2; PLHT,
plant height; Rlp T, reduction index of plant height; SWPP, seeds’ weight per plant; Rlswpp, reduction index of seeds’ weight per plant; (A) among accessions; (T)

between treatments; (A X T) interaction between accessions and treatments.

Discussion

Weeds are considered a major constraint affecting the
production of lentil and the application of herbicides is
considered one of the most efficient techniques to control
weeds and avoid yield losses in many crops (Garcia De
Arevalo et al. 1992). In lentil, pre-emergence herbicides are
available for use to control weeds efficiently at the early
growing stage but not in the North and East Africa regions.
Therefore, the selection of lentil accessions tolerant to
herbicides is essential to integrate lentil into the cropping
system. Our results showed a wide range of genetic
variability for herbicide tolerance in lentils which allow
introgression of the tolerance to widely adapted cultivars.
This observation was reported in earlier studies in lentil
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(Sharma et al. 2016), chickpea (Cicer arietinum L.) (Taran
et al. 2010; Gaur et al. 2013; Chaturvedi et al. 2014), faba
bean (Vicia faba L.) (Abou-Khater et al. 2021), and field
pea (Pisum sativum L.) (Hanson and Thill 2001).

Crop response after herbicide treatments

The herbicide damage in legume crops can be accentuated in
susceptible accessions while tolerant ones can recover after
being affected in the first 2 weeks of treatment. This has
been reported in various studies in lentil (Sharma et al.
2018), chickpea (Goud et al. 2013), soybean (Belfry et al.
2015) and faba bean (Abou-Khater et al. 2021). Our
experiments showed similar results as, after 5 weeks of
herbicide treatments with imazethapyr, the tolerant
accessions recovered from the damage while susceptible
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ones showed accentuated damage. This is expected since
lentil is sensitive at less than 5% of the recommended dose
of Imidazolinone herbicides (Stork 1995). On the contrary,
tolerant accessions could recover from the damage after
five weeks even when an increased dose of metribuzin
(1.5 x) was applied in our experiments. The recovery of
vegetative growth can be attributed to the metabolic
degradative ability of each accession to metabolise the
herbicidal toxic components and detoxify the plants (Shoup
et al. 2003).

Herbicide damage score was found to be associated with
reduction indexes in the experiment conducted in 2017/18,
which was a moderately rainy growing season. This
indicates the efficiency of the HDS for screening for
herbicide tolerance in lentils and aligns with the results
obtained in faba bean (Abou-Khater et al. 2021). However,
this observation was not replicated during 2018/19 in our
experiments; this is because of heavy rain during the winter
season and abnormally high temperatures during pod set
(April) and grain filling (May), which affected the growth
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PC1-54.70%
© Genotype scores
-+ Environment scores
Convex hull
Sectors of convex hull
Mega-environments
Fig.3. GGE biplot of tested accessions in validation trials for yield data (SY) explained 70.19% of

total variability. El: season 2016/17 of imazethapyr at 75 ga.i./ha, E2: season 2016/17 of metribuzin
at 210 g a.i/ha, E3: season 2016/17 control untreated with herbicide, E4: season 2018/19 of
imazethapyr at 75 g a.i/ha, E5: season 2018/19 of metribuzin at 210 g a.i/ha, E6: 2018/19
season of metribuzin at 315 g a.i./ha, E7: 2018/19 season control untreated with herbicide.
Accessions numbered [-38 were listed in Table |. The mega environments that share the
same sector are joined in one ellipse. If the ellipse extends into another sector and sector
lines are plotted, the ellipse lines become dotted when they go into a different sector. Dotted
vertical and horizontal lines represent two principal components PCl and PC2 of the

environmental scores.
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habit of the plants. For that reason, the reduction index did not
correlate with HDS in 2018/19.

In conclusion, the herbicide damage scores (HDS) give a
general overview of the reaction of genotypes against a
tested herbicide. In the case of screening a large number of
genotypes, the HDS can indicate highly susceptible lines,
which can be excluded from further testing. In validation
trials with a limited number of test entries, reduction indexes
might be more reliable for validating the reaction of tolerant
lines. Therefore, the validation of tolerant accessions in our
study was based on the reduction index for yield (Rlgy).
The same selection method was also adopted in faba bean
(Abou-Khater et al. 2021). However, Taran et al. (2013),
Gaur et al. (2013) in chickpea and Sharma et al. (2018) in
lentils found a high correlation between herbicide tolerance
and morpho-physiological traits, yield and yield components.
Therefore, they relied on the herbicide damage score to
rank the tolerance of the tested genotypes. Our study
shows that visual assessment of the plant through the HDS
after herbicide application is proved to be a rapid and
easy method for identifying tolerance to imazethapyr and
metribuzin at preliminary trial but not sufficient and
reliable in validating highly tolerant lines.

Effect of herbicides on crop phenology

In all the four experiments conducted, flowering of
lentil accessions was delayed under herbicide treatments.
Consequently, the pre-flowering phase in treated plots was
prolonged. Similar results were also obtained in previous
studies in lentils (Sharma et al. 2016, 2018), chickpea
(Taran et al. 2010; Gaur et al. 2013; Chaturvedi et al. 2014)
and faba bean (Abou-Khater et al. 2021). This might be
explained by the fact that the recovery of accessions from
herbicide treatments involved secondary plant growth with
delayed flowering time and pod setting.

Effect of herbicides on agronomic and yield traits

Application of imazethapyr and metribuzin reduced plant
height and biological yield. Similar observations were made
earlier on lentil (Sharma et al. 2016, 2018), faba bean
(Abou-Khater et al. 2021) and chickpea (Taran et al. 2010;
Goud et al. 2013). In addition, yield components reduced in
all the conducted experiments. These observations are in
agreement with the results of Gaur et al. (2013) and Goud
et al. (2013). Similarly, in lentils, Sharma et al. (2016,
2018) reported a reduction in yield and yield attributes in
the herbicide-treated accessions when compared to untreated
control.

Replicability

The GGE biplot permits us to determine specific and wide
adaptability of different accessions to mega-environments.
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Our study indicated two major mega-environments as each
of them consistently represents various trials (Yan et al.
2007), where four selected accessions (IG323, 1G4400,
IG4605 and IG 5722) showed stability to environments.
However, two accessions IG4400 and 1IG5722 were found to
be specifically adapted to herbicide treatments under high
rainfall conditions and the other two (IG323 and 1G4605)
were found in highly specific environments characterised
by herbicide treatments and low rainfall. This is the first
report of the stability of these herbicide-tolerant accessions.
The accessions were screened at Terbol station assuming
that this station represents ideal environments for screening
for herbicide tolerance as observed in faba bean (Abou-Khater
et al. 2021). Further investigation is also ongoing to validate
the observation made on faba bean by Abou-Khater et al.
(2021) and to identify suitable environments for screening
for herbicide tolerance in lentil. The selected accessions
should be crossed to widen their adaptability to different
environments.

Conclusion

This study suggests the presence of tolerance to post-
emergence herbicide treatments in lentils. An herbicide-
tolerant variety is an integral part of the integrated weed
management package for the most effective and economical
approach to for weed management. A large genetic variability
for herbicide tolerance was observed in lentil germplasm in
our study. Sixteen tolerant genotypes of lentil without any
effect of herbicide treatment on phenology were identified.
Further investigation is required to study the genetics of
herbicide tolerance in these genotypes before their efficient
use as a donor in the lentil breeding program.

Supplementary material

Supplementary material is available online.
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