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Abstract Conyza spp. are among the most prob-
lematic broadleaf weeds in citrus orchards and grape
fields in Turkey. Glyphosate is used to control weeds,
but Conyza spp. can escape the treatment and grow as
a monoculture in these fields. To investigate whether
glyphosate-resistant biotypes of Conyza spp. exist in
Turkey, seeds of Conyza spp. were collected from 131
citrus fields and 121 vineyards with heavy Conyza
infestations in the Mediterranean and Aegean regions
of the country. Seeds were classified by species, and
initial susceptibility screenings were conducted by
applying glyphosate potassium salt at 1.323 kg a.i.
ha~! to seedlings at the five- to six-leaf stage. Forty-
five biotypes showed less than 80% susceptibility in
the screenings and were subsequently used in dose—
response experiments. Assays were also conducted to
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measure shikimic acid accumulation in resistant and
susceptible biotypes after glyphosate treatment, and
molecular studies were undertaken to investigate the
mechanism of resistance. Among 252 populations
collected from fields, 32 biotypes showed resistance
to glyphosate. Molecular studies showed that target
site mechanisms including mutations or expression of
the EPSPS gene did not contribute to the mechanism
of glyphosate resistance in Conyza biotypes from
Turkey.
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Introduction

Turkey is not top ranked in terms of citrus produc-
tion; however, based on the quantity of citrus crops
such as orange, tangerine, grapefruit, lemon, and
lime that it exports, the country is one of the major
global exporters (CWMT, 2019). In contrast to citrus
production, grape production in Turkey is not located
in a specific region, and the Mediterranean, Middle
Anatolia, and South East regions have large viticul-
ture fields. The Aegean region also has a considerable
number of vineyards (TUIK, 2021). Viticulture fields
of Turkey cover nearly 448,000 ha, representing 7%
of the world’s vineyards (OIV, 2018). Despite being
ranked third among major grape-producing countries
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worldwide, Turkey is the largest dried grape producer
in the world (Statista, 2019).

Conyza spp. belonging to Asteraceae are among
the most problematic broadleaf weeds in citrus
orchards and grape fields in Turkey. Representative
species include horseweed (C. canadensis), hairy
fleabane (C. bonariensis), and tall fleabane (C. sumat-
rensis). These herbaceous weeds are annual and
produce a huge number of light seeds that are wind
dispersed (CABI, 2018; Loux et al., 2006). Conyza
ssp. may compete with grapevines and citrus trees for
water, nutrients, and sunlight and delay their growth.
Weeds can reduce the total dry mass of 1-year-old
grape vines by up to 80% (Bordelon & Weller, 1997),
and yield losses due to full-season weed competition
in 6-year-old grapevines var. Baco Noir were reported
to reach 37% (Byrne & Howell, 1978). Conyza spp.
do not directly affect the yield of grape yield var.
Thompson seedless; however, in citrus orchards the
weed may cause negative effects on agronomic prac-
tices, provide a favourable environment for pests and
diseases, and create difficulties during quarantine
inspections (Shrestha et al., 2010). Sanguankeo et al.
(2009) reported that vines can tolerate competition
with weeds to a certain degree, but to reach desired
yields, weed control practices such as herbicide appli-
cation or soil cultivation should be employed.

As with other weed species, control strategies such
as tillage, cover crops, and use of selective and non-
selective herbicides can easily control or suppress
Conyza spp. at early growth stages if herbicide resist-
ance is not present in the application area. Some plant
genera belonging to Asteraceae, Poaceae, and Amaran-
thaceae are more prone to developing resistance to her-
bicides than genera of other families (Heap, 2021; Trav-
los & Chachalis, 2010). Conyza spp. began showing
herbicide resistance nearly two decades ago in relation
to paraquat, and the number of documented cases of
resistance has gradually increased through the years. To
date, 65 cases of resistance have been found in Conyza
spp. collected from areas including pastures and
orchard fields, with nearly 20 herbicides being involved
(Heap, 2021). Each herbicide treatment may change
the balance between resistant and susceptible biotypes
in favour of resistant biotypes in terms of the relative
crowding coefficient (Travlos & Chachalis, 2013).
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Glyphosate inhibits the enzyme 5-enolpyruvyl-
shikimate-3-phosphate synthase (EPSPS), which is
responsible for the synthesis of tryptophan, tyrosine,
and phenylalanine, eventually leading to the death
in the higher plant (HH, 2014). It is a total herbicide
applied post emergence to control grass and broadleaf
weed species in orchards and non-agricultural areas
such as gardens, parks, pavements, railroads, road-
sides, and airports (Fogliatto et al., 2020; Isik et al.,
2015; Kudsk & Mathiassen, 2020). Repeated use of
the herbicide without rotation in orchards may consid-
erably increase the frequency of glyphosate-resistant
(GR) biotypes owing to selection pressure. The first
GR horseweed biotype was identified in soybean
fields in the United States in 2000, and similar cases
were subsequently reported in cotton, soybean, maize,
corn, and orchards worldwide (Heap, 2021; VanGes-
sel, 2001). Increases in the growing areas of geneti-
cally modified (GM) crops, especially GR soybean,
have accelerated the evolution of glyphosate resist-
ance among Conyza spp. (Cerdeira et al., 2011). Since
some non-selective herbicides such as paraquat have
been banned for use in orchards, glyphosate use has
intensified per growing season, without rotation with
other herbicides with different modes of action, in
Turkey and Greece (PPPT, 2019; Travlos & Chacha-
lis, 2010).

Citrus orchards cover a significant part of the
Mediterranean region and a small portion of the
Aegean region in Turkey (TUIK, 2021). Conyza spp.
are frequently found in citrus orchards in the Mediter-
ranean and Aegean regions, and their abundance has
gradually increased from year to year. The producers
of these crops have reported that glyphosate is insuf-
ficient for horseweed control, which has led them to
use it repeatedly at higher rates than recommended
in a growing season. Since the lack of efficacy of
glyphosate or any other herbicide can be related to
inappropriate use such as wrong timing or application
technique, as well as climatic conditions, long-term
repeated use could lead to the selection of resistant
biotypes.

Therefore, the objective of the present study
was to characterize resistance through whole-plant
dose-response, shikimic acid (SA) accumulation assays,
and EPSPS gene expression.
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Materials and methods
Seed collection

Seeds of Conyza spp. were collected from 131 cit-
rus fields and 121 vineyards in the Mediterranean
and Aegean regions of Turkey during September
and October 2015. About 90% of the total citrus and
half of the total vineyard growing areas in Turkey
were represented by the collection sites. The location
data and some important agricultural features of the
sampling points were also recorded. Seed collection
sites were selected according to horseweed presence
and no known glyphosate application. The distance
between sampling locations was at least 2-3 km.
Horseweed flower heads were carefully cut with seca-
teurs and placed in paper bags. Seeds were dried in
the paper bags under shade conditions for 1-2 weeks,
followed by manual cleaning. The seeds were then
stored at ambient room temperature until use in a
screening test and dose-response assay.

Screening test

Discrimination experiments were conducted in the
screen houses at Ege University Agricultural Faculty,
Department of Plant Protection (EUAF) and Aydin
Adnan Menderes University Agricultural Faculty,
Department of Plant Protection (ADUAF) during
September and October 2015 to distinguish suscep-
tible and resistant populations. Each of the collected
252 populations was used in both facilities, with a
total of 203 populations being successfully tested in
both. The seeds were planted separately on the sur-
face of a soil mixture consisting of peat, soil, and per-
lite (1:1:1) in 0.76-L pots, and the pots were irrigated
with tap water. The day-time and night-time screen
house temperatures were 22 and 18 °C, respectively.
All experiments were conducted with five repli-
cates, and seedlings in each replicate were thinned to
one plant in each pot at 7-10 days after emergence.
Horseweed seedlings were grown until the rosette
stage and irrigated regularly as needed.

The seedlings were treated with glyphosate potas-
sium salt at 1.323 kg a.i. ha~' when they were at
the five- to six-leaf stage. Herbicide was applied
in a spray chamber calibrated to deliver 200 L ha™
at 200 kPa from two flat fan spray nozzle (Lechler
11,002) at AMUAF. At EUAF, herbicide was applied

using a knapsack sprayer to deliver 200 L ha™! at
200 kPa using a portable boom-mounted four flat fan
nozzle (Lechler 11,002). After herbicide application,
the seedlings were returned to the screen house. Each
population was represented with five treated and five
non-treated pots.

At 28 d after treatment (DAT), all seedlings were
visually evaluated based on a 0-100 scale on which 0
indicated no damage and 100 indicated a dead seed-
ling. The horseweed biotypes with>80% propor-
tional survival rate were considered as having sus-
pected resistance to glyphosate, and these biotypes
were subsequently used in dose-response assays. The
biotypes with > 80% proportional mortality rate were
considered to be susceptible to glyphosate (Moss
etal., 1999).

Dose-response assays

Dose-response assays were conducted in the screen
houses at EUAF and AMUAF during June—October
2016 to characterize the glyphosate resistance levels
of the GR and glyphosate-susceptible (GS) Conyza
accessions. GS biotypes were also added to the exper-
iments to determine resistance factors. The seedlings
were grown until the rosette stage (five to six leaves),
and herbicide was applied at seven logarithmic rates
of glyphosate from 0.25 to 16 times the recommended
rate for resistant biotypes and from 0.0625 to 4 times
the recommended rate for susceptible biotypes. Non-
treated seedlings of both biotypes were used as con-
trols. Afterwards, the seedlings were returned to the
screen house. The positions of herbicide-treated seed-
lings were changed weekly to avoid environmental
effects on the uniform growth of the seedlings, which
were irrigated with tap water as needed. The seed-
lings were cut at ground level at 21 DAT, placed in
paper bags inside a drying cabinet, and then dried at
65 °C for 3 d. Next, the dry biomass of seedlings of
each population was determined and expressed as a
percentage based on the dry biomass of non-treated
seedlings. GR horseweed biotypes whose resistance
index (RI) values were higher than 2 were consecu-
tively grown in greenhouse conditions until the seed
production stage, and their seeds (F,) were then used
in further assays to confirm inheritance of herbicide
resistance.

The experimental design was a randomized com-
plete block design with five replicates for each
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experiment, and it was repeated in both facilities. The
data obtained from dose-response experiments were
analysed by non-linear regression using the Weibull
model described by Ritz and Streibig (2005) Eq. (1).
The regression was carried out with R statistical soft-
ware (R Core Team, 2020).

Y =Dx e_ebx(lug(x)—log(EDSU)J (1)

where Y refers to the dry biomass of each seedling,
D is the upper limit of the dose-response curve, b is
the slope of each curve determined by EDs,, EDj, is
the glyphosate dose required to cause 50% response,
and x is the glyphosate dose.

The resistance index was used to evaluate the
degree of resistance of the GR accessions compared
with the GS accessions based on the following for-
mula (Eq. 2):

_ EDS0(GR)
= ED50(GS) @)

where RI refers to the resistance index (R/S ratio
for each population), EDs) p, is the glyphosate dose
required to cause a 50% response for the GR acces-
sion, and EDs; g, is the glyphosate dose required to
cause a 50% response for GS accession.

Shikimic acid assays

SA levels of seedlings were determined following
Henry et al. (2005) with small modifications to evalu-
ate the relation between glyphosate resistance and
SA in horseweed biotypes. Glyphosate was applied
at seven logarithmic rates from 0.25 to 16 times the
recommended rate for resistant biotypes and from
0.0625 to 4 times the recommended rate for suscep-
tible biotypes. Non-treated seedlings of both bio-
types were used as controls. Twelve discs of ~4-mm
diameter were taken from the youngest leaves of each
seedling 2 DAT with a cork borer and transferred
to the laboratory in cooler bags. Each sample was
put into a plastic vial to which 1 mL of 0.25 N HCI
was added and placed in a freezer (—20 °C). For the
assay, samples were thawed at 60 °C in an incubator
for 30 min, and a 50-pL aliquot was taken from each.
Next, 50 pL of 0.25% periodic acid +0.25% metaperi-
odic acid was added to the sample in the vial, and the
mixture was incubated for 90 min at 25 °C. A 100-
pL mixture consisting of 0.6 N sodium hydroxide and
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0.22 M sodium sulphide was then added to each vial.
The optical density of the samples was measured in
a spectrophotometer at 380 nm, and the background
light was quantified based on the untreated control.
A calibration curve for shikimate was created using
0.01-1 pg of shikimate in 1 mL of HCI.

Molecular analysis

Amplification and sequencing of the EPSPS gene
fragment

Seeds from the putative GR and GS mature plants
(F2) were germinated and grown to the four- to six-
leaf stage under greenhouse conditions. At 0 and 8 h
after treatment, all plants, approximately 100-mg
samples were taken from the leaves of both glypho-
sate-treated and untreated biotypes (CANRI1/S1 and
BONR2/S2) for RNA and DNA extraction. The study
was carried out in three replicates. Total genomic
DNA and RNA were isolated from the leaf samples
of each S and R Conyza biotypes following the appli-
cation directions of the DNeasy/RNeasy Plant Mini
Kits (Qiagen, Qiagen GmbH, Hilden, Germany).

EPSPS ¢cDNA sequencing

Complementary DNA (cDNA) was synthesized from
1 pg total RNA extracted from GR and GS plants using
SuperScript II-RT (Invitrogen) according to the manu-
facturer’s instructions. The primers were synthesized
by Alpha DNA (Montreal, Canada), and the sequence
was determined using the software Primer 3. The fol-
lowing primer sets were used: 5’ and 3' RACE (Patzoldt
et al., 2006) and EPSPSIF (5-ATGGCAGCTACTCAC
ATTAACAC-3"), EPSPSIR (5-GCAAACCACTAC
CCATAATCAC-3") EPSPS1 (GenBank Accession No.
AY545668) (Peng et al., 2010). EPSPSF1 x EPSPSR
primers included an EPSPS gene fragment possibly con-
taining the P106 mutation from R and S biotypes. PCR
was done with Platinum Taq DNA Polymerase High
Fidelity kit (Thermo Fisher Scientific) according to the
instructions provided. The PCR mix consisted of 1XPCR
Buffer, 50 ng/pL of cDNA, 0.4 pM of each forward and
reverse primer, 0.2 mM dNTP mix, 1 U Taq DNA Pol,,
and 1.5 mM MgCl, in a 50-pL total volume. The PCR
conditions were initial denaturation for 3 min at 97 °C; 35
cycles of 15 s at 97 °C, 45 s at 60 °C, and 2 min at 72 °C;
and a final extension of 5 min at 72 °C. PCR products
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were purified using Pure Link PCR Purification Kit
(Invitrogen) based on the manufacturer’s protocol. Puri-
fied PCR products were analysed by Genoxs (Turkey)
to obtain the DNA and peptide sequences of the GR and
GS Conyza biotypes. The sequences were then analysed
using BioEdit, aligned with the CLUSTAL W program,
and finally compared with the respective EPSPS sequence
of Conyza (GenBank accession numbers AY545667,
AY545666, AY545668, EF200069, EF200070,
EF200071, EF200072, EF200073, and EF200074) and
Arabidopsis thaliana (NM_130093.2).

Real-time PCR

The acetolactate synthase (ALS) and cDNA expres-
sion levels of four biotypes were used to calculate the
EPSPS genomic copy number. Primer efficiency curves
were generated for each primer set using a 1x, 1/5X,
1/25%, and 1/125xdilution series of GR genomic
DNA. The primer sets EPSPSF (5-ATGTTGGAC
GCTCTCAGAACTCTTGGT-3"), EPSPSR (5-TGA
ATTTCCTCCAGCAACGGCAA-3") (195-bp product)
(Gaines et al., 2010), ALSF2 (5'-GCTGCTGAAGGC
TACGCT-3"), and ALSR2 (5- GCGGGACTGAGT
CAAGAAGTG-3") (118-bp product) (Gaines et al.,
2010; Tranel et al., 2004) were used for quantitative
PCR. The ALS gene was used as a low-copy control
gene with known monogenic inheritance. Real-time
PCR was employed on a Rotor-Gene Q 5plex HRM
System using GoTaq®qPCR Master Mix (Promega).
Negative controls consisting of the template with no
primers and primers devoid of template were added.
The data from the quantitative PCR experiments were
analysed according to the relative quantification (RQ)
with a modification of the 2724 method of Livakand
and Schmittgen (2001). An increase in the EPSPS
copy number was considered as 2ACt because RQ of
EPSPS was ACt=(Ct, ALS —Ct, EPSPS). The average
increase in the EPSPS copy number and its standard
deviation were calculated for each individual sample
run as three biological replicates (Gaines et al., 2010).

Results and discussion

Result of the screening test

Conyza biotypes suspected to be GR constituted
less than a quarter of all the accessions (Table 1).

Table 1 Distribution of the suspected glyphosate-resistant
Conyza spp. populations in citrus orchards and vineyards

Crop Province Conyza Conyza Conyza Popula-
canaden-  bonar- sumat-  tion
SIS iensis rensis Number
Orchard Adana 5 7 - 12
Hatay 2 5 1 8
Mersin =~ 7 5 - 12
Vine- Mersin =~ 8 5 - 13
yard
Total 22 22 1 45

According to the screening results, 22 horseweed bio-
types, 23 hairy fleabane biotypes, and 1 tall fleabane
biotype were suspected to have glyphosate resist-
ance. The origins of these accessions were limited
to only three provinces of the Mediterranean region,
although samples were collected from 11 provinces in
the Aegean and Mediterranean regions. The screen-
ing test showed that all the accessions collected
from the Aegean region were susceptible to glypho-
sate. Among the Conyza spp. collected from the two
regions, C. sumatrensis was the only species that had
not yet lost sensitivity to glyphosate. Mersin province
had the highest number of accessions in terms of pos-
sible glyphosate resistance, while suspected GR tall
fleabane was only found in Hatay province.

Orchard and vineyard fields of the Mediterranean
region harboured GR Conyza accessions at a high
rate. In orchard fields, one-third of Conyza acces-
sions had lost their sensitivity to glyphosate. The
rate of resistant horseweed accessions was high in
Adana and Mersin, but resistant hairy fleabane had
a higher rate than other Conyza accessions. In vine-
yard fields of Mersin, most of the Conyza acces-
sions were found to be resistant to glyphosate. All
hairy fleabane accessions were resistant, while only
one-third of horseweed accessions were susceptible.

Horseweed was identified as the first GR Conyza
sp. in 2000, and the first GR tall fleabane biotype was
found in South Africa 3 years later (Heap, 2021). The
first GR hairy fleabane was discovered more than
6 years after GR tall fleabane. To date, 43 horseweed,
13 hairy fleabane, and 13 tall fleabane biotypes have
been reported to be resistant to glyphosate from many
countries (Heap, 2021). In Turkey, Mengii¢c (2019)
found that 10 of 121 Conyza accessions were not
effectively controlled by glyphosate applied at double
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the recommended rate. He also reported that glypho-
sate resistance was more frequent in horseweed and
tall fleabane biotypes than in hairy fleabane biotypes.
In another study, Inci et al. (2019) found three GR tall
fleabane accessions in peach orchards of Canakkale
Province, Turkey.

Results of the dose—response studies

The EDs,, values of hairy fleabane populations var-
ied from 690 to 3912 g ai. ha™! and from 547 to
3330 g a.i. ha™! based on the logarithmic rates of the
herbicide applied to the accessions collected from
orchard and vineyard fields (F,) and the F, popula-
tions, respectively (Table 2). In F, populations, seven
accessions stored in ambient conditions lost their ger-
mination ability and three accessions were more sus-
ceptible to glyphosate than the previous generation;

therefore, their dose—response parameters were not
calculated. The EDs, value of GS accessions belong-
ing to the F, generation was 710 g a.i. ha™!, while the
EDs, of GS accessions of F, was 423 g a.i. ha™'. As
an informative indicator of herbicide resistance, the
RI of F, varied from 1.0 to 5.5, whereas it was 1.3
to 7.9 in F,. These values accord with the results of
Urbano et al. (2007), who found that resistant bio-
types were controlled by 7 to 10 times the amount of
glyphosate needed to control susceptible biotypes;
Travlos and Chanchalis (2010), who indicated that
RI values varied from 4 to 7 depending on the acces-
sions; and Mylonas et al. (2019), who reported values
of 5 to 11.6. In another study, Mengii¢ (2019) calcu-
lated RI values of 1.6 and 9, which were similar to
our results. Based on the origin of the accessions, the
lowest RI values were obtained from Adana, whereas
the highest were associated with the accessions

Table 2 EDy; and RI

. Population F1 Generation F2 Generation

values of hairy fleabane

(C. bonariensis) accessions Code Coordinate ED;, RI' EDs, RI'

collected from orchard and

vineyard fields of Adana, MT16 S 3640 0.5664 N, 3424 2.7576 E 710 1,0 96 1.0

Mersin, Hatay AT13 36 5242.1248 N, 3520 47.058 E 785 1,1 - -
AT2 365552536 N, 35 194.5588 E 882 1,2 * *
AT30 3724 58.6404 N, 3545 16.7328 E 847 1,2 * *
AT40 37135.166 N, 35 10 38.0604 E 1.764 2,5 201 2.1
ATS* 3649 10.0164 N, 3512 32.6376 E 688 1,0 - -
AT7* 3644 54.5172 N, 35 6 20.3868 E 869 1,2 - -
HT12 36 54 12.6252 N, 36 7 41.0016 E 2.192 3,1 418 44
HT16 3649 4.6416 N, 36 12 1.7604 E 1.323 1.9 402 4.2
HT17 3649 25.932 N, 36 12 59.868 E 3912 55 325 34
HT8 3657 38.7144 N, 36 10 9.8292 E 3.537 5,0 124 1.3
HT9 3658 15.2472 N, 36 8 45.906 E 1.813 2,6 174 1.8
MBI12 3657 45.1368 N, 34 44 59.4924 E 2.121 3,0 755 7.9
MBI18 36 58 10.3368 N, 34 44 54.5568 E 2.624 3,7 734 7.6
MB19 3658 59.574 N, 34 43 59.8332 E 1.222 1,7 - -
MB20 365845516 N, 3444 327948 E 1.649 23 272 2.8
MB21 370279324 N, 3446 26.1012 E 1.896 2,7 - -
MBS 36590222 N, 3447 1.3488 E 1.182 1,7 442 4.6
MT17 3640 0.5664 N, 3424 27576 E 2.337 33 190 2.0
MT2 3634 8.2632 N, 34 15 22.6008 E 1.345 1.9 366 3.8
MT21 3651383544 N, 3438 7.9764 E 1.773 2,5 - -
MT22 3651 25.1892 N, 34 38 30.9048 E 1.949 2,7 * *
MT24 36 52 50.5092 N, 34 48 57.5964 E 803 1,1 - -

! RI was calculated by dividing the EDs, values of GR accessions by the EDs,, values of MT16 S

“EDs, was not calculated because of high sensitivity of the accession

-EDs,, was not calculated because the seeds did not germinate

@ Springer



Phytoparasitica (2022) 50:567-578

573

collected from Hatay. There were no meaningful dif-
ferences between the accessions obtained from the
orchard fields and the vineyard fields in Mersin in
terms of RI values.

The accessions obtained from Adana had only a
slight degree of glyphosate resistance, whereas the
accessions from Hatay had higher resistance against
glyphosate. The RI values calculated from the F, pop-
ulations were higher than those for the F, populations
for three accessions, while the ED5, for F, was lower
in five accessions than for F,.

The EDs, values of horseweed accessions of
F, varied from 525 to 3669 g ai. ha™' glyphosate,
whereas the values obtained from F, ranged between
565 and 3308 g a.i. ha™! glyphosate (Table 3). For
susceptible populations, EDs, values of F; and F,
were 406 and 340 g a.i. ha™!, respectively. Compared
with GR and GS hairy fleabane, GR and GS horse-
weed accessions had higher EDs, values for both gen-
erations. RI values for F; and F, generations ranged
from 1.3 t0 9.0 g a.i. ha™! and from 1.7 to 9.7 g a.i.
ha™! glyphosate, respectively. The RI values for
horseweed were higher than for hairy fleabane, but
there was no meaningful increase or decrease between
the F, and F, generations. Kumar et al. (2017) found
RI values of 3.5-4.0 for GR horseweed biotypes from
Montana, USA. Koger et al. (2004) reported that GR
horseweed biotypes from Mississippi, USA, were
controlled by 8- to 12-fold higher levels of glyphosate
compared with those needed for susceptible biotypes.
In a study from Delaware, USA, VanGessel (2001)
indicated that the RI for horseweed varied from 8 to
13. Mengii¢ (2019) found that the glyphosate rate
to control GR horseweed accessions was 4.9 to 12.8
times higher than the rate needed to control GS horse-
weed accessions.

The accessions obtained from orchard fields in
Mersin were more resistant to glyphosate than those
from vineyards, except for one accession. The bio-
types collected from Hatay could be controlled by
a higher glyphosate rate than those from Adana for
both generations.

Shikimic acid results

SA content in GS and GR accessions rapidly
increased after glyphosate treatment regardless of the
accession. SA content of GS hairy fleabane acces-
sions rose from 106 ug g~! in untreated accessions

Table 3 EDy, and RI values of horseweed (C. canadensis)
accessions collected from orchard and vineyard fields of Isparta,
Adana, Mersin, Hatay

Population F1 Gen- F2 Gen-
eration eration

Code Coordinate EDs, RI' EDs, RI'

IB7  377969.1941 N, 305 406 1.0 77.1 1.0
41.1986 E

ATI1 364237.3572N,356 2540 63 129 1.7
28.3212E

ATI12 3647 16.0152 N, 35 18 1.852 4.6 372 4.8
36.094 E

AT16 363519.8870N, 3518 1.279 32 297 39
28.0404 E

AT4 365034368 N,351428276E 1.985 49 706 9.2
AT42 3749.8436N,36637.8684 E 3.330 8.2 439 5.7

AT8 3644 545172N,356 2245 55 128 1.7
20.3868 E

HTI3 365240.7172N, 36 8 2179 54 649 84
54.6288

HTI8 3647 56.6196 N, 36 13 3.665 9.0 566 7.3
28.7688

MBIl 365751.4908N,344516 1658 4.1 - -
6176

MBIS 36 56 42.8676 N, 34 43 1424 35 - -
19.8588

MB16 3655 51.8664 N, 34 42 3.669 9.0 750 9.7
41.742

MB6 3658 41.2032 N, 34 47 1.028 2.5 634 82
13.8444

MB7 3658 17.0616 N, 34 47 525 13 - -
8.6856

MBY9 365728.1844N,344632  2.156 53 375 4.9
1852

MT1 3634306156 N, 34 15 1495 37 - -
37.08E

MT14 36 37 53.8356 N, 34 20 1910 47 203 2.6
418776 E

MT20 3651 1.4336 N, 34 38 1385 34 66 09
224592 E

MT23 3651 27.4392 N, 34 45 1.032 2.5 248 32
26.6004 E

MT25 36 54 46.6776 N, 34 54 2417 60 402 52
422064 E

MT26 37030.726N,35520.7852E 992 24 - -
MT27 37138.8884N,344554306E 1.707 42 * *

! RI was calculated by dividing the EDs, values of GR acces-
sions with the ED5, values of MT16 S

*ED50 was not calculated because of high sensitivity of the
accession

-ED50 was not calculated because the seeds did not germinate
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to 11,446 ug g~! following glyphosate applied at a
rate of 464 g a.i. ha~! (data not shown). In contrast,
the SA content in GR accessions was changed at the
wide range from 44-109 to 2428-4911 ug g~'. SA
relative content of GR accessions was 10-41.6 after
glyphosate was applied at 29 g a.i. ha™!, whereas the
SA content varied from 39.7 to 84.2 when glyphosate
was applied at 1.856 kg a.i. ha™! (Fig. 1). The change
in SA relative content was generally higher in GS
hairy fleabane biotypes than in GR biotypes.
Alterations in the SA content in GS and GR horse-
weed accessions were very similar to those in GS and
GR hairy fleabane accessions. SA accumulation in the
GS accession was significantly higher than in the GR
accessions. The increase in SA was generally greater
as the dose increased. The SA content of untreated

Fig. 1 Shikimic acid
relative content (relative
to the untreated control)
accumulation 2-3 DAT in
hairy fleabane leaves from
plants treated with various
glyphosate concentrations

120

100

8

Shikimic acid relative content
S 3

HAT40 ®mHTI12

Fig. 2 Shikimic acid
relative content (relative
to the untreated control)
accumulation 2-3 DAT

in horseweed leaves from
plants treated with various
glyphosate concentrations
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horseweed accessions varied from 42 to 96 pg g~
The SA content in the GS accession was 9169 ug g~
when glyphosate was applied at 464 a.i. ha™!, whereas
the content was 1579-3554 ug g~! in GR accessions
(data not showed). Following glyphosate application
at logarithmic rates, the SA relative content in the GS
horseweed accession was 42-101 pg g~! (Fig. 2). The
increase in SA content generally continued in the GR
horseweed accessions after glyphosate application,
but this increase was limited compared with the GS
accession. The least and the highest SA relative con-
tent of GR accessions varied from 4.6 to 21.5 ug g
and from 36 to 105.3 ug g~*, respectively.

Relative SA content in most GR hairy fleabane and
horseweed accessions accorded with the EDs, values
for MT2, MB5, MB6, and HT16. This conformity
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may have resulted from SA accumulation follow-
ing glyphosate application and was similar to previ-
ously described results of Beres et al. (2018). Chang-
ing SA content may be caused by a high level of
basal EPSPS mRNA or by a relative transcript level
of EPSPS gene, similar to findings by Dinelli et al.
(2008). Relative SA content of some hairy fleabane
and horseweed accessions, including MT17, HT12,
MB18, MB12, HT18, AT4, ATS8, AT12, MT25, MB9,
and MB16, were below the expected values because
their ED5, values were higher. Although EPSP
enzyme inhibition is described as the main mode of
action of glyphosate, recent studies have revealed that
glyphosate has additional effects on plant physiol-
ogy. Glyphosate may trigger other unknown mecha-
nisms in these accessions, creating a toxic effect on
the plant (Singh et al., 2020). Relative SA content of
some hairy fleabane accessions, including AT40 and
HT13, was higher than expected, although their EDy,
values were low compared with the previous group
of GR accessions. This unexpected difference may
be caused by other GR mechanisms such as reduced
glyphosate translocation, vacuole sequestration,
metabolism (Wakelin et al., 2004; Ge et al., 2010;
Gonzalez-Torralva et al., 2012), altered metabolism
(Pline-Srnic, 2006), or inhibition of root-to-shoot
translocation of Fe and Mn (Eker et al., 2006) instead
of the well-known resistance mechanism, EPSP inhi-
bition (Beres et al., 2018).

Molecular studies
Glyphosate resistance in Conyza spp. is generally con-

ferred by two mechanisms: target site and non-target
site. Although target-site resistance is conferred by a

mutation in the key herbicide target gene (EPSPS) in
many weeds (Perez-Jones et al., 2007; Simarmata &
Penner, 2008; Wakelin & Preston, 2006), in Conyza
spp. it results from overexpression of the EPSPS gene
(Dinelli et al., 2006, 2008; Tani et al., 2015). In this
study, any mutation in Prol06, which is known to
confer glyphosate resistance in many weed species,
was not found according to sequence analysis in the
GR cDNA. A polymorphism (changed from CCG to
CCC) did occur in the GR C. bonariensis biotype, but
it was not related to resistance (Fig. 3).

Real-time PCR was used to evaluate the genomic
copy number of EPSPS and the expression level of
cDNA based on the ALS gene (Gaines et al., 2010;
Tranel et al.,, 2004). Gene copy numbers of the GR
C. canadensis and C. bonariensis accessions were
5.02+2.2 and 4.6+ 1.8, while the numbers for the GS
accessions were 1.2+0.3 and 0.9+0.2, respectively.
The gene copy number in the GR C. canadensis and
C. bonariensis accessions was increased 4.18- and
5.11-fold compared with GS accessions, respectively.
Mennan et al. (2021) indicated that the increase in
the genomic EPSPS copy number in resistant Ama-
ranthus palmeri biotypes from Turkey was 34- to
37-fold; however, the number in some GR A. palm-
eri accessions was 1.6 to 6.4 for one of the resistant
biotypes and 6 to 8.5 for another resistant biotype
(Mohseni-Moghadam et al., 2013).

The EPSPS expression relative to ALS 8 h after
treatment of GR accessions varied from 1.8 +0.2
to 1.01 +£0.1, whereas it varied from 0.8 +0.1 to
0.5+0.2 in GS accessions when glyphosate was
not used. However, expression of EPSPS in the GR
C. canadensis accessions increased by 2.8 times
after glyphosate application compared with GS

E Y G S S Y Y H Q W CcC P Y T A I A P Y
(R o I I I 1 PP e rer vl
GAA TAT GGC TCA AGC TAC TAC CAT CAA CAA TGG TGT CCA TAC ACC GCG ATT GCA CCA TAC
11 U O O O O O O O e e ree ree vee rer rer rnl
AA TAT GGC TCA AGC TAC TAC CAT CAA CAA TGG TGT CCA TAC ACC GCG ATT GCA CCC TAC
1 T O O R 111 (N
GG TGT CCA TAC ACC GCG ATT GCA CCA TAC

BITLY T WEIVEGAR TAT GGC TCA AGC TAC TAC CAT CAA CRA TG

130G T OV CYARGAR TAT GGC TCA AGC TAC TAC CAT CAA

e reE 1l

CRA TGG TGT CCA TAC ACC GCG ATT GCA CCG TAC

&

Fig.3 Amino acid sequences of GR and GS Conyza accessions. Biotype CAN(R1), resistant C. canadensis; Biotype BON(R2),
resistant C. bonariensis; Biotype CAN(S1), susceptible C. canadensis; Biotype BON(S2), susceptible C. bonariensis
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accessions. The increase for the GR C. bonariensis
accessions was 4.6-fold compared with GS acces-
sions. Gaines et al. (2010) reported that the EPSPS
expression relative to ALS changed on average
0.8-35.0 between GS and GR A. palmeri accessions
when glyphosate was not used. In another study,
Dinelli et al. (2008) reported that the relative tran-
script level of the EPSPS gene in hairy fleabane
varied from 1.1 to 2.5.

Conclusion

Our results showed that there are three different
Conyza spp. in citrus orchards and vineyards in the
Mediterranean and Aegean regions of Turkey, and
some samples had a degree of resistance to glypho-
sate. Among the 252 populations collected from
orchards and vineyards with heavy Conyza infes-
tations, 45 biotypes were suspected to be resistant
to glyphosate, but resistance was confirmed in only
32 biotypes. This confirmation was done by both
dose-response experiments and SA assays. Molec-
ular studies showed that target-site mechanisms
including mutations or expression of the EPSPS
gene did not contribute to the mechanism of glypho-
sate resistance in Conyza biotypes from Turkey. The
results derived from the study indicate that glypho-
sate resistance in Conyza spp. studied was associ-
ated with non-target resistance. Since most seed
samples were collected from orchards and vineyards
where Conyza species were dominant or even sole
weed species, resistance should be confirmed with
more biotypes than were assessed here. It is pos-
sible that there are problems other than resistance
also affecting Conyza control like the effectiveness
of glyphosate applied at various growth stages. To
explore this, further studies should investigate the
sensitivities to glyphosate of Conyza spp. at differ-
ent growth stages.
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