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Abstract

BACKGROUND: The herbicide-resistant invasive weed species Amaranthus palmeri threatens agricultural production and native
plant ecology in Spain, as well as in other European countries. Understanding whether herbicide resistance alleles evolve in situ
or are introduced via gene flow remains unclear. To address this, we characterized multiple resistance to acetolactate synthase
(ALS)-- and 5-enolpyruvylshikimate-3phosphate synthase (EPSPS)-inhibiting herbicides in two Spanish A. palmeri populations
at the plant level. Additionally, we analyzed the extra-chromosomal circular DNA (eccDNA) to determine whether glyphosate
resistance resulted from local selection pressure or was introduced by gene flow.

RESULTS: Both populations exhibit individuals that survived both herbicide MoA, with multiple resistance mechanisms to ALS-
and EPSPS-inhibiting herbicides. Eight different ALS allele mutations were identified in resistant plants, including Pro-197-Ile,
reported only in one species previously. Glyphosate resistance in the two populations is to the result of gene duplication medi-
ated by eccDNA. Spanish and North American eccDNAs showed complete identity, with no single nucleotide polymorphisms
(SNPs) found between the partial analyzed sequences of noncoding regions.

CONCLUSION: We confirm for the first time in Europe resistance to ALS and EPSPS inhibitors at both the population and indi-
vidual levels in two Spanish A. palmeri populations. The absence of SNPs in the eccDNA from Spanish populations compared
to the reference American sequence and the presence of target-site mutations in the ALS gene occurred without selective pres-
sure from ALS herbicides, suggests that the origin of resistance traits may have evolved elsewhere and been introduced from
the place of origin to Spain. However, it is important to note that the limited number of populations studied and the partial
sequencing of eccDNA do not provide definitive confirmation of the exact origins of resistance mechanisms. This work raises
concerns about the arrival of this and potentially other new herbicide-resistant A. palmeri populations in Europe posing chal-
lenges for management.
© 2025 The Author(s). Pest Management Science published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.

Supporting information may be found in the online version of this article.
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1 INTRODUCTION
The field of weed science has revolutionized agricultural practices,
especially since the introduction of selective herbicides in the
mid-20th Century. Chemical weed management enhanced agri-
cultural productivity and minimized labor-intensive weed
removal processes.1,2 However, the continuous reliance on herbi-
cides with the same mode of action (MoA) as the singular weed
management strategy has led to the evolution of herbicide-
resistant (HR) weed populations.3,4 Weeds can invade new habi-
tats as a consequence of human activity, such as movement of
contaminated seeds or soil, or by natural dispersal, such as bird
migrations, and introduce their genetic traits into the new
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environment.5–7 Significant risks to local agricultural systems
occur if introduced individuals of an invasive species carry herbi-
cide resistance traits.
Amaranthus palmeri S. Watson is a perfect example of a highly

problematic invasive weed species. Thanks to a rapid growth rate,
high adaptability to different environments and prolific seed pro-
duction, this species is highly competitive with crops, and it can
drastically reduce yield production.8,9 In the United States, this
species ranks among the most difficult weeds to manage, primar-
ily owing to its remarkable capacity for developing herbicide resis-
tance. As a dioecious plant, it relies on obligate outcrossing for
reproduction, which facilitates the rapid dissemination of
herbicide-resistance genes across populations and countries.9 To
date, resistance to nine different herbicide MoAs has been
reported for A. palmeri, including 5-enolpyruvylshikimate-
3phosphate synthase (EPSPS),10 acetolactate synthase (ALS),11

photosystem II,12 4hydroxyphenylpyruvate dioxygenase,13 proto-
porphyrinogen oxidase,13,14 very long chain fatty acid elongase,15

microtubule-inhibitor herbicides,16 synthetic auxins17 and gluta-
mine synthetase.18,19 Chemical control of A. palmeri is particularly
difficult because this species can accumulate multiple resistance
mechanisms to different herbicide MoAs within a single individ-
ual.20,21 Multiple herbicide resistance may result from co-
evolution of both nontarget-site and/or target-site resistant
mechanisms at plant level. Previous reports have described
populations able to gather resistance mechanisms for up to six
different MoAs including ALS-, PS II-, HPPD-, PPO- and EPSPS-
inhibiting herbicides.22

Amaranthus palmeri has quickly spread outside is native region
(southwestern US and north of Mexico) threatening local food
production into North and South America, South Africa, Japan
and the Mediterranean region.9,23–27 Previous reports have tried
to identify the cause of introduction of this species into new envi-
ronments, pointing out import–export trades of grains and seed
movement by machinery as the main reasons for long- and
short-range spread, respectively.28,29 Seeds originating from envi-
ronments with strong herbicide selection pressure may introduce
genes for herbicide resistance, thereby speeding up the local
development of resistant populations.30 The extensive use of
genetically engineered crops resistant to ALS and EPSPS inhibitors
throughout North and South America has considerably increased
the selection pressure from these MoAs accelerating the evolu-
tion of herbicide-resistant A. palmeri biotypes.31 These MoAs
account for the highest number of herbicide resistance cases for
this species worldwide.3,10,28,29

ALS-inhibiting herbicides bind to the ALS enzyme inhibiting
branched chain amino acid biosynthesis. This inhibition disrupts
protein synthesis and essential metabolic processes, blocking
plant growth and eventually leading to plant death. Multiple A.
palmeri populations have been reported worldwide to be resis-
tant to the ALS inhibitors owing to different point mutations in
the ALS gene.11,20–24 Resistant populations to ALS-inhibitors have
recently been reported in several European and Mediterranean
countries,25–28 with Spain as one of the most affected territories.29

Glyphosate kills plants by inhibiting EPSPS, a crucial enzyme in the
biosynthesis of aromatic amino acids. A. palmeri has evolved resis-
tance to glyphosate by increasing EPSPS gene copy number.10,31

Target-site mutations in EPSPS are rare because they affect the
enzyme-substrate complex with 2-phosphoenolpyruvate (PEP),
which is crucial for EPSPS biochemical efficiency.32,33 Increased
EPSPS copy number in A. palmeri is controlled by a ∼400-kb extra-
chromosomal circular DNA (eccDNA).34–36 This replicon consists

of the EPSPS gene and other coding genes related to abiotic stress
resistance (e.g. NAC and HSC70) and a reverse transcriptase along
with an autonomous replication sequence.37 Genetic studies on
resistant A. palmeri populations from North and South America
suggest a unique shared origin based on the high similarity of
the EPSPS eccDNA sequence found in different populations from
USA, Brazil and Uruguay.23,37–39 In a recent study on Spanish
and Italian populations, we demonstrated that ALS-inhibitor resis-
tance evolved in separate evolutionary events outside these
countries with different origins of introduction.30 This increases
the risk of importing resistance to other MoAs, such as glyphosate,
further complicating the management of this species. We also
described a Spanish population resistant to glyphosate with no
point mutations in the EPSPS gene, and the presence of the EPSPS
eccDNA that could explain resistance to glyphosate.40 We are
uncertain whether glyphosate resistance evolved de novo in
Spain or elsewhere. Finally, because new seeds are constantly
imported and considering their ability to evolve resistance tomul-
tiple MoAs, it remains uncertain whether Spanish A. palmeri bio-
types already have evolved multiple herbicide resistance to
glyphosate and ALS inhibitors. This work aims to study two
Spanish populations of A. palmeri from Catalonia (Spain) with
the purpose to (i) investigate multiple resistance to EPSPS- and
ALS-inhibiting herbicides at the population and individual level,
(ii) characterize the mechanisms conferring resistance to both
MoAs, and (iii) to unravel the in situ/ex situ generation of the
eccDNA comparing the similarity between Spanish eccDNA and
the American reference sequence.

2 MATERIALS AND METHODS
2.1 Plant material
Three A. palmeri populations were included in this study. Two
were collected in roadsides in Montblanc (MB) (41° 220 N, 1° 90 E)
and in Tarragona (TA) (41.1189° N, 1.2445° E) in NE Spain, and one
from North Carolina, USA, which was used as a sensitive control,
the wild-type (WT).41 To date there is no standard sensitive popu-
lation from Spain, and for this reason an American one was used.
Seeds were collected from ≥10 different mother plants, cleaned
and stored at room temperature.

2.2 ALS-inhibitor treatment
Bioassays were performed in summer season in a tunnel located
in the University of Lleida (41° 370 N, 0° 350 E). Temperatures ran-
ged from 24 °C to 26 °C at night and from 26 °C to 35 °C during
the day. Seeds were first sown in aluminum boxes (30 × 10 ×
5 cm) with peat, watered and placed in a germination chamber
with a 16-h:8 h, light:dark cycle at 29 °C and an 8-h:16-h,
light:dark cycle at 22 °C. After 5 days, 20 seedlings per population
were transplanted into plastic trays (325 × 265 × 95 cm3) with
60% silty loam soil, 15% perlite, 10% peat mix and 15% peat on
top, and watered daily. At the 4–5 leaf stage, plants were treated
with a single dose of thifensulfuron-methyl (THIF) [Harmony 50 SX
(DuPont™, Wilmington, DW, USA) 500 g ai kg−1] and imazamox
(IMA) [Tuareg® (DuPont™) 40 g ai L−1 + 50% w/v Dash, wetting
agent] at recommended doses of 6 and 40 g ai ha−1, respectively.
Herbicides were applied using a precision bench sprayer
equipped with three flat-fan hydraulic nozzles (11 002; Teejet®,
Glendale Heights, IL, USA), delivering 300 L ha−1 at a pressure of
215 kPa and ≈0.75 m s−1 speed. The design was completely ran-
domized, and each treatment had three replicates, for which
20 plants per replicates were used (n = 60 plants per dose).
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Untreated replicates were used as control for each population.
Four weeks after herbicide application, survival rate was
determined.

2.3 Glyphosate dose–response treatment
Plants were grown as described in the previous section. During
the 4–5 leaf stage plants were exposed to glyphosate treatment
[Roundup® SC (Bayer CropScience, Leverkusen, Germany) 360 g
ai L−1) with the following rates: 0, 25, 50, 100, 200, 400, 800 g ae
ha−1 for WT, and 100, 200, 400, 800, 1600, 3200 g ae ha−1 for MB
and TA. We selected these rates because WT was completely con-
trolled at 400 g ae ha−1, as validated previously.40 The experiment
followed a completely randomized design. For each population,
the six different herbicide doses were tested in triplicate, using
20 plants per treatment (n = 360). Four weeks after herbicide
application, survival rate and fresh weight (FW) were determined.
The FW and survival data were fitted to a nonlinear log-logistic
regression model using SIGMA PLOT 12.0 (SPSS Inc., Chicago, IL,
USA) statistical software, which allowed the estimation of herbi-
cide dosages required to reduce plant growth by 50% (GR50)
and to cause 50% mortality in a population (LD50) compared to
the untreated control.42 Afterwards, the resistant factor (RF) was
calculated, defined as the GR50:LD50 ratio of the resistant
(R) weed population compared to that of a susceptible
(S) population (ratio R to S).

2.4 Glyphosate single-dose treatment
In order to compare Spanish and American EPSPS cassette
(eccDNA) sequence we performed a single-dose experiment to
select plants from TA andMB populations containing the replicon.
Seeds were collected from ≥10 different mother plants per popu-
lation and grown as described before. Plants were treated at 4–5
leaf stage with 400 g ae ha−1 glyphosate. The design was
completely randomized, and each treatment was performed in
triplicate, n = 60 (number of plants per treatment). The decision
to use plants from different mother plants was made to enhance
genetic variation.

2.5 Sequential application of glyphosate and ALS
inhibitors
In order to assess multiple resistance to EPSPS and ALS inhibitors
at the plant level in glasshouse conditions, a sequential applica-
tion of single doses of glyphosate and THIF was carried out. Plants
were grown as described previously. They were treated with
glyphosate at a rate of 400 g ae ha−1 at the 4–5 leaf stage, fol-
lowed by a THIF treatment at 6 g ai ha−1 21 days after the initial
glyphosate application. The design was completely randomized,
and each treatment was performed in triplicate, n = 60 (number
of plants per treatment). The WT population was included in each
treatment. Four weeks after herbicide application, survival rate
was determined.

2.6 DNA extraction
Fresh leaves were collected from plants that survived all herbi-
cides (IMA, THIF and GLY) treatment and stored at −80 °C until
genomic DNA extraction was performed. Briefly, leaves
(≈100 mg) were ground and kept cold with liquid nitrogen. Next,
375 μL 2× lysis buffer (0.6 M NaCl, 0.1 M Tris–HCl pH 8.0, 40 mM

EDTA pH 8.0, 4% Sarcosyl and 1% SDS) and 2 M Urea were added,
and the samples were briefly vortexed. Subsequently, 750 μL of
25:24:1 phenol-chloroform-isoamyl alcohol was added, mixed by
inversion, and centrifuged for 15 min at 14 000 rpm at room

temperature (RT). The aqueous phase was collected, and DNA
was precipitated using 0.7× volume of cold (−20 °C) 2-propanol.
The mixture was centrifuged for 15 min at 14 000 rpm at 4 °C.
After removing the supernatant, the resulting pellets were
washed twice with 70% ethanol, centrifuged for 5 min at
14 000 rpm at 4 °C, and then dried for 15 min at RT. The dried pel-
lets were reconstituted in 100 μL resuspension buffer (1 M Tris-
HCl + 30 μg mL−1 RNAsa A). DNA concentration and quality were
assessed using a NanoDrop 2000 spectrophotometer (Thermo
Fisher Scientific, Waltham, MA, USA) and DNA integrity by agarose
gel electrophoresis.

2.7 PCR and sequencing of the ALS gene
DNA was extracted from a total of 20 and 24 individuals from MB
and TA, respectively, that survived ALS-inhibitor treatment [-
Table 2(a),(b)] and were used for this analysis. PCR were con-
ducted in a 50 μL mixture, containing 5 μL of 5× buffer, 0.2 mM

dNTPsmix, 10 μM each of forward and reverse primers, 0.5 μL Phu-
sion DNA Polymerase (Thermo Fisher Scientific) and 100 ng DNA.
Primers Ap_3F and Ap_4R were used to amplify the C-, A- and D-
domain (CAD) region22 under these cycling conditions: 95 °C for
5 min; 35 cycles of 95 °C for 30 s, 58 °C for 30 s, 72 °C for 54 s
and a final 72 °C extension for 5 min (Table S3). Primers Ap_2F
and Ap_2R amplified the BE region under similar cycling condi-
tions but with a 72 °C extension for 21 s (Table S2). After amplifi-
cation, the PCR products were purified using a PCR Clean-up kit
(FavorPrep) according to the manufacturer's instructions. Sanger
sequencing was performed at the sequencing facility of IBMCP
(Valencia, Spain), using both forward and revers primers, and
sequences were visualized and aligned using GENEIOUS PRIME®
2023.2.1.

2.8 PCR and sequencing of the EPSPS gene
DNA was extracted from a total of 20 individuals from MB and TA,
that each survived 400 g ae ha−1 glyphosate as described previ-
ously (n = 40). Gene amplification and PCR product purification
were conducted as detailed before, except for the annealing tem-
perature and amplification time, which were set at 61 °C and 15 s,
respectively (Table S3). Using the primers EGF and EGR (Table S1)
a 196-bp DNA fragment from the conserved TAP region of the
EPSPS gene41 was amplified by PCR and Sanger-sequenced.

2.9 EPSPS copy number determination
A total of 20 individuals from MB and TA, respectively, that sur-
vived glyphosate treatments were used for this analysis. Twenty-
five days after dose–response application with glyphosate, tissues
from surviving MB and TA plants together with three untreated
WT plants were collected. DNAwas extracted asmentioned earlier
and quantitative real-time polymerase chain reaction (qRT-PCR)
was performed to evaluate the relative EPSPS gene copy number
and normalized to ⊎-tubulin,35 using primers: EPSPS_F, EPSPS_R3,
⊎tubulin_F and ⊎-tubulin_R (Table S1). Each qRT-PCR reaction
contained 20 μL, comprising 10 μL SYBR Green Supermix (NZY
Tech), 1 μL at 3.3 μM of forward and reverse primers, and 100 ng
gDNA. Water was used as negative control. Data analysis was per-
formed using the 2−ΔΔCt method,40 expressing the genomic copy
number of EPSPS relative to ⊎-tubulin, and the EPSPS copy number
was relative to the susceptible samples. Each sample was assessed
using 10 biological replicates for TA and MB populations, and
three for WT and three technical replicates for all the populations.
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2.10 EPSPS cassette partial amplification and sequencing
Twenty-five days after treatment, PCR and Sanger sequencing
analysis was conducted on three distinct noncoding regions (A,
C and E) of the eccDNA from DNA samples extracted as detailed
before from 20 individuals from both TA and MB populations
(n = 40) survived a single glyphosate dose. The three regions of
the EPSPS cassette (called A, C and E) were amplified and then
sequenced using primers: eccA_F, eccA_R, eccC_F, eccC_R,
eccE_F and eccE_R (Table S1) for the amplification of regions A,
C and E, respectively [Fig. 4(b),(c)]. The regions are located as fol-
lows: region A between position 77 489 and 79 123; region C
between 233 751 and 253 263; and region E between 288 232
and 289 218. All primers were designed by Molin and col-
leagues.38 Reactions were made in a 40 μL mix consisting of
1 μL of 100 ng DNA, 1.6 μL of 10 μM primers, 20 μL EconoTaq Plus
Green 2× Master Mix (Biosearch technologies, Teddington, UK)
and 16 μL H2O. Cycling conditions for eccA and eccC primer pairs
were 94 °C for 2 min, 30 cycles of 94 °C for 30 s, 60 °C for 30 s,
72 °C for 2 min and 72 °C for 5 min. For eccE primers the anneal-
ing temperature was 52 °C and extension time was 1 min. After
amplification, PCR products were sent for purification and Sanger
sequencing to Genewiz (115 Corporate Boulevard, South Plain-
field, USA). Sequences were visualized and aligned to an EPSPS
cassette reference sequence (NCBI: MT025716.1) using GENEIOUS

PRIME® 2023.2.1.

2.11 Multiple resistance at the plant level
In order to characterize the multiple resistance mechanisms to
ALS and EPSPS inhibitors at the plant level, 10 individuals were
selected from each population (n = 20) that survived a single
glyphosate dose (400 g ae ha−1) and were confirmed to possess
the EPSPS cassette. These selected individuals were used for partial
amplification of the ALS gene as described earlier.

3 RESULTS
3.1 Resistance patterns to ALS and EPSPS inhibitors
In order to study the resistance pattern of two Spanish A. palmeri
populations, we first carried out applications of the ALS inhibitors
THIF and IMA. The WT population was completely controlled by
THIF and IMA applications, with 0% survival for both herbicides.
The MB and TA populations had individuals that survived both
treatments [Fig. 1(a)]. More individuals in each population were
resistant to THIF than to IMA. The survival rate for THIF ranged
from 57% to 58% for MB and TA populations, respectively,
whereas the survival rate ranged from 7% to 25% for IMA [Fig. 1
(a)]. After confirming resistance at the individual level to ALS-
inhibiting herbicides in the TA and MB populations, we extended
our study to determine multiple resistance of both populations to
glyphosate. Glyphosate applied at half-recommended field dose
(400 g ea ha−1) was sufficient to control 100% of the WT individ-
uals, whereas 53% and 50% of theMB and TA populations, respec-
tively, survived this glyphosate application [Fig. 1(a)]. Glyphosate
dose–response curves for biomass reduction indicated similar
resistance levels for both MB and TA populations. The GR50 (herbi-
cide dose to reduce biomass by 50%) and LD50 (dose to cause 50%
mortality) for MB and TA were 397.8 and 124.4 g ae ha−1, and
332.6 and 285.5 g ae ha−1, respectively, compared to the WT
values of 12.0 g ea ha−1 (GR50) and 76.1 g ae ha−1 (LD50). RFs for
FW reduction (GR50) were 33 and for survival rate (LD50) were
10.3 and 64.4, and 3.7 and 4.4, for MB and TA, respectively
(Table 1). To understand if individuals of the MB and TA

populations were resistant to both herbicide families (ALS and
EPSPS inhibitors) simultaneously we performed the sequential
application of glyphosate and ALS inhibitors. Herbicides in
sequential application completely controlled the WT population
4 weeks after the first application with glyphosate (0% survival).
By contrast, both MB and TA populations had multiple resistant
individuals with survival values of 25% and 33%, respectively, for
glyphosate followed by the ALS-inhibitor THIF [Fig. 1(a)].

3.2 Resistance mechanism for ALS inhibitors
Resistance to ALS inhibitors in A. palmeri is often associated with
amino acid changes at the herbicide binding site. To identify
mutations in the ApALS gene, MB, TA and WT populations were
analyzed by PCR followed by sequencing. Twenty and 23 individ-
ual plants surviving ALS inhibitors from the MB and TA popula-
tions, respectively, were analyzed. All sequences were aligned to
the ApALS sensitive reference gene (accession no. MT583816.1).
In both populations, we found different amino acid substitutions
previously shown to confer resistance to ALS inhibitors.43 We
identified amino acid changes at three ALS positions: Pro-197,
Asp-376 and Trp-574 (Table 2). The Pro-197-Ser mutation was
identified in 13 plants surviving THIF (63%) from the MB popula-
tion [Table 2(a)] and six (37.5%) from the TA population [Table 2
(b)]. Five plants resistant to THIF from MB (2.6%) had the Pro-
197-Thr mutation, of which four also exhibited the Asp-376-Glu
mutation in the same analyzed sample. Only two plants had these
mutations individually (one plant with only Pro-197-Thr and one
with only Asp327 376-Glu). One plant from the TA population sur-
vived IMA and had the Pro-197-Ile mutation. The Trp-574-Leu
mutation was found alone in only one plant (0.5%) that survived
IMA in MB and in eight in TA (50%). Generally, plants surviving
IMA had only one known mutation in the analyzed ALS gene
sequence. All plants with one of these mutations were heterozy-
gous as shown in Fig. 2.
In order to further characterize the plants found in our popula-

tions that were ALS-inhibitor cross-resistant (resistant to THIF
and IMA) and also glyphosate-resistant, we sequenced the ALS
gene in 10 plants per population that survived a single glyphosate
dose (Table 3). We found multiple amino acid substitutions at
three different ApALS amino acid positions: Pro-197, Asp-376
and Trp-574. A total of six plants (60%) from MB and seven
(70%) from TA had a change at Pro-197 as follows: six plants had
197-Thr (four in MB, two in TA), four had 197-Ser (two plants for
each population), two had 197-Ile (both from TA) and one had
197-Ala (from TA). In theMB population, a Glu-376-Asp amino acid
change was observed in four plants, whereas this mutation was
not found in any TA individuals. Finally, one plant from MB and
three from TA had a mutation for Trp-574Leu. We also found
plants combining two amino acid changes. Pro-197-Thr/Glu-
376Asp (MB) and Pro-197-Thr/Trp-574-Leu (TA).

3.3 Resistance mechanism to EPSPS inhibitors
Glyphosate surviving plants from both TA and MB populations
were selected to characterize target-site resistant (TSR) mecha-
nisms. Mutations in the EPSPS gene region TAP-ITV were studied
using primers EGF and EGR (Table S1) for both untreated WT
plants and those surviving from MB and TA populations treated
with glyphosate. Sanger sequencing confirmed the absence of
point mutations within the TAP-ITV domain in any of the obtained
sequences from MB, TA and WT populations. EPSPS copy number
from glyphosate-surviving plants was compared with three WT
untreated plants by qRT-PCR. Using ⊎-tubulin as a reference gene,
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we identified EPSPS gene copy numbers within the range of 13–
123 in A. palmeri plants that exhibited resistance to glyphosate
application, as shown in Fig. 3. These findings strongly imply that
amplification of EPSPS plays a significant role in conferring glyph-
osate resistance within the MB and TA A. palmeri populations.
Notably, we observed no instances of an increased EPSPS copy
number in any of the WT individuals.

3.4 EPSPS eccDNA sequence analysis
Resistance to glyphosate has been associated with the presence
of extrachromosomal circular DNA (eccDNA) called EPSPS cassette
in A. palmeri resistant populations.36,39 Among the TA and MB
populations we identified that all individual plants that survived
a single dose of glyphosate carried this eccDNA. We successfully
sequenced a total of 2500 bp from three different regions of the

Figure 1. (a) Survival rates (%) of resistant Amaranthus palmeri populations TA and MB and the susceptible (WT) to ALS-inhibitors thifensulfuron-methyl
(‘THIF’, blue bars) and imazamox (‘IMA’, yellow bars), glyphosate (400 g ae ha−1 ‘GLY’, red bars) and to the sequential application of glyphosate followed by
thifensulfuron-methyl (‘SEQ’, green bars). The values represent the mean of three replicates, and vertical bars the standard error. Regression curves of
doseresponse to glyphosate (b) GR50 (expressed as % reduction in fresh weight) and (c) LD50 (expressed as % survival).

Table 1. Log-logistic equation parameters of dose–response regression curves of survival and fresh weight in two populations of sensitive (WT) and
resistant (MB and TA) populations treatedwith glyphosate. LD50 and GR50 represent the concentrations of herbicide required to decrease survival and
fresh weight by 50%, respectively. Their relative standard error is reported in parentheses. Resistance factors (RF = R:S) is the ratio between resistant
and susceptible GR50 or LD50. P is the level log significance of the nonlinear model

Population GR50 (g ae ha−1) P-value Slope RF

Fresh weight reduction WT 12.0 (±4.9) <0.0001 1.0 -
MB 397.8 (±1) <0.0001 5.4 33.0
TA 124.4 (±4.3) <0.0001 1.9 10.3

Population LD50 (g ae ha−1) P-value Slope RF

Survival rate WT 76.1 (± 5.9) <0.0001 −2.7 -
MB 332.6 (± 9.2) 0.0001 −2 4.4
TA 285.5 (± 8.6) 0.0001 −1.5 3.7
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EPSPS cassette sequences [A, C and E; Fig. 4(b),(c)]. For region A
(1635 bp), a 1335-bp segment was sequenced with good quality,
but the remaining 300 bp could not be analyzed as a conse-
quence of repetitive sequences causing primers to bind to multi-
ple sites during Sanger sequencing. For region C (1513 bp),
≈800 bp were sequenced with the reverse eccC_R primer
whereas no sequence was obtained using the eccC_F likely
because of the presence of homopolymeric or repetitive
sequences leading to weak or absent signals. Lastly, all 987 bp
for region E were sequenced successfully. Remarkably, the
sequences across populations displayed complete identity,
encompassing all three fragments generated by the respective
sets of primers. No SNPs were detected in any fragment when
compared to the reference genome [Fig. 4(a)]. The consistent lack
of sequence variability and the high degree of identity observed
among resistant populations in the eccDNA analysis strongly indi-
cates that the EPSPS cassette remains highly conserved among
these geographically distant populations.

4 DISCUSSION
4.1 Resistance patterns to ALS- and EPSPS-inhibiting
herbicides
Herbicide resistance traits are often associated with an indepen-
dent evolutionary event driven by herbicide selection; however,

the impact of gene flow through pollen or seeds on the establish-
ment of resistance can be equally significant or even greater.
Although the dispersion of herbicide-resistant A. palmeri popula-
tions in the American continent has been studied, we have limited
information about the origin of herbicide resistance for this spe-
cies in Europe.44,45

Plant bioassays combined with molecular studies and DNA
sequencing confirmed that two Spanish populations of A. palmeri
have multiple resistance to ALS and EPSPS inhibitors. The % of
plant survival to the ALS-inhibitor THIF were higher than resis-
tance to IMA in both populations, indicating low frequency of
mutations knowing to confer cross-resistance to sulfonylureas
and imidazolinones in each Spanish population [Fig. 1(a)]. A
higher survival rate to IMA was reported in TA compared to MB,
suggesting different target-site mutations and/or frequencies
between populations (Table 2).
The frequency of mutations known to confer cross-resistance in

this species was low in MB and moderate in TA (Table 2).46,47

In fact, one of 20 plants from MB and 10 of 23 plants from TA
showed the Trp-574-Leu mutation. Another mutation known to
confer cross-resistance to both ALS chemical family is Asp-
376-Glu,48 which was found in just five plants from MB and was
absent in survival plants from TA. However, it also is important
to stress that recent studies indicate that this mutation confers
very low resistance to IMA compared to other imidazolinones as

Figure 2. Chromatogram details for all of the different ALS mutations found in this work. The wild-type version for each mutations at codons Pro-197,
Asp-376 and Trp-574 are highlighted in red (accession no. KY781923). The different amino acid changes are marked with a black arrow and detailed as
followed: CCC encodes the amino acid proline (Pro-197) at codon 197, whereas GCC encodes alanine (-Ala), ATC an isoleucine (-Ile), TCC encodes serine
(-Ser) and ACC encodes threonine (-Thr); GAT codon encodes aspartic acid (Asp-376) whereas GAA encodes glutamic acid (−Glu); TGG codon encodes the
amino acid tryptophan (Trp-574), whereas TTG encodes leucine (−Leu). The double peak indicates that the plant is heterozygous.
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reported previously for A. retroflexus.49 Surprisingly, the majority
(four out of five) also had the Pro-197-Thr. This shows an accumu-
lation of multiple mutations in the ALS gene at the plant level. Pre-
vious studies have noted the coexistence of diverse allele
mutations within the same plant.11,23,29

In the MB population, most surviving plants had a point muta-
tion at Pro-197 including two different amino acid substitutions,
Pro-197-Ser and Pro-197-Thr. However, surviving plants from TA
population show at the same codon a higher number of amino
acid substitutions including: -Ser, -Thr, -Ala and -Ile (Table 2). All
of the amino acid substitutions at Pro-197 described in TA and
MB populations provide robust resistance to sulfonylureas,
and very low or no resistance to imidazolinones.3,9,11,50 Mutations
at the Pro-197 position are common in A. palmeri as well as in
other resistant weed species, such as redroot pigweed (Amar-
anthus retroflexus), common ragweed (Ambrosia artemisiifolia L.)
and kochia (Bassia scoparia).47,49,51,52 Finally, the mutation Pro-
197-Ile identified in population TA, was reported only once previ-
ously in Sisymbrium orientale and in a population from China,
representing a new mutation in the ALS gene for A. palmeri from
Europe.42,53,54

Overall, because TA and MB populations were found in areas
where ALS-based herbicides are not applied and therefore, no
selection pressure exists, the high number of allelic variants of
the ALS gene found in TA and MB populations (a total of nine con-
sidering plants with double mutations) further indicates recurrent
introductions of A. palmeri in Europe, and we can speculate that
the different mutated ALS alleles are generated ex situ, in the
country of origin.30 Although the spread of herbicide resistance
in A. palmeri could potentially result from pollen- or seed-
mediated gene flow from nearby infested areas, this hypothesis
can be excluded in this case.45

First, there is no presence of resistant A. palmeri populations
close to those areas where TA andMB populations were collected,
making a scenario of resistance gene migration to roadsides
through pollen-mediated gene flow improbable. In fact, ALS
inhibitors are not utilized for roadside weed control in Spain to
the best of our knowledge, where a combination of glyphosate
and mechanical methods is employed instead (personal commu-
nication from Plant Health Service of Catalunya).
In order to further understand the resistance mechanisms in the

Spanish A.
palmeri populations, a dose–response study with glyphosate

revealed the presence of resistant individuals in both MB and TA
populations able to survive to 400 g ae ha−1 (few to 800 g ae
ha−1) of commercial product, whereas the WT was completely
controlled (Fig. 1). Our results suggest that increased EPSPS copy
number is the primary resistance mechanism in both MB and TA
populations. Sanger sequencing of the ApEPSPS excluded the
presence of point mutations in the target gene sequence. EPSPS
gene duplication is a relatively common mechanism for glypho-
sate resistance in A. palmeri, as well as in other broadleaf and
grass species.43 Although most plant species typically have
between one to two genomic copies of EPSPS per haploid
genome (or per subgenome in the case of polyploids),
glyphosate-resistant A. palmeri has been reported having
between 30 and >100 copies.12,55 Tested plants from the Spanish
populations had 13 to 123 more copies compared to the WT
(Fig. 3), consistent with previous studies on this species.12,31,56

The presence of multiple gene copies in both MB and TA popula-
tions explains their survival rate to glyphosate. This observation
aligns with prior research on the glyphosate-resistant A. palmeri
populations from Brazil, USA and Japan in which A. palmeri plants
possessing >30 EPSPS copies demonstrated the ability to survive

Figure 3. EPSPS genomic copy number in glyphosate-susceptible (‘WT’, black bars) and glyphosate-resistant populations MB (‘MB’, blue bars) and TA
(‘TA’, green bars) Amaranthus palmeri populations. WT samples were collected from three untreated individuals. The EPSPS copy number is relative to
the susceptible samples. MB and TA biotypes survived 400 g glyphosate ae ha−1. Data in qRT-PCR were normalized using ⊎-tubulin as a reference gene.
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Figure 4. (a) Clustal Omega alignment of the EPSPS cassette reference sequence, with four different glyphosate-resistant A. palmeri Spanish biotypes.
Each sequence originates from distinct mother plants (A and B) within populations TA (ApTA) and MB (ApMB). The percentage of identity is represented
with a color bar at the top of the sequences. The identity percentage for each nucleotide tends to be closer to 0 (presence of SNPs) as the bar becomes
more red, and closer to 100 (analogous to the reference) as it becomes more green. (b) EPSPS cassette from A. palmeri, identified as NCBI accession
no. MT025716.1. The total sequence length is centrally indicated and the three amplificated region ‘A’, ‘C’, and ‘E’ are marked with a red circle.
(c) Close-up view of the three amplified regions, each located away from a codification sequence, which are annotated in orange, green and blue to rep-
resent genes, hypothetical proteins and hypothetical protein mRNA, respectively. Images generated using GENEIOUS PRIME 2023.2.1.
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Table 2. Comprehensive list detailing all target-sitemutations identified in surviving plant from both the (a) MB and (b) TA populations to ALS inhib-
itors imazamox (IMA) and thifensulfuron methyl (THIF). At the end of each table, the total number of biotypes having a particular mutation is pre-
sented, expressed as a ratio of mutated biotypes over the total number of plants analyzed. ‘N.S.’ Sanger sequencing did not produce a clear
sequence owing to technical problems

(a)

MontBlanc (MB)

Herbicide treatment SampleID Pro-197-Ser Pro-197-Thr Asp-376-Glu Trp-574-Leu

IMA MB_18 ✓

MB_19 ✓

MB_20 ✓

THIF MB_1 ✓

MB_2 ✓

MB_3 ✓

MB_4 ✓

MB_5 ✓ ✓

MB_6 ✓

MB_7 ✓

MB_8 ✓ ✓

MB_9 ✓

MB_10 ✓

MB_11 ✓

MB_12 ✓

MB_13 ✓ ✓

MB_14 ✓

MB_15 ✓

MB_16 ✓

MB_17 ✓ ✓

Total 13/20 5/20 5/20 1/20

(b)

Tarragona (TA)

Herbicide treatment Sample ID Pro-197-Ser Pro-197-Thr Pro-197-Ile Trp-574-Leu

IMA TA_1 ✓ ✓

TA_2 ✓

TA_3 ✓

TA_4 ✓

TA_5 ✓

TA_6 ✓

TA_7 ✓

TA_8 ✓

TA_9 ✓

THIF TA_12 ✓

TA_13 ✓

TA_14 ✓

TA_15 ✓

TA_16 ✓

TA_17
TA_18 ✓

TA_19 N.S.
TA_20 N.S.

TA_21 N.S.
TA_22 N.S.
TA_23 N.S.
TA_24 N.S.
TA_25 ✓

Total 6/23 0/23 1/23 10/23
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and resist glyphosate at the recommended application
rate.12,23,41,57

4.2 Multiple resistance to ALS- and EPSPS-inhibiting
herbicides
We report the presence of multiple resistant mechanisms to ALS
and EPSPS inhibitors at the individual plant level. A total of 10 indi-
vidual plants per population resistant to glyphosate were found
to havemultiplemutations in the ALS gene in addition to the pres-
ence of the EPSPS eccDNA (Table 3). Three different mutations
were found in positions Pro-197, Asp-376 and Trp-574. Surpris-
ingly, for the Pro-197 four different amino acid substitutions were
confirmed: Pro-197-Thr, Pro-197-Ser, Pro-197-Ala and Pro-197-Ile.
Two plants with a mutation in this position also presented gluta-
mic for aspartic substitution at codon 376 and one with a leucine
for a tryptophan at codon 574 occurring together in the same
plants.
The sequential application of EPSPS- and ALS-inhibiting herbi-

cides in glasshouse conditions further confirmed the multiple
resistance at plant level in MB and TA populations, as these plants
accumulate copy number variation and point mutations as TSR
mechanisms to each MoA, as shown before. Because we cannot
exclude the presence of other resistance mechanisms, further

investigations are needed to assess the presence of nontarget site
resistance mechanisms to both ALS and EPSPS inhibitors in these
populations. Both populations have no history of selection pres-
sure in roadsides with ALS inhibitors and therefore, the large num-
ber of plants found with resistance mechanisms to this MoA
suggest that they have been introduced from the country of ori-
gin. Although glyphosate resistance could be the result of local
selective pressure, we exclude that an independent evolutionary
event could have been resulted in the EPSPS eccDNA in a Spanish
population with a very high sequence similarity to the eccDNA
found in American populations, as described in other stud-
ies.34,36,56 For these reasons we suggest that both herbicide resis-
tance mechanisms found in individual plants in Spanish
populations likely appeared before being introduced in the coun-
try and rapidly spread, either by seeds or pollen. Further investiga-
tions are needed to define the evolutionary events leading to
multiple resistance at the plant level.

4.3 Introduction of the EPSPS cassette
Our results showed that EPSPS gene amplification is the main
glyphosate resistance mechanism in TA and MB populations. This
mechanism is attributed to the activity of EPSPS eccDNA that pre-
vious works showed emerging as unique evolutionary event and

Table 3. Comprehensive list detailing all target-site mutations in the ALS gene identified in surviving plant from both the (a) MB and (b) TA popula-
tions to a single dose of glyphosate. At the end of each table, the total number of biotypes having a particular mutation is presented, expressed as the
ratio of mutated biotypes to the total number of plants analyzed

(a)

MontBlanc (MB)

Herbicide treatment Sample ID Pro-197-Ser Pro-197-Thr Asp-376-Glu Trp-574-Leu

GLY MB_A1
MB_A2 ✓

MB_A3 ✓

MB_A4 ✓ ✓

MB_A5 ✓

MB_B1 ✓

MB_B2 ✓ ✓

MB_B3 ✓

MB_B4 ✓ ✓

MB_B5 ✓

Total 2/10 5/10 4/20 1/10

(b)

Tarragona (TA)

Herbicide treatment Sample ID Pro-197-Ser Pro-197-Thr Pro-197-Ile Pro-197-Ala Trp-574-Leu

GLY TA_A1 ✓

TA_A3 ✓ ✓

TA_A4 ✓

TA_A5
TA_A6 ✓

TA_B1 ✓

TA_B2 ✓

TA_B3 ✓

TA_B4 ✓

TA_B5 ✓

Total 3/10 1/10 2/10 1/10 3/10
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rapidly spreading in different countries.37,38,56 Supporting this
idea, different studies have demonstrated identical EPSPS eccDNA
sequences in geographically distant populations in North and
South America, likely owing to seed movement. Our data support
the idea that a similar scenario is currently occurring in
Europe.23,38,56

Sanger sequencing analysis was conducted on three distinct
noncoding regions (A, C and E) of the eccDNA from individual
plants (n = 43) of the TA and MB populations which survived a
single glyphosate dose. The ≈2500 bp analyzed showed 100%
identity with the American reference sequence. The absence of
any SNPs across all amplified regions strongly supports the idea
that the eccDNA present in TA and MB populations is the same
as identified in North and South America.35,37 This suggests that
the resistance mechanism found in Spanish populations origi-
nated from a single evolutionary event, likely in North America,
and subsequently spread into Spain. The conservation of the
eccDNA sequence also has been reported across multiple US
populations and for other countries such as Brazil and Uruguay
where the North American population seems to be the source of
introduction of glyphosate resistance.37–39,56 However, based on
these results, the exact origin of introduction cannot be accurately
established.
Nonetheless, when a herbicide-resistant population is intro-

duced in a new environment, resistance mechanisms could
emerge as the result of an independent evolutionary event. Yet,
the contribution of pollen- and seed-mediated gene flow is often
equal to or higher than independent evolutionary events.45 In
fact, we did not find any nucleotide difference in the eccDNA
sequence between the American and the Spanish populations.
Based on the conservation of the eccDNA sequence found in TA
and MB populations, this study proposes that glyphosate resis-
tance was introduced in Spain from North America, and the
resistancemechanism in TA andMB is the result of seed-mediated
gene flow. The results of this study, although limited to two popu-
lations both originating from the same country and with only a
portion of eccDNA sequenced, represent an intriguing first step
towards understanding the evolutionary nature of multiple resis-
tance in A. palmeri populations documented outside the Ameri-
can continent.
All of these results point to the introduction of herbicide resis-

tance in Spain through seed mediated gene flow. A. palmeri
resistant populations with resistance to up to eight MoAs have
been documented worldwide,10,11,13,15–19,22 and given the contin-
uous influx of new seeds into Spain and Europe, we cannot
exclude the possibility that additional herbicide resistance mech-
anisms also are being introduced. The multiple introductions of
A. palmeri individuals carrying pre-existing resistance to multiple
herbicides pose a serious threat to European agriculture.9,29 The
potential for further spread across Europe raises concerns about
yield losses in major crops such as maize, sunflower and sugar
beet, where effective postemergence control options are already
limited. Moreover, the entire Mediterranean region is particularly
affected by climate change, experiencing warmer winters and
hot, dry summers.58 Rising temperatures may render cooler
European regions more suitable for A. palmeri, expanding the
problem beyond the Mediterranean to the rest of Europe. A coor-
dinated European monitoring and containment program for A.
palmeri, both in agricultural fields and along roadside margins, is
essential to ensure the future effectiveness of chemical control
strategies.

5 CONCLUSIONS
This study is the first comparing the sequences of the eccDNA
between the American A. palmeri reference genome and multiple
herbicide-resistant populations from Spain. The lack of SNPs among
eccDNA from Spanish populations and a reference sequence from a
geographically distant plant (USA) supports the hypothesis of a
unique evolutionary origin of glyphosate resistance that is spread-
ing across the world, likely from North America. Furthermore, we
confirm multiple resistance to EPSPS and ALS inhibitors at both
the population and individual levels in Europe. The high number
of allelic variants for the ALS gene (eight in total) including Pro-
197-Ile, which represent the first report for a European population
of A. palmeri, found in areas without a selective pressure, further
supports the hypothesis that these independent evolutionary
events were selected in America before recurrently arriving to
Spain. The agricultural sector in Spain and other European countries,
faces a huge threat from this invasive weed species. The arrival of
these and new resistance alleles raises high concerns for managing
A. palmeri in Europe both in crop and noncrop land, because the risk
of selecting herbicide-resistant plants is immense.
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