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Abstract

Tall fleabane [Conyza sumatrensis (Retz.) E. Walker] is commonly invasive in agricultural
fields, reducing yield in various infested crops. The current study investigates the genetic
diversity within and between a significant number of invasive C. sumatrensis biotypes in soy-
bean fields in southern, southeastern, andmidwestern Brazil, using microsatellites as molecular
markers. High and low observed and expected heterozygosity estimated in microsatellite loci
supported our hypothesis that different levels of genetic diversity may be detected within
biotypes from different invaded fields. Analysis of a significant number of biotypes in several
fields showed high and low genetic diversity not associated with geographic distribution, bottle-
neck effect, or susceptibility to glyphosate. A deficit of heterozygous plants, high genetic diver-
gence, and moderate allelic transference were also observed. Allelic fixation was different in the
different biotypes. The bottleneck effect was seen in biotypes with reduced genetic diversity and
in biotypes with the highest genetic diversity. Data on genetic diversity, bottleneck effect, and
glyphosate resistance showed contrasts in biotypes from nearby invaded fields. Our study
showed different genetic diversity levels in biotypes from invaded areas under the same climatic
conditions.

Introduction

Low genetic diversity in invasive plant species is not as common as expected. Invasions have the
potential to generate founder effects and bottleneck genetic diversity (Dlugosch and Parker
2008; Excoffier et al. 2009; Petit et al. 2005). The founder effect associated with initial col-
onization can reduce genetic diversity in weed populations and limit their capacity to adapt
to novel conditions. However, high genetic diversity and significant heterozygote excess, as
an indication of population bottlenecking, have been reported (Marochio et al. 2017; Minati
et al. 2020; Okada et al. 2015). Multiple introductions and hybridization with native or other
introduced species have been proposed as ways to generate genetic diversity within weed
plant populations. Cross-pollinating plant species tend to have high levels of genetic varia-
tion within populations and low levels of genetic differentiation among populations
(Hamrick and Godt 1996). Outcrossing may increase the genetic variation and produce
novel gene combinations on which natural selection can act (see review by Ward et al.
[2008]). In this way, multiple introductions and hybridizations are the events attributed
to weed populations that manage to bypass the founding effect and promote high genetic
diversity.

Lower genetic diversity may be expected in weed plants in cultivated areas (corn [Zea mays
L.], soybeans [Glycine max (L.) Merr.], cotton [Gossypium hirsutum L.], pasture) due to the
selection pressure exerted by herbicide applications that aim to control weeds. Weed plants
cause serious economic losses in cultivated areas, and the use of chemical compounds is usually
the main option for their control. Species of the genus Conyza are examples of weed plants that
occur in cropping areas worldwide (Lazaroto et al. 2008; Thebaud and Abbott 1995; Travlos and
Chachalis 2013). Tall fleabane [Conyza sumatrensis (Retz.) E. Walker; also known as Sumatran
fleabane or broad-leaved fleabane; syn. Conyza albida Willd. ex Spreng] is a native species of
South America (Anastasiu and Memedemin 2011; Hao et al. 2009) and commonly invasive in
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crop areas of southern, southeastern, and midwestern Brazil
(Santos et al. 2014a). Reduced yields in different crops infested with
C. sumatrensis have been reported by Oliveira et al. (2013).

Despite the economic importance of C. sumatrensis, few studies
have particularly addressed the traits of this weed species. Only
some reproductive (Hao et al. 2009) and morphological (Sansom
et al. 2013) features, the occurrence of biotypes resistant to herbi-
cides (Santos et al. 2014a, 2014b, 2015), the impact of invasions
on the soil microbiome (Rasool et al. 2016), and genetic diversity
within and among different biotypes (Marochio et al. 2017;
Schneider et al. 2020) have been reported so far. Genetic diversity
analysis of weed populations has practical importance, such as in
predicting population response to biological or chemical control
(Ward et al. 2008). High genetic diversity may confer on plants
the ability to respond adequately to new selection pressures, to
adapt to environmental changes, and to expand their distribution
into new habitats (Erfmeier et al. 2013; Matesanz et al. 2014).
Higher genetic diversity indicates strong potential fitness of the
plant species, and plants with genotypes conferring the highest lev-
els of fitness are expected to survive and reproduce at a greater rate.

A high number of alleles at simple sequence repeats of DNA
(SSR loci or microsatellite loci) and high levels of observed and
expected heterozygosity have been reported in a few biotypes of
C. sumatrensis from different invaded areas of southern Brazil
(Marochio et al. 2017). Genetic dissimilarity among 15 biotypes
of C. sumatrensis from different fields from southern andmidwest-
ern Brazil determined using microsatellite loci was reported by
Schneider et al. (2020). However, there is no information on
genetic diversity within each biotype. In the present study, the
authors hypothesize that different genetic diversity may be
detected within each biotype. The level of genetic diversity within
each biotype may be relevant in establishing control strategies
using herbicides and predicting future invasive events. The objec-
tive of the present study was to evaluate the genetic diversity within
and among a larger number of C. sumatrensis biotypes that
are commonly invasive in 50 agricultural areas in southern,
southeastern, and midwestern Brazil, employing microsatellites
as molecular markers.

Materials and Methods

Samples of Conyza sumatrensis

Seeds of C. sumatrensis were collected from several plants in soy-
bean fields of southern (Rio Grande do Sul [RS], Santa Catarina
[SC], and Paraná [PR] states), southeastern (São Paulo [SP]
State), and midwestern (Mato Grosso do Sul [MS] State) Brazil
(Figure 1; Table 1). The seeds from each collection site were placed
in separate paper bags to prevent the mixture of seeds from dif-
ferent collection sites. Seeds from each site were randomly dis-
tributed for germination in separate 500-ml pots containing
sterile soil. Plants obtained from germinated seeds were main-
tained at room temperature in the greenhouse (23.395°S,
51.950°W, altitude 510 m), irrigated daily, and used for the
experiments.

Analysis of the C. sumatrensis plants for possible resistance to
glyphosate was carried out at different stages of development,
according to the protocol previously described by Santos et al.
(2014b). Only the plants from Mariluz (PR), Maringá (PR), and
Itaporã (MS) were classified as susceptible to glyphosate. Plants
from Abelardo Luz (SC), Sertanópolis (PR), Cambé (PR), and
Campos Novos Paulistas (SP) were ranked as slightly or

moderately sensitive to glyphosate, while plants from the other
43 biotypes were considered resistant to glyphosate (Santos
et al. 2014b).

DNA Extraction

DNA was extracted from young leaf tissues collected from
10 plants of C. sumatrensis from each invaded area (total of
500 plants). The young leaves were collected from plants
15 to 30 d after plant emergence. Leaf pieces (50 mg) from each
plant were separately ground in liquid nitrogen and homog-
enized in microcentrifuge tubes with 500 μl of extraction solu-
tion prepared with 100 mM Tris-HCl/20 mM EDTA containing
1.4 M NaCl, 2% cetyl trimethyl ammonium bromide, 2%
polyvinylpyrrolidone-40, and 0.2% β-mercaptoethanol. After
homogenization, themicrocentrifuge tubes were shaken gently and
incubated at 60 C for 30 min, and DNA was extracted according to
the protocol by Doyle and Doyle (1990). The DNA of each sample
was quantified in a UV-visible spectrophotometer (Picodrop®;
Victory Scientific, Sewell, NJ, USA); it was possible to check the
DNA concentration per microliter of each sample to dilute them
to 10 ng μl−1 for use in a polymerase chain reaction (PCR).

Amplification Reactions Using Microsatellite Primers

Ten pairs of primers for SSR previously developed for horseweed
[Conyza canadensis (L.) Cronquist] and showing transferability
to C. sumatrensis—HW02, HW04, HW06, HW21, HW27, and
HW29 (Abercrombie et al. 2009) and HWSSR01, HWSSR03,
HWSSR04, and HWSSR09 (Okada et al. 2013)—were used to
amplify the DNA samples by PCR. PCR was performed using a
Veriti 96 Well (Applied Biosystems, Thermo Fisher Scientific,
Waltham, MA, USA). The reaction mixtures were prepared in
microtubes (0.2 ml) with a final volume of 20 μl per reaction, con-
taining 20 ng of DNA; reaction buffer 1× (10 mM Tris-HCl, pH
8.3; 50 mM KCl); 2.0 mM MgCl2; 1 mM each of dATP, dGTP,
dCTP, and dTTP; 0.4 μM each primer (F and R primers); 1 unit
of Taq Polymerase Platinum (Invitrogen, Thermo Fisher Scientific,
Waltham, MA, USA); and Milli-Q® water (Merck Group,
Darmstadt, Germany) to bring the reaction to the final volume.
Microsatellite amplification was initially performed with initial
denaturation at 94 C for 5 min, followed by 34 cycles at 94 C
for 40 s; annealing was carried out at 55 C for 40 s, and extension
was at 72 C for 30 s; the final extension was at 72 C for 5 min.

Electrophoresis was performed in 4% agarose gel (50% agarose
UltraPureTM [Invitrogen] and 50% agarose MetaphorTM [Lonza
Bioscience, Morrisville, NC, USA]) using 0.5× TBE buffer (44.5
mmol L−1 Tris, 44.5 mmol L−1 boric acid, and 1 mmol L−1

EDTA) at 60 V for about 3 h. Each gel was stained with ethidium
bromide at 0.5 μg ml−1, and the image was captured using an L-Pix
HE (Loccus do Brasil LTDA Cotia, São Paolo, Brazil) and the soft-
ware L-Pix Image (Loccus do Brasil LTDA Cotia, São Paulo,
Brazil). The sizes of the amplified DNA segments (alleles) were
determined using a 100-bp DNA Ladder (Invitrogen).

Polymorphism Analysis

Polymorphisms from SSR loci were analyzed with POPGENE v.
1.32 (Yeh et al. 1999) to estimate the average number of alleles
per locus (Na), the average observed heterozygosity (Ho), the
expected heterozygosity (He), and the genetic diversity (FST)
among the biotypes of C. sumatrensis of the 50 invaded areas.
Analysis of molecular variance (AMOVA; GenAlEx v. 6.5;
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Peakall and Smouse 2012) explored the hierarchical partitioning
of genetic variation within and between the biotypes of the 50
invaded areas. Genetic identity (Nei 1978) and distances among
50 C. sumatrensis populations from different sites were also cal-
culated. The Mantel test was applied to investigate whether the
differentiation among the C. sumatrensis biotypes is related to

geographic distances, using GenAlEx v. 6.5 (Peakall and
Smouse 2012).

The biotypes were also examined for evidence of a genetic
bottleneck. A test for heterozygosity excess was employed to detect
bottlenecks under the infinite alleles model and the stepwise muta-
tion model using Bottleneck v. 1.2.02 (Cornuet and Luikart 1996).

Figure 1. Collection points for seeds of Conyza sumatrensis: São José do Ouro (1), Saldanha Marinho (2), Lagoa Vermelha (3), Santo Ângelo (4), Campos Novos 1 (5), Campos
Novos 2 (6), Abelardo Luz (7), Curitibanos 1 (8), Curitibanos 2 (9), Quilombo (10), Luiziana (11), Janiópolis (12), Goioerê (13), Mariluz (14), Rancho Alegre D’Oeste (15), São João do
Ivaí (16), Quinta do Sol (17), Alto Piquiri (18), Toledo (19), Marechal Cândido Rondon (20), Guaíra 1 (21), Guaíra 2 (22), Palotina 1 (23), Palotina 2 (24), Brasilândia do Sul (25),
Francisco Alves (26), Maringá (27), Céu Azul (28), Ouro Verde do Oeste 1 (29), Ouro Verde doOeste 2 (30), Lindoeste (31), Londrina 1 (32), Londrina 2 (33), Sertanópolis (34), Bela Vista
do Paraiso (35), Cambé (36), Mamborê 1 (37), Mamborê 2 (38), Pato Branco (39), Cambira (40), Francisco Beltrão (41), Santa Helena (42), Tamboara (43), Assaí (44), Rolandia (45),
Palmital (46), Campos Novos Paulistas (47), Caarapó (48), Itaporã (49), and Itaquiraí (50).
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DARwin software v. 6.0.021 (Perrier and Jacquemoud-Collet
2019) was used to calculate the pairwise dissimilarity coefficient
matrix from allelic data, using 1,000 bootstraps. The pairwise dis-
similarity coefficient matrix generated was used to perform a
principal coordinate analysis (PCoA) and to construct a hierarchi-
cal clustering tree, also using DARwin v. 6.0.021. PCoA is a
distance-based model using jointly a dissimilarity matrix calcu-
lated with a simple-matching index and a factorial analysis.

Polymorphism in the SSR loci was also analyzed using the soft-
ware Structure v. 2.0 (Pritchard et al. 2003) to evaluate the level of
genetic admixture among the 50 biotypes of C. sumatrensis. The
genotypes were clustered, with the number of clusters (K) ranging
from 2 to 20 and were tested using the admixture model with a

burn-in period of 5,000 repeats followed by 50,000 Markov chain
Monte Carlo repeats, considering the presence and absence of
alleles across the sample. The true number of populations (K) is
often identified using the maximal value of ΔK returned by the
software. The most likely number (K) of subpopulations was iden-
tified as described by Evanno et al. (2005). The graphical output
display of the Structure results was taken as input data using the
Structure Harvester, a website and software that are used to visu-
alize Structure output and to implement the Evanno method (Earl
and Von Holdt 2012) to display a graphical representation.

Results and Discussion

DNA genomic quantification indicated that the amount of DNA
ranged from 34.2 to 1,550.6 ng μl−1. A total of 42 alleles, which
is an average of 4.2 alleles per locus, were detected in the 500 C.
sumatrensis plants. Six alleles in locus HWSSR01; five in loci
HW02, HW21, HW27; four in loci HW04, HW06, HWSSR03,
HWSSR04; three in locus HWSSR09; and two in locus HW29 were
observed in biotypes of C. sumatrensis of the 50 invaded areas
(Table 2).

The estimated proportion of SSR polymorphic loci (%P) ranged
from 30% (inMamborê 1 [PR]) to 100% (in 17 invaded fields). The
highest proportion of SSR polymorphic loci (100%) was observed
in 34% of biotypes. A low proportion of SSR polymorphic loci
(P < 50%) was observed only in three biotypes (Luiziana [PR],
Mamborê 1 [PR], and Palmital [SP]), while a high proportion of
SSR polymorphic loci (P ≥ 50%) was detected in 94% of biotypes
(Table 3).

The observed (Ho) and expected (He) mean heterozygosity rates
were also different in 50 C. sumatrensis biotypes. The molecular
diversity was the highest (He= 0.5535) in biotypes from Ouro
Verde do Oeste 1 (PR). TheHe > 0.50 was detected in five biotypes
(Abelardo Luz [SC], Goioerê [PR], Guaíra 2 [PR], Ouro Verde do
Oeste 1 [PR], and Ouro Verde do Oeste 2 [PR]), while the lowest
molecular diversity (He< 0.20) was detected in the biotypes of four
invaded fields (Quinta do Sol [PR], Luiziana [PR], Palmital [SP],
andMamboré 1 [PR]). The expected mean heterozygosity (0.6287)
was higher than the observed mean heterozygosity (0.2222) in the
50 biotypes, indicating a deficit of loci in heterozygosis (Table 3).

The high polymorphism (100%) and genetic diversity at the
molecular level within the C. sumatrensis biotypes (He= 0.6287)
detected in our study are in accordance with the high levels of poly-
morphism and expected heterozygosity reported in a few biotypes
studied byMarochio et al. (2017). On the other hand, the low poly-
morphism and expected heterozygosity (He < 0.20) observed in
biotypes from four invaded fields (Luiziana, Quinta do Sol,
Mamborê 1, and Palmital) support our hypothesis that different
genetic diversity may be detected within biotypes from different
invaded areas. A high or low level of genetic diversity is relevant
information when predicting population response to chemical
control. According to Ye et al. (2003), herbicides and biocontrol
agents may have more immediate impact and longer-term efficacy
when used on weed plant populations with lower levels of genetic
diversity. Alternatively, high genetic variation at the population
level might be particularly advantageous for a particular species
due to the increased ability to respond differently to new selection
pressures, such as different herbicide modes of action (Erfmeier
et al. 2013).

The global deficit of heterozygotes (FIS) in the 50 biotypes was
0.3899, which seemed either high or low depending on the individ-
ual SSR locus analyzed (Table 4). The analysis of the HWSSR03

Table 1. Collection points of the Conyza sumatrensis seeds from biotypes in
soybean fields of southern (Rio Grande do Sul [RS], Santa Catarina [SC], and
Paraná [PR] states), southeastern (São Paulo [SP] State), and midwestern
(Mato Grosso do Sul [MS] State) of Brazil.

Biotypes Geographic coordinates

1 São José do Ouro (RS) 27.804°S, 51.575°W
2 Saldanha Marinho (RS) 28.356°S, 53.092°W
3 Lagoa Vermelha (RS) 28.221°S, 51.596°W
4 Santo Ângelo (RS) 28.299°S, 54.263°W
5 Campos Novos 1 (SC) 27.418°S, 51.155°W
6 Campos Novos 2 (SC) 27.366°S, 51.310°W
7 Abelardo Luz (SC) 26.648°S, 52.202°W
8 Curitibanos 1 (SC) 27.263°S, 50.609°W
9 Curitibanos 2 (SC) 27.260°S, 50.605°W
10 Quilombo (SC) 26.778°S, 52.703°W
11 Luiziana (PR) 24.219°S, 52.242°W
12 Janiópolis (PR) 24.031°S, 52.817°W
13 Goioerê (PR) 24.229°S, 52.948°W
14 Mariluz (PR) 24.116°S, 53.214°W
15 Rancho Alegre D’Oeste (PR) 24.241°S, 52.872°W
16 São João do Ivaí (PR) 23.935°S, 51.809°W
17 Quinta do Sol (PR) 23.807°S, 52.177°W
18 Alto Piquiri (PR) 24.059°S, 53.485°W
19 Toledo (PR) 24.601°S, 53.714°W
20 Mal. Cândido Rondon (PR) 24.500°S, 54.287°W
21 Guaíra 1 (PR) 24.229°S, 54.289°W
22 Guaíra 2 (PR) 24.145°S, 54.280°W
23 Palotina 1 (PR) 24.261°S, 53.800°W
24 Palotina 2 (PR) 24.237°S, 53.774°W
25 Brasilândia do Sul (PR) 24.218°S, 53.578°W
26 Francisco Alves (PR) 24.087°S, 53.907°W
27 Maringá (PR) 23.425°S, 51.939°W
28 Céu Azul (PR) 25.176°S, 53.925°W
29 Ouro Verde do Oeste 1 (PR) 24.810°S, 53.916°W
30 Ouro Verde do Oeste 2 (PR) 24.810°S, 53.916°W
31 Lindoeste (PR) 25.175°S, 53.585°W
32 Londrina 1 (PR) 23.452°S, 51.150°W
33 Londrina 2 (PR) 23.467°S, 50.984°W
34 Sertanópolis (PR) 22.983°S, 51.143°W
35 Bela Vista do Paraiso (PR) 23.018°S, 51.235°W
36 Cambé (PR) 23.069°S, 51.284°W
37 Mamborê 1 (PR) 24.448°S, 52.559°W
38 Mamborê 2 (PR) 24.029°S, 52.617°W
39 Pato Branco (PR) 26.229°S, 52.671°W
40 Cambira (PR) 23.583°S, 51.578°W
41 Francisco Beltrão (PR) 26.081°S, 53.055°W
42 Santa Helena (PR) 24.887°S, 54.379°W
43 Tamboara (PR) 23.145°S, 52.522°W
44 Assaí (PR) 23.373°S, 50.841°W
45 Rolândia (PR) 23.310°S, 51.369°W
46 Palmital (SP) 22.758°S, 50.192°W
47 Campos Novos Paulistas (SP) 22.598°S, 50.081°W
48 Caarapó (MS) 22.516°S, 54.758°W
49 Itaporã (MS) 22.075°S, 54.775°W
50 Itaquiraí (MS) 23.644°S, 54.194°W
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locus (FIS= 0.7894) indicated the highest value for homozygote
excess, while at the HW29 locus, the FIS value was negative
(FIS =−0.8954) indicating heterozygote excess. The positive global
value of FIS indicated a 38.99% deficit in heterozygous plants.
The selective pressures arising from herbicide applications may
lead to an excess of homozygous plants. Increased homozygosity
may lead to a great number of deleterious recessive alleles, with
a subsequent lowering of fitness. Reduced heterozygosity reduces
the fitness of inbred individuals at loci in which heterozygous
specimens have a relative advantage over homozygous specimens
(Allendorf and Luikart 2007). On the other hand, high hetero-
zygosity may indicate a considerable amount of adaptive genetic
variations to escape the effects of a control agent.

The genetic divergence represented by the FST rate was high
(0.4208) and indicated that different allelic frequencies conferred
42.08% of genetic divergence among the C. sumatrensis biotypes
from 50 soybean fields. According to Wright’s F-statistic (Wright
1978), values of FST ranging from 0.01 to 0.05 indicate minimal
divergence among populations; those from 0.05 to 0.15 indicate
moderate divergence, whereas those ranging from 0.15 to 0.25
indicate high genetic divergence. The observed FST > 0.25 indicates
very high genetic divergence among the 50 C. sumatrensis popu-
lations. Because the gene flow determined from FST, [FST= 0.25
(1 − FST)/FST], was intermediate (Nm= 0.3441; 0.25 < Nm <
1.0) among the samples from the 50 biotypes, a moderate allelic
transfer has been suggested, owing to seeds or seedlings being
transferred from one site to another, or to the invasion of a new
field, or even as result of vegetative propagation. AMOVA showed
higher genetic variation within (54%; sum of squares = 2,530.8;
variance components = 5.6) than among (46%; sum of squares
= 2,645.6; variance components = 53.99) the 50 biotypes.

The self- and cross-pollinating mating systems reported in
C. sumatrensis (Hao et al. 2009) might contribute to genetic diver-
sity and to the species’ successful invasive capability. Higher
genetic variation within than among the biotypes from the 50 fields
support an indication of cross-pollination occurrence in C. suma-
trensis. High genetic diversity within populations and relatively low
diversity among populations are observed in outcrossing species
(Clasen et al. 2011). The versatile mating system in C. sumatrensis

may ensure production of a significant number of seeds by self- or
cross-pollination, contributing also to the species’ success in
invasion. Studies by Hao et al. (2009) have provided evidence
for a nonspecialized pollination mechanism that does not require
specialized pollinators.

Environmental effects may also induce different genetic diver-
sity detected within C. sumatrensis biotypes from different invaded
fields. Different climate conditions could cause different environ-
mental selection pressures in invasive populations (Tang and Ma
2020). Different physical, chemical, and biological soil properties
could select seeds with different physiological potential (Vaz
Mondo et al. 2012). Different environmental selection pressures
may lead to the selection of favorable genetic variation to adapt
to different climates and environments (Williams et al. 2020).
Differential selection of favorable genetic variation may determine
different genetic diversity within biotypes in different invaded
areas. Smith et al. (2020) showed that environmental gradients
characterized by mean temperature, temperature seasonality,
and mean precipitation affected population growth rate, fecundity,
and neutral and adaptive genetic diversity in native and nonnative
ranges of narrow leaf plantain (Plantago lanceolata L.).

In the bottleneck tests for heterozygosity excess (Table 5), the
infinite allele model showed evidence of bottlenecks in biotypes of
29 invaded fields (58%) of C. sumatrensis, and the stepwise muta-
tion model showed evidence of bottlenecks in biotypes of 11
invaded fields (22%). Table 5 shows the probabilities (P < 0.05)
of each population in balance between mutation and genetic drift
(Cornuet and Luikart 1996) evaluated with the Signal test, stand-
ardized differentiation test, and Wilcoxon test, according to the
infinite allele models mutation (IAM; Kimura and Crow 1964)
and stepwise mutation model (SMM; Ohta and Kimura 1973)
with heterozygosity excess (H > He) detected in the SSR loci.
The heterozygosity excess supports the conclusion that a recent
bottleneck effect took place in 58% of the biotypes. The
Wilcoxon test for heterozygosity excess showed a recent bottle-
neck effect in biotypes of 10 invaded fields (50%) for the two
models. According to assumptions that all loci fit one of the
two models, no heterozygosity excess was detected in SSR loci
of the biotypes of 21 invaded fields (42%).

Table 2. Nucleotide sequences of the SSR primers, simple sequence repeats of each primer (SSR), number of alleles (Na) detected by each primer in the Conyza
sumatrensis, and variation in allele size (bp) detected in the samples.

Primer Nucleotide sequence SSR Na bp

HW02 AGTATTTGGCAATCAAAATTCG(F) (AC)17 (AT)8 5 150–210
TCACAATCACAAACAACACAAA(R)

HW04 GCCACCCTATTGTTTTGGTTAT(F) [(CA)3]14 (AT)7 4 183–230
AACTTGCATGGTAGTCAACGTC(R)

HW06 CTTGCATGGTAGTCAACGTCAT(F) (AT)7 (GT)6 4 188–225
CAGAGGTGGTCATGTGATGTG(R) (GT)6 (CT)10

HW21 ATAGTCGAATTGGTCACGATTTG(F) (CA)13 5 140–230
GCAGTTTTCACTCTTCTCTCGAA(R)

HW27 TTTCATAGTCGAATTGGTCACG(F) (CA)14 5 140–230
CCGGTAGCAGTTTTCACTCTTC(R)

HW29 CTACTTGTTCAATTTATCCATAC(F) (AC)7 (ATAC)22 2 138–170
AAACTGGTTACTTCTCTTCC(R)

HWSSR01 TATGTTGTACGACTGACTGAGATC(F) (CTAT)21 6 160–375
CCATTGACTGTAGACCAGTGTG(R)

HWSSR03 TTGACTCCAACTCGTAGTGTATG(F) (TG)7 (GTATAT)7 4 150–175
ACGTTAAATCTCTCGTGTCCTTC(R)

HWSSR04 GGAAAACTCCTGTCATAGTATTAGC(F) (AAT)18 4 175–210
ATTAAAATCTAGCAAGGCCGAAC(R)

HWSSR09 CATGAGTTTGAGTTATCCCAGAT(F) (AATTT)5 3 171–200
CGAATACTTTCAATGCTTACGAC(R)
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The founder effect associated with initial colonization may
reduce genetic diversity in the weed biotypes from the four areas,
while multiple introductions and hybridization may generate
genetic diversity within invading plants. The bottleneck effect
was seen in biotypes with reduced genetic diversity and also in bio-
types with the highest genetic diversity (Ouro Verde do Oeste 1,
Abelardo Luz Guaíra 2, Ouro Verde do Oeste 2, Goioerê). In inva-
sion processes, genetic variation is often reduced, because weed
populations are established by a small number of founders that
represent only a fraction of the original genetic diversity
(Dlugosch and Parker 2008; Voss et al. 2012; Zhang et al. 2010).
Bottleneck effects may be reduced by introductions of genetically
differentiated populations (Zhao and Lou 2017). According to
Tang andMa (2020), the founder effect and multiple introductions

Table 3. Percentage of polymorphic locus (%P), number of alleles (Na) and number of effective alleles (Ne) per polymorphic SSR locus, mean observed heterozygosity
(Ho) and expected heterozygosity (He), and richness of alleles (A) in biotypes of Conyza sumatrensis from 50 invasive areas in soybean fields of southern (Rio Grande do
Sul [RS], Santa Catarina [SC], and Paraná [PR] states), southeastern (São Paulo [SP] State), and midwestern (Mato Grosso do Sul [MS] State) Brazil.

Biotypes P Na Ne Ho He A

1 São José do Ouro (RS) 80% 1.9 1.4061 0.1300 0.2475 1.9
2 Saldanha Marinho (RS) 50% 1.8 1.5189 0.1400 0.2345 1.8
3 Lagoa Vermelha (RS) 80% 2.3 1.8311 0.1400 0.3760 2.3
4 Santo Ângelo (RS) 80% 2.2 1.6412 0.2400 0.3430 2.2
5 Campos Novos 1 (SC) 100% 3.0 1.9596 0.1300 0.4505 3.0
6 Campos Novos 2 (SC) 90% 3.0 2.2682 0.2600 0.4870 3.0
7 Abelardo Luz (SC) 100% 3.0 2.4195 0.2600 0.5515 3.0
8 Curitibanos 1 (SC) 80% 2.1 1.6598 0.2300 0.3500 2.1
9 Curitibanos 2 (SC) 70% 2.4 1.8427 0.2400 0.3690 2.4
10 Quilombo (SC) 80% 2.1 1.6241 0.2500 0.3095 2.1
11 Luiziana (PR) 40% 1.4 1.3374 0.1500 0.1795 1.4
12 Janiópolis (PR) 100% 2.6 1.8421 0.2400 0.4410 2.6
13 Goioerê (PR) 100% 2.9 2.239 0.3100 0.5150 2.9
14 Mariluz (PR) 100% 2.7 2.0929 0.2000 0.4445 2.7
15 Rancho Alegre D’Oeste (PR) 80% 2.1 1.5957 0.2800 0.3020 2.1
16 São João do Ivaí (PR) 100% 2.6 1.7292 0.1700 0.4075 2.6
17 Quinta do Sol (PR) 60% 1.7 1.3244 0.1300 0.1915 1.7
18 Alto Piquiri (PR) 90% 2.4 1.7185 0.1400 0.3840 2.4
19 Toledo (PR) 80% 2.5 1.8136 0.2300 0.3720 2.5
20 Mal. Cândido Rondon (PR) 100% 2.8 2.1347 0.2300 0.4960 2.8
21 Guaíra 1 (PR) 90% 2.2 1.6069 0.2500 0.3215 2.2
22 Guaíra 2 (PR) 100% 3.1 2.3196 0.4000 0.5160 3.1
23 Palotina 1 (PR) 90% 2.1 1.6843 0.1600 0.3470 2.1
24 Palotina 2 (PR) 90% 2.4 1.8302 0.1400 0.3715 2.4
25 Brasilândia do Sul (PR) 100% 2.4 1.7106 0.3200 0.3700 2.4
26 Francisco Alves (PR) 90% 2.2 1.911 0.2000 0.4320 2.2
27 Maringá (PR) 90% 2.1 1.5824 0.1900 0.3130 2.1
28 Céu Azul (PR) 100% 2.5 1.9407 0.2600 0.4445 2.5
29 Ouro Verde do Oeste 1 (PR) 100% 3.1 2.4022 0.4200 0.5535 3.1
30 Ouro Verde do Oeste 2 (PR) 100% 3.1 2.2761 0.3300 0.5155 3.1
31 Lindoeste (PR) 100% 2.4 1.874 0.3500 0.4430 2.4
32 Londrina 1 (PR) 100% 2.8 2.0763 0.3600 0.4935 2.8
33 Londrina 2 (PR) 90% 2.0 1.477 0.0800 0.2910 2.0
34 Sertanópolis (PR) 100% 2.6 2.0655 0.3200 0.4800 2.6
35 Bela Vista do Paraiso (PR) 90% 2.0 1.544 0.1900 0.3125 2.0
36 Cambé (PR) 80% 2.0 1.6252 0.1600 0.3315 2.0
37 Mamborê 1 (PR) 30% 1.4 1.1735 0.1000 0.1020 1.4
38 Mamborê 2 (PR) 90% 2.3 1.8241 0.1600 0.3855 2.3
39 Pato Branco (PR) 90% 2.3 1.6772 0.2000 0.3355 2.3
40 Cambira (PR) 90% 2.4 1.6813 0.2800 0.3510 2.4
41 Francisco Beltrão (PR) 80% 2.0 1.5207 0.3100 0.2935 2.0
42 Santa Helena (PR) 100% 2.1 1.7629 0.2600 0.3955 2.1
43 Tamboara (PR) 80% 2.1 1.6128 0.1800 0.3215 2.1
44 Assaí (PR) 90% 2.1 1.5368 0.1600 0.3080 2.1
45 Rolandia (PR) 100% 2.4 1.8211 0.1900 0.4070 2.4
46 Palmital (SP) 40% 1.4 1.2305 0.1000 0.1270 1.4
47 Campos Novos Paulistas (SP) 50% 2.2 1.8659 0.1900 0.4115 2.2
48 Caarapó (MS) 50% 1.6 1.4587 0.2800 0.2210 1.6
49 Itaporã (MS) 60% 1.9 1.639 0.2500 0.3075 1.9
50 Itaquiraí (MS) 50% 1.6 1.537 0.2200 0.2550 1.6

Mean 4.2 2.7656 0.2222 0.6287 2.3

Table 4. Deficit of heterozygous (FIS), genetic divergence (FST), and gene flow
(Nm) in 10 SSR loci of the biotypes of Conyza sumatrensis from 50 invasive
areas in soybean fields of southern Brazil.

SSR locus FIS FST Nm

HW02 — 0.4403 0.3178
HW04 0.6110 0.4104 0.3592
HW06 0.4820 0.3769 0.4132
HW21 0.3584 0.5212 0.2297
HW27 0.5703 0.6453 0.1374
HW29 −0.8954 0.0204 12.0000

HWSSR01 0.7107 0.3790 0.4096
HWSSR03 0.7894 0.3891 0.3926
HWSSR04 0.7625 0.3685 0.4283
HWSSR09 0.2771 0.5412 0.2120
Mean 0.3899 0.4208 0.3441
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are antagonistic processes in genetic diversity that could occur in
different invasion events of the same species. Thus, different inva-
sion events may generate biotypes with different genetic diversity.
Several studies have shown that the admixture of seeds and/or
invading propagules in each area can lead to hybrid vigor through
recombination (Facon et al. 2005, 2008; Keller and Taylor 2010;
Keller et al. 2012; Lavergne and Molofsky 2007; Lucardi et al.
2020; Verhoeven et al. 2011) and may increase genetic diversity.

Allelic fixation was observed in biotypes from 32 invaded fields
(Table 6). The HW04183, HWSSR09186, and HW06188 alleles were

more commonly fixed in biotypes from nine and seven invaded
areas, respectively. Allelic fixation was higher in the biotypes from
Mamborê 1 (7 alleles); Luiziana and Palmital (6 alleles); and
Saldanha Marinho, Caarapó, and Itaquiraí (5 alleles). The highest
numbers of fixed alleles were observed in biotypes with low mean
observed heterozygosity (Ho< 0.20). A high number of fixed alleles
were observed in biotypes with high (Itaquiraí; 68.7%) and low
(Saldanha Marinho; 2.5%) glyphosate resistance. The allelic fixa-
tion observed in biotypes of C. sumatrensis from 32 different inva-
sive fields may be a result of genetic drift or selective pressures.

Table 5. Expected number of loci with excess heterozygosity (N), numbers of loci with deficit (D) and excess (E) heterozygosity, and the probabilities (P) of populations
in balance betweenmutation and genetic drift evaluated with the Signal test, standardized differentiation test, andWilcoxon test, according to themutation to infinite
allele models mutation (IAM) and stepwise mutation model (SMM).

Signal test Standardized differentiation test Wilcoxon test

IAM SMM IAM SMM IAM SMM

Pop. N D E P N D E P T2 P T2 P P P

1 RS 3.46 3 5 0.2269 4.33 4 4 0.5433 0.523 0.3003 −0.306 0.3797 0.8437 0.7421
2 RS 2.46 2 3 0.4852 2.73 2 3 0.5859 1.878 0.0337 0.893 0.1859 0.1562 0.1562
3 RS 4.01 2 6 0.1423 4.63 2 6 0.2727 2.160 0.0154 0.979 0.1687 0.0390 0.3828
4 RS 4.02 2 6 0.1451 4.60 5 3 0.2129 1.585 0.0564 0.376 0.3532 0.0195 0.8437
5 SC 5.34 4 6 0.4621 5.90 6 4 0.1817 0.659 0.2548 −1.092 0.1373 0.4921 0.8388
6 SC 4.87 1 8 0.0330 5.26 3 6 0.4436 2.268 0.0116 0.959 0.1686 0.0097 0.2213
7 SC 5.14 1 9 0.0122 5.68 2 8 0.1196 3.328 0.0004 2.131 0.0165 0.0019 0.0185
8 SC 3.74 1 7 0.0221 4.58 1 7 0.0794 2.194 0.0141 1.106 0.1343 0.0078 0.0273
9 SC 3.71 1 6 0.0815 4.06 3 4 0.6227 2.030 0.0211 0.735 0.2310 0.0234 0.4687
10 SC 3.81 3 5 0.3115 4.48 4 4 0.5009 1.251 0.1054 0.208 0.4176 0.3125 1.0000
11 PR 1.71 0 4 0.0331 2.11 0 4 0.0775 2.453 0.0070 2.046 0.0203 0.0625 0.0312
12 PR 4.86 3 7 0.1471 5.63 3 7 0.2927 1.756 0.0395 0.132 0.4474 0.1308 0.7695
13 PR 5.10 1 9 0.3228 5.76 3 7 0.3228 2.650 0.0040 1.440 0.0749 0.0019 0.0244
14 PR 5.18 3 7 0.1999 5.67 3 7 0.3017 1.774 0.0350 0.764 0.2243 0.0322 0.6250
15 PR 3.93 3 5 0.3420 4.55 3 5 0.5196 0.981 0.1632 −0.092 0.4634 0.4609 0.9453
16 PR 4.96 3 7 0.1613 5.77 6 4 0.2063 0.997 0.1594 −0.614 0.2694 0.2158 0.4921
17 PR 2.81 3 3 0.5958 3.29 3 3 0.5613 0.514 0.3036 −0.472 0.3183 0.5625 0.6875
18 PR 4.49 1 8 0.0180 5.22 3 6 0.4313 1.424 0.0772 0.207 0.4179 0.0273 0.8203
19 PR 4.05 3 5 0.3739 4.69 3 5 0.5627 1.447 0.0740 0.205 0.4978 0.2500 0.9453
20 PR 5.06 1 9 0.0111 5.54 2 8 0.1027 2.602 0.0046 1.292 0.0981 0.0136 0.1601
21 PR 4.16 3 6 0.1824 4.93 3 6 0.3562 0.939 0.1748 −0.153 0.4390 0.4257 1.0000
22 PR 5.10 1 9 0.0118 5.76 3 7 0.3223 2.350 0.0093 0.908 0.1819 0.0244 0.2324
23 PR 4.16 3 6 0.1827 4.92 3 6 0.3540 1.793 0.0364 0.967 0.1667 0.1606 0.3593
24 PR 4.46 4 5 0.4894 5.06 4 5 0.6105 1.294 0.0978 0.224 0.4113 0.1640 0.8203
25 PR 4.60 3 7 0.1112 5.52 6 4 0.2571 1.029 0.1518 −0.142 0.4436 0.3750 0.6953
26 PR 4.27 1 8 0.0125 5.13 1 8 0.0487 3.352 0.0040 2.475 0.0066 0.0039 0.0019
27 PR 4.21 5 4 0.5801 4.90 6 3 0.1733 0.972 0.1654 0.090 0.4642 0.6523 0.9101
28 PR 4.79 3 7 0.1365 5.71 4 6 0.5599 2.249 0.0122 1.071 0.1420 0.0322 0.1933
29 PR 5.22 1 9 0.0139 5.66 3 7 0.3014 2.974 0.0014 1.615 0.0531 0.0019 0.1308
30 PR 5.24 2 8 0.0712 5.64 4 6 0.5408 2.163 0.0152 0.776 0.2187 0.0097 0.3222
31 PR 4.72 2 8 0.0360 5.52 3 7 0.2688 2.623 0.0043 1.588 0.0561 0.0048 0.0136
32 PR 5.14 1 9 0.0123 5.64 1 9 0.0280 2.370 0.0089 1.019 0.1540 0.0019 0.0244
33 PR 4.11 4 5 0.3952 4.84 4 5 0.5916 0.928 0.1766 −0.096 0.4617 0.5403 0.9101
34 PR 4.78 3 7 0.1345 5.52 3 7 0.2702 2.804 0.0025 1.564 0.0589 0.0136 0.1933
35 PR 4.11 3 6 0.1752 4.90 4 5 0.6081 1.390 0.0822 0.454 0.3250 0.2500 0.8203
36 PR 3.73 2 6 0.1021 4.42 3 5 0.4831 2.101 0.0178 1.259 0.1040 0.0273 0.1953
37 PR 1.45 2 1 0.5253 1.68 2 1 0.4107 0.151 0.4400 −0.544 0.2932 1.0000 0.3750
38 PR 4.45 2 7 0.0826 4.97 3 6 0.3647 2.042 0.0205 1.033 0.1500 0.0488 0.4257
39 PR 4.43 3 6 0.2367 5.08 4 5 0.6063 0.770 0.2206 −0.461 0.3224 0.6523 0.8203
40 PR 4.49 3 6 0.2495 5.13 3 6 0.4086 0.712 0.2382 −0.526 0.2996 0.5703 1.0000
41 PR 3.73 3 5 0.2903 4.55 3 5 0.5217 1.203 0.1145 0.147 0.4417 0.3125 0.7421
42 PR 4.70 2 8 0.0356 5.32 2 8 0.0804 2.617 0.0044 1.762 0.0390 0.0185 0.0185
43 PR 3.90 2 6 0.1264 4.47 4 4 0.5012 1.479 0.0695 0.460 0.3228 0.1953 0.7421
44 PR 4.04 4 5 0.3745 4.96 4 5 0.6241 0.877 0.1901 −0.213 0.4157 0.4960 0.9101
45 PR 4.53 2 8 0.0272 5.42 4 6 0.4825 1.966 0.0246 0.831 0.2013 0.1601 0.6250
46 SP 1.66 2 2 0.5505 2.13 2 2 0.6381 0.763 0.2228 0.230 0.4091 0.3125 1.0000
47 SP 4.23 1 8 0.0117 4.92 1 8 0.0363 2.859 0.0021 1.984 0.0236 0.0058 0.0273
48 MS 2.23 1 4 0.1251 2.70 1 4 0.2404 2.250 0.0122 1.688 0.0457 0.0625 0.0625
49 MS 2.92 0 6 0.0124 3.39 1 5 0.1816 2.796 0.0025 1.912 0.0279 0.0156 0.0312
50 MS 2.22 0 5 0.0164 2.71 0 5 0.0463 3.298 0.0004 2.699 0.0034 0.0312 0.0312
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Genetic drift may be due to the bottleneck effect or to the founder
effect (Andrews 2010). Bottleneck effect in 58% of the biotypes,
probably in response pressure caused by herbicide applications,
and founder effect due to invasion processes by a small number
of founder seeds were both admitted in our study. Moreover,
C. sumatrensis is subjected to chemical control, particularly the
intense human-induced selective pressure caused by herbicide
applications, and this may lead to random allelic fixation. The
alleles HW04183, HWSSR09186, and HW06188 were the most com-
monly fixed in biotypes of C. sumatrensis. However, no relation-
ship was observed between the presence of most commonly
fixed alleles, HW04183, HWSSR09186, and HW06188, and the pro-
portion of biotypes with low or high resistance.

The low value obtained with the Mantel test (R2= 0.1032)
showed that the differentiation among the C. sumatrensis biotypes
is not related to geographic distances between them.Higher genetic
identity (I= 0.9174) was observed between the biotypes from
Palotina (PR) and Mamborê 2 (PR), while lower identity
(I= 0.1644) was observed between the biotypes from São José
do Ouro (RS) and Maringá (PR) (Supplementary Table S1).

The unweighted pair group method with arithmetic mean
(UPGMA) dendrogram obtained from the cluster analysis of
Nei’s (1978) unbiased genetic distance (Figure 2) revealed the for-
mation of four main groups, one smaller group, and four isolated
groups. One group comprised biotypes from invaded fields in RS,
SC, and MS; a second comprised biotypes from invaded fields in

Table 6. Allelic fixation, mean heterozygosity observed (Ho), and rate of Conyza sumatrensis biotype glyphosate resistance (GR) in each invaded area.

Biotypes Ho Fixed alleles GR

1 São José do Ouro (RS) 0.1300 HW02200 20.0%
2 Saldanha Marinho (RS) 0.1400 HW06188/HW021140/HW027157/HWSSR04175/HWSSR09186 2.5%
3 Lagoa Vermelha (RS) 0.1400 HW027157/HWSSR09186 43.7%
4 Santo Ângelo (RS) 0.2400 HW027186/HWSSR09186 50.0%
5 Campos Novos 1 (SC) 0.1300 — 30.0%
6 Campos Novos 2 (SC) 0.2600 HWSSR04175 17.5%
7 Abelardo Luz (SC) 0.2600 — 18.8%
8 Curitibanos 1 (SC) 0.2300 HWSSR04175/HWSSR09186 7.5%
9 Curitibanos 2 (SC) 0.2400 HW04183/HW06188/HWSSR09186 11.2%
10 Quilombo (SC) 0.2500 HW04183/HW06188 7.5%
11 Luiziana (PR) 0.1500 HW02167/HW04200/ HW021150/ HWSSR01160/ HWSSR03150/ HWSSR09200 13.7%
12 Janiópolis (PR) 0.2400 — 56.0%
13 Goioerê (PR) 0.3100 — 44.4%
14 Mariluz (PR) 0.2000 — 15%
15 Rancho Alegre D’Oeste (PR) 0.2800 HWSSR01160/ HWSSR04200 36.2%
16 São João do Ivaí (PR) 0.1700 — 8.7%
17 Quinta do Sol (PR) 0.1300 HW02167/HWSSR01160/HWSSR03163/HWSSR04175 10.0%
18 Alto Piquiri (PR) 0.1400 HW06188 70.0%
19 Toledo (PR) 0.2300 HW06188/HW027157a 1.3%
20 Marechal Cândido Rondon (PR) 0.2300 — 6.2%
21 Guaíra 1 (PR) 0.2500 HWSSR01160 7.5%
22 Guaíra 2 (PR) 0.4000 — 10.0%
23 Palotina 1 (PR) 0.1600 HW021150 36.2%
24 Palotina 2 (PR) 0.1400 HWSSR04175 16.2%
25 Brasilândia do Sul (PR) 0.3200 — 5.0%
26 Francisco Alves (PR) 0.2000 HW027186 33.7%
27 Maringá (PR) 0.1900 HW021150 12.5%
28 Céu Azul (PR) 0.2600 — 4.4%
29 Ouro Verde do Oeste 1 (PR) 0.4200 — 1.25%
30 Ouro Verde do Oeste 2 (PR) 0.3300 — 8.7%
31 Lindoeste (PR) 0.3500 — 5.0%
32 Londrina 1(PR) 0.3600 — 31.8%
33 Londrina 2 (PR) 0.0800 HW027186 32.5%
34 Sertanópolis (PR) 0.3200 — 47.5%
35 Bela Vista do Paraiso (PR) 0.1900 — 42.5%
36 Cambé (PR) 0.1600 HW04200/HW027186 28.8%
37 Mamborê 1 (PR) 0.1000 HW02183/HW04183/ HW021150/HW027171/HWSSR01160

HWSSR03163/HWSSR09186
8.7%

38 Mamborê 2 (PR) 0.1600 HW027171 30.0%
39 Pato Branco (PR) 0.2000 HW04183 55.0%
40 Cambira (PR) 0.2800 HWSSR04175 25.0%
41 Francisco Beltrão (PR) 0.3100 HW04183/HWSSR03163 10.0%
42 Santa Helena (PR) 0.2600 — 34.4%
43 Tamboara (PR) 0.1800 HW04183/ HW027171 35.0%
44 Assaí (PR) 0.1600 HW027171 65.0%
45 Rolândia (PR) 0.1900 — 52.5%
46 Palmital (SP) 0.1000 HW02183/HW04183/HW021190/HW027171/HWSSR01300 /HWSSR03150 26.0%
47 Campos Novos Paulistas (SP) 0.1900 HWSSR09200 32.5%
48 Caarapó (MS) 0.2800 HW02183/HW027171/HWSSR01160/HWSSR03163/HWSSR09171 11.2%
49 Itaporã (MS) 0.2500 HW04183/HW06188/HW027157/HWSSR09186 5.5%
50 Itaquiraí (MS) 0.2200 HW04183/HW06188/HW021140/HW027157/HWSSR09200 68.7%
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RS, SC, and PR; a third comprised biotypes only from invaded
fields in PR; a fourth comprised biotypes from invaded fields in
PR and MS. The smallest group was formed by biotypes from

invaded fields in PR and SP. The isolated groups were formed
by biotypes from RS (b1), PR (b37), SP (b46), and PR (b11)
states (Figure 2).

Figure 2. Relationships among biotypes of Conyza sumatrensis from 50 invaded areas in the states of Rio Grande do Sul (RS), Santa Catarina (SC), Paraná (PR), São Paulo (SP),
and Mato Grosso do Sul (MS), based on unweighted pair group method with arithmetic mean (UPGMA) cluster analysis of the allele polymorphism at SSR loci by Jaccard’s
similarity coefficient.
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The radial unrooted tree generated from data of the 10 SSR pri-
mers according to the unweighted neighbor-joining method (UNJ)
using DARwin v. 6.0.021 software showed the 500 plants in six
larger groups (Figure 3). Dendrogram analysis showed one hetero-
geneous group (I) formed by biotypes from four geographic
regions in RS, SC, PR, and MS and five mostly homogeneous
groups formed predominantly by biotypes from PR, with low mix-
ture of biotypes from SC (II), MS and SC (III), SP (IV), SC and SP
(V), and SP (VI). The graphical representation of the PCoA
showed the dispersion pattern of plants from five geographic
regions. The dispersion pattern does not have a close relationship
with the region where samples were collected; an admixture of
biotypes from five, four, and three geographic regions may be
observed in Figure 4.

In the clustering of the 500 plants according to a model-based
Bayesian algorithm, the bar plot was obtained for the K-value
(K = 11; ΔK = 8.3624), and the results were consistent with the
evidence of low and high levels of genetic admixture at 62%
and 38%, respectively, of the C. sumatrensis biotypes (Figure 5;
Table 7). Plants sharing alleles from the 11 groups were observed
in 38% of biotypes, while in 62% of biotypes more than 50% of
plants were observed predominantly in one of the 11 groups
(Table 7). In 18% of biotypes, a higher proportion of plants
(>80%) were predominantly observed in groups I (Mamborê 1,
PR), II (Itaquiraí, MS), III (Palmital, SP), V (Caarapó, MS), VI
(Bela Vista do Paraíso, PR; Cambé, PR), VII (Luiziana, PR;
Quinta do Sol, PR), and X (São José do Ouro, RS), indicating a
lower level of genetic admixture.

The differential frequencies of alleles at SSR loci were suffi-
ciently high to determine the genetic structure of the C. sumatren-
sis biotypes from 50 invasive fields of southern, southeastern, and
midwestern Brazil. The genetic divergence represented by the high
rate of FST (FST > 0.15; Wright 1978) and by the dendrogram
(Figure 3) also suggests differential selective pressures on the
C. sumatrensis biotypes from 50 invaded areas. The dendrogram
showed only one heterogeneous group and five more homo-
geneous groups formed predominantly by biotypes from PR with
a limitedmixture of biotypes. Genetic divergence has led to the for-
mation of five genetically structured groups in the biotypes of
invaded fields in PR. It is notable that highly differentiated biotype
populations in nearby invaded fields may increase the risk that one
or more populations may not respond to a single management
practice.

Despite the high genetic divergence, the gene flow
(Nm= 0.3441) was moderate, suggesting an exchange of alleles
or dispersion of samples among invaded areas. Seeds of one or
more fields may be carried to other fields by wind dispersal or
via the movements of agricultural machinery. Seeds of C. suma-
trensis may travel more than 100 m (Dauer et al. 2007), while
the movements of agricultural machinery can even involve differ-
ent states. Dendrograms (Figures 2 and 3) have provided evidence
for a mixture of biotypes from SC, MS, and SP in homogeneous
groups formed predominantly by biotypes from PR. Some invaded
areas might have started with relatively few individuals that bear
little relation to the geographic or ecological distance from the
original invaded area.

Figure 3. The radial unrooted tree generated from data on allele polymorphism at SSR loci according to the unweighted neighbor-joining method (UNJ) showing the 500 plants
of Conyza sumatrensis from 50 invaded areas in the states of Rio Grande do Sul (RS), Santa Catarina (SC), Paraná (PR), São Paulo (SP), and Mato Grosso do Sul (MS) in six larger
groups (I–VI).
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The invasive potential and rapid range expansion of
C. sumatrensis have been attributed to its persistent fecundity
and high germination rate (Hao et al. 2009); its production of a
large number of small, wind-dispersed seeds, ranging up to more
than 200,000 seeds per plant (Sansom et al. 2013); and its high resis-
tance to diseases, herbivory, and herbicides (Santos et al. 2014a).
Santos et al. (2014b, 2015) reported differential sensitivity to
herbicides according to the stage of development of the plants,
while Schneider et al. (2020) reported the overexpression
of genes in the resistant biotype treated with glyphosate.
Differential sensitivity to herbicides according to growth stage
was also reported in C. canadensis and C. sumatrensis popula-
tions by Travlos and Chachalis (2013).

High genetic diversity has been frequently reported in invasive
species (Matesanz et al. 2014; Minati et al. 2020; Xu et al. 2015;
Zhao and Lou 2017). It is considered to be one of the factors that
leads to the success of the potential invasion. However, the results
of our analysis of 500 plants of C. sumatrensis from 50 invaded

fields showed high and low genetic diversity not associated with
the geographic distribution, bottleneck effects, or higher or lower
resistance to glyphosate. Data on genetic diversity, bottleneck
effects, and glyphosate resistance showed contrasts in biotypes from
nearby invaded fields, such as Sertanópolis (PR), BelaVista do Paraíso
(PR), Cambé (PR), Guaíra 1 (PR), Guaíra 2 (PR), Palotina 1 (PR),
Palmital (SP), Campos Novos Paulistas (SP), Campos Novos 1
(SC), and Campos Novos 2 (SC) (Figure 1; Tables 3, 5, and 6).
Environmental effects, physical, chemical, and biological prop-
erties of soil, and herbicide application were supposedly causa-
tive agents of differential genetic variability in C. sumatrensis.
Although environmental effects (different climate conditions)
and physical, chemical, and biological soil properties (Smith
et al. 2020; Tang and Ma 2020; Vaz Mondo et al. 2012) have
been reported as determinant agents of differential genetic
diversity in invasive species, our study has shown different
genetic diversity in biotypes of C. sumatrensis from fields under
the same climatic conditions.

Figure 4. The graphical representation of the PCoA showing the dispersion pattern of 500 plants of Conyza sumatrensis from 50 invaded areas in the states of Rio Grande do Sul
(RS), Santa Catarina (SC), Paraná (PR), São Paulo (SP) and Mato Grosso do Sul (MS).
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Figure 5. Bar plot–like population structure based onmicrosatellite markers for plants of Conyza sumatrensis from 50 invaded areas in the states of Rio Grande do Sul (RS),
Paraná (PR), São Paulo (SP), and Mato Grosso do Sul (MS), within the K clusters. Each plant is represented by a single vertical bar broken into K colored segments (K = 3),
with lengths proportional to each of the K inferred clusters. Each color represents the proportion of DNA segments for each plant, represented by a vertical bar, in each
group.
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Different genetic diversity cannot be explained by geographic
distance. Herbicide applications may have contributed to generat-
ing different genetic diversity and genetic divergence between bio-
types of C. sumatrensis from fields under the same climatic
conditions. The combined use of herbicides with different mech-
anisms of action in different concentrations to control resistant
biotypes has been reported (Oliveira et al. 2013; Santos et al.
2014a, 2014b, 2015). Thus, the application of different doses
and combinations of herbicides has been proposed as more effec-
tive a way to facilitate the control of the species, but these different
applications may be one of the main factors that promote differ-
entiated selection that hinders control. The rotation of herbicide
mechanisms of action is necessary to provide efficient control of
resistant biotypes, but it may lead to an increased diversity and

genetic divergence among the populations in different invaded
areas. The selective pressures exerted by herbicide applications
in different doses and combinations, as well as spatial variability
of soil properties (Mzuku et al. 2005; Reichert et al. 2008; Tola
et al. 2017) and the different herbicide application methodologies
available (Chethan et al. 2019), may contribute to generating high
genetic divergence between biotypes and boost the invasiveness of
C. sumatrensis. The polymorphism in the SSR loci revealed in our
study may be useful in monitoring the effects of combinations and
rotating applications of herbicides on the diversity and genetic
divergence between biotypes of C. sumatrensis from different
invaded fields. The polymorphism analysis in the SSR loci was
important to identify the biotypes with low (Quinta do Sol [PR],
Luiziana [PR], Palmital [SP], and Mamboré 1 [PR]) and higher

Table 7. Proportion of Conyza sumatrensis plants from each invaded area in each group (K= 11) according to a model-based Bayesian algorithm in 11 different
groups.

Biotype (state)

Groups

I II III IV V VI VII VIII IX X XI

1 São José do Ouro (RS) 0.017 0.006 0.010 0.006 0.005 0.016 0.006 0.004 0.031 0.888 0.011
2 Saldanha Marinho (RS) 0.010 0.355 0.006 0.007 0.005 0.008 0.016 0.006 0.576 0.005 0.007
3 Lagoa Vermelha (RS) 0.014 0.215 0.015 0.021 0.009 0.034 0.053 0.010 0.598 0.010 0.020
4 Santo Angelo (RS) 0.014 0.074 0.010 0.086 0.066 0.013 0.037 0.028 0.044 0.552 0.076
5 Campos Novos 1 (SC) 0.033 0.117 0.016 0.008 0.007 0.025 0.053 0.007 0.538 0.069 0.126
6 Campos Novos 2 (SC) 0.008 0.102 0.043 0.025 0.086 0.057 0.074 0.046 0.527 0.016 0.016
7 Abelardo Luz (SC) 0.052 0.184 0.025 0.037 0.138 0.169 0.054 0.055 0.124 0.050 0.113
8 Curitibanos 1 (SC) 0.005 0.214 0.005 0.006 0.029 0.009 0.013 0.028 0.681 0.005 0.006
9 Curitibanos 2 (SC) 0.055 0.285 0.014 0.010 0.030 0.011 0.014 0.008 0.155 0.404 0.014
10 Quilombo (SC) 0.016 0.563 0.024 0.013 0.009 0.014 0.012 0.006 0.284 0.051 0.009
11 Luiziana (PR) 0.006 0.012 0.006 0.008 0.005 0.008 0.893 0.012 0.023 0.003 0.024
12 Janiópolis (PR) 0.022 0.011 0.039 0.052 0.100 0.237 0.081 0.316 0.025 0.024 0.092
13 Goioerê (PR) 0.077 0.052 0.047 0.146 0.045 0.082 0.053 0.314 0.019 0.019 0.147
14 Mariluz (PR) 0.048 0.016 0.010 0.052 0.011 0.023 0.081 0.259 0.031 0.095 0.373
15 Rancho Alegre D´Oeste (PR) 0.012 0.005 0.007 0.785 0.075 0.030 0.050 0.009 0.004 0.011 0.011
16 São João do Ivaí (PR) 0.008 0.023 0.030 0.086 0.022 0.133 0.636 0.007 0.038 0.008 0.009
17 Quinta do Sol (PR) 0.006 0.016 0.006 0.007 0.006 0.006 0.921 0.005 0.008 0.012 0.007
18 Alto do Piquiri (PR) 0.165 0.032 0.185 0.025 0.097 0.027 0.041 0.301 0.014 0.015 0.098
19 Toledo (PR) 0.257 0.164 0.031 0.038 0.006 0.047 0.011 0.054 0.152 0.008 0.230
20 Marechal Candido Rondon (PR) 0.100 0.070 0.025 0.041 0.012 0.089 0.024 0.125 0.078 0.130 0.307
21 Guaira 1 (PR) 0.136 0.021 0.010 0.033 0.040 0.074 0.093 0.259 0.019 0.024 0.292
22 Guaira 2 (PR) 0.172 0.064 0.216 0.021 0.068 0.035 0.023 0.124 0.041 0.079 0.157
23 Palotina 1 (PR) 0.552 0.113 0.151 0.018 0.017 0.021 0.007 0.034 0.025 0.029 0.034
24 Palotina 2 (PR) 0.028 0.031 0.184 0.016 0.048 0.057 0.061 0.062 0.009 0.071 0.433
25 Brasilândia do Sul (PR) 0.015 0.013 0.057 0.015 0.007 0.017 0.037 0.063 0.020 0.009 0.747
26 Francisco Alves (PR) 0.023 0.081 0.026 0.562 0.013 0.011 0.048 0.106 0.014 0.045 0.072
27 Maringá (PR) 0.187 0.049 0.024 0.025 0.016 0.129 0.008 0.517 0.027 0.004 0.014
28 Céu Azul (PR) 0.068 0.012 0.035 0.459 0.043 0.062 0.032 0.113 0.010 0.046 0.120
29 Ouro Verde do Oeste 1 (PR) 0.026 0.015 0.105 0.315 0.193 0.075 0.026 0.135 0.032 0.059 0.021
30 Ouro Verde do Oeste 2 (PR) 0.021 0.089 0.028 0.364 0.069 0.033 0.038 0.268 0.033 0.020 0.037
31 Lindoeste (PR) 0.015 0.006 0.012 0.205 0.249 0.171 0.142 0.040 0.010 0.021 0.130
32 Londrina 1 (PR) 0.027 0.032 0.029 0.159 0.139 0.317 0.084 0.037 0.009 0.125 0.042
33 Londrina 2 (PR) 0.010 0.027 0.014 0.025 0.012 0.016 0.537 0.051 0.018 0.274 0.018
34 Sertanópolis (PR) 0.043 0.010 0.028 0.039 0.277 0.393 0.073 0.022 0.016 0.040 0.060
35 Bela Vista do Paraiso (PR) 0.016 0.011 0.006 0.045 0.018 0.836 0.009 0.012 0.015 0.005 0.027
36 Cambé (PR) 0.010 0.010 0.019 0.007 0.014 0.893 0.011 0.008 0.011 0.008 0.009
37 Mamborê 1 (PR) 0.876 0.007 0.006 0.008 0.047 0.008 0.008 0.021 0.006 0.007 0.006
38 Mamborê 2 (PR) 0.503 0.012 0.106 0.020 0.094 0.063 0.020 0.117 0.012 0.007 0.047
39 Pato Branco (PR) 0.630 0.014 0.217 0.024 0.041 0.015 0.006 0.018 0.009 0.008 0.018
40 Cambira (PR) 0.082 0.037 0.764 0.017 0.013 0.022 0.007 0.020 0.006 0.008 0.023
41 Francisco Beltrão (PR) 0.243 0.219 0.087 0.073 0.020 0.020 0.024 0.026 0.007 0.026 0.254
42 Santa Helena (PR) 0.042 0.043 0.035 0.023 0.722 0.013 0.060 0.014 0.011 0.025 0.011
43 Tamboara (PR) 0.529 0.039 0.090 0.132 0.013 0.026 0.081 0.035 0.035 0.035 0.022
44 Assaí (PR) 0.109 0.005 0.023 0.013 0.115 0.012 0.016 0.685 0.006 0.005 0.013
45 Rolândia (PR) 0.031 0.004 0.007 0.281 0.012 0.090 0.032 0.450 0.010 0.009 0.073
46 Palmital (SP) 0.014 0.007 0.877 0.014 0.043 0.015 0.007 0.005 0.006 0.009 0.004
47 Campos Novos Paulista (SP) 0.035 0.035 0.587 0.007 0.010 0.007 0.010 0.046 0.010 0.009 0.010
48 Caarapó (MS) 0.014 0.004 0.018 0.011 0.911 0.010 0.004 0.012 0.003 0.004 0.007
49 Itaporã (MS) 0.038 0.764 0.010 0.013 0.019 0.013 0.016 0.010 0.065 0.028 0.022
50 Itaquiraí (MS) 0.006 0.932 0.007 0.010 0.006 0.005 0.006 0.004 0.009 0.007 0.007
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(Ouro Verde do Oeste 1 [PR], Ouro Verde do Oeste 2 [PR],
Abelardo Luz [SC], Goioerê [PR], and Guaíra 2 [PR]) genetic
diversity in order to assess whether pressures exerted by herbicide
applications in different doses and combinationsmay contribute to
generating high genetic diversity and divergence between the bio-
types of C. sumatrensis. Future investigations can use data from the
present study to assess whether there is a periodic dynamic in the
genetic diversity within each invaded area in response to different
control measures.

Supplementary material. To view supplementary material for this article,
please visit https://doi.org/10.1017/wsc.2021.59
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