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Abstract

BACKGROUND: Before 2010, Amaranthus tuberculatus (Moq.) J. D. Sauer was barely known to farmers and stakeholders in Italy.
Since then, several populations resistant to acetolactate synthase (ALS)-inhibiting herbicides have been collected. In most
populations, a known target site resistance-endowing mutation was found, a Trp to Leu substitution at position 574 of the
ALS gene, but it was unclear whether they had evolved resistance independently or not. The aims of the work were (i) to eluci-
date the population structure of Italian ALS-resistant A. tuberculatus populations, and (ii) to analyze the ALS haplotypes of the
various populations to determine whether resistance arose multiple times independently.

RESULTS: In order to determine the population structure of eight A. tuberculatus populations, eight previously describedmicro-
satellite loci were used. Two ancestors were found: three populations derived from one, and five from the other. In the 4-kb ALS
region of the genome, including the 2-kb coding region, 389 single nucleotide polymorphisms were found. In silico haplotype
estimation was used to reconstruct the sequence of three distinct haplotypes carrying the Trp574Leu mutation. In addition, no
mutation was found in 83% of plants of a single population.

CONCLUSIONS: (i) Resistance must have arisen independently at least three times; (ii) at least one population was already resis-
tant to ALS inhibitors when introduced in Italy; (iii) a single haplotype with a Trp574Leu mutation was shared among six popu-
lations, probably because of broad seed dispersal; and (iv) one population likely evolved nontarget site ALS inhibitors
resistance.
© 2021 The Authors. 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
Waterhemp [Amaranthus tuberculatus (Moq.) J.D. Sauer] is an inva-
sive weed that is threatening the sustainability of important sum-
mer crops, especially in its native range in North America.1,2 The
major concern is related to its ability to expand its habitat and
to evolve herbicide resistance. Its original habitat is typically ripar-
ian, infesting riverbanks and floodplains. It has been recorded as a
casual alien in many countries all over the world and has become
naturalized in some of these.3 The first cases of A. tuberculatus
resistant to acetolactate synthase (ALS)-inhibiting herbicides in
the USA were recorded in 1993, and in neighboring Canada in
2002.4 Since then, resistance cases as well as the number of
involved herbicide sites of action (SoA) have substantially
increased.
Herbicide resistance patterns, resistance mechanisms and their

inheritance have been extensively investigated in the last
20 years.5 It is only recently that population genetics has become

sufficiently integrated to understand the dynamics of diffusion in
agricultural habitats. In an early study, microsatellites (short
sequence repeat, SSR) were used to trace habitat expansion of
A. tuberculatus var. rudis, demonstrating its spread from western
to eastern USA.6 Subsequently, with a population genomics
approach it was demonstrated that glyphosate resistance in
Canada occurred because of both the introduction of resistant
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populations from USA and independent selection for herbicide
resistance.7

There is little information about the spread of A. tuberculatus
outside its native North American range. In Italy, A. tuberculatus
was first reported in the western Po Valley in the early 1980s,
where it has become invasive and has started spreading along
the Po river, forming very dense populations that now tend to
displace the native flora.8,9 Despite its invasiveness, weedy
waterhemp in crop fields was discovered in the eastern Po Valley
only in 2010. Since then, other field populations have been iden-
tified in the Emilia-Romagna (2014) and Veneto (2017) regions.10

All of these populations were cross-resistant to thifensulfuron-
methyl and imazamox due to a substitution at codon 574 of
the ALS gene that is known to cause broad cross-resistance to
ALS inhibitors in A. tuberculatus.10,11 However, even though all
populations had the same point mutation, it was unclear
whether they originated from single or multiple selection events
and how they have spread. Remarkably, all known populations
were in soybean fields, a very different habitat from the original
riparian one of this species in its native range. Only populations
with ALS inhibitor resistance were found in the surroundings of
the sampled populations and all stakeholders agreed that sus-
ceptible populations of this species had never been observed
to infest crop fields before.
Post-emergence application of ALS inhibitors is the most used

tool to control broadleaved, dicot weeds in soybean crops in Italy.
The appearance of resistant biotypes of A. tuberculatus is of con-
cern given the disruptive potential of this species. Herbicide resis-
tance is a remarkable example of rapid plant evolution12,13

following abrupt environmental changes – that is, the selective
pressure exerted by herbicides. Origin and spread of resistance
are mainly human-driven evolutionary processes,14,15 and a dee-
per understanding of the evolutionary mechanisms could greatly
benefit resistance risk assessment and management
strategies.16,17

Haplotype analysis of loci under selection may provide infor-
mation on whether a specific point mutation associated with
resistance arose independently multiple times amongst differ-
ent weed populations or derived from a single mutation event.
If a point mutation gives a selective advantage in certain condi-
tions, its frequency within a population will rise because of selec-
tive pressure. Neutral (not under selection) polymorphisms that
are genetically linked with the point mutation would be inher-
ited together with it because of genetic hitch-hiking,18 thus cre-
ating an unique footprint of the selection event. In the case of
selection of de novo mutations, the sequence of genetically
linked polymorphisms that are inherited together (i.e. the haplo-
type) is expected to be very different among populations, espe-
cially if longer sequences are taken into consideration. After
some generations, the variation (i.e. the polymorphism level)
among nucleotides near the point mutation would be strongly
reduced, or even completely eliminated (i.e. selective sweep).19

Although this approach has been used often to study resistance
to drugs and insecticides, there are only a few examples of hap-
lotype analysis in studying herbicide resistance.20 Haplotype
analysis was used to infer the origin of resistance to Acetyl CoA
Carboxylase (ACCase) inhibitors in Alopecurus myosuroides21,22

and, more recently, the origin of glyphosate resistance in
A. tuberculatus.7

The aim of this study was to unravel the origins and spread of
resistance to ALS-inhibiting herbicides among eight populations
of A. tuberculatus collected in Italian soybean fields.

2 MATERIALS AND METHODS
2.1 Plant material
Seven of eight A. tuberculatus populations used in this study were
described in a previous paper.10 The original population codes
were simplified as follows: G, 10–10L; F, 10–13L; A, 14–35L;
B, 17–56; D, 17–60; H, 17–61; E, 17–65. Populations G, F, A, B, D
and H were collected in northeastern Italy in soybean fields trea-
ted with ALS-inhibiting herbicides (G and F were collected in
2010; A in 2014; B, D and H in 2017). Those six field-collected
populations were highly cross-resistant to imazamox and
thifensulfuron-methyl due to a tryptophan to leucine mutation
at codon 574 of ALS.10 Population E was collected in the Po River
floodplain in 2017, where it had very likely never been treated
with herbicides and was confirmed to be completely susceptible
to ALS-inhibiting herbicides.10 Population C, not included in the
previous study, was collected in 2017 from an ALS-treated soy-
bean field and was highly resistant to thifensulfuron-methyl but
susceptible to imazamox (A. Milani, L. Scarabel and M. Sattin,
unpublished data). Populations G, F and A were maintained in
nonwoven fabric cages (≥20 plants).

2.2 Microsatellite genotyping and analysis
Twenty seeds per population were germinated following a proto-
col described previously 23 and seedlings were grown in a glass-
house until flowering. Twelve plants per population (1:1 male:
female ratio) were chosen randomly, and leaf samples were col-
lected and stored at −80 °C.

2.2.1 DNA extraction
DNA was extracted from 100 mg frozen leaves using the CTAB
(cetyltrimethylammonium bromide) method.7 DNA integrity was
estimated by electrophoresis on a 0.8% agarose/1× TAE gel con-
taining 1× SYBR Safe DNA stain (Thermo Scientific, Pittsburgh,
PA, USA). Both purity and quantity of DNA extracts were assessed
with a NanoDrop 2000c UV–visible spectrophotometer (Thermo
Scientific). Each DNA sample was used for microsatellite analyses
and ALS amplicon sequencing.

2.2.2 Amplification of microsatellite loci
In order to genotype 96 A. tuberculatus samples, a modified ver-
sion of a previously described protocol2 was used. The same loci
were analyzed, but primers were designed to be multiplexed in
two multiplex PCR (mPCR) reactions. Four universal (tagged)
primers were used: Hill (TGACCGGCAGCA-AAATTG),8 Tail_D
(CGGAGAGCCGAGAGGTG),9 D8S1132 (GGCTAGGAAAGGTT
AGTGGC)10 and PAN3 (TGTAGAAAGACGAAGGGAAGG). Universal
primers were 50 labeled with different dyes (6FAM™, VIC™, NED™
and PET™, respectively) and all forward locus-specific primers
were added with the tag sequences at the 50 end. mPCR mixes
were performed using GoTaq® G2 Hot Start Polymerase
(Promega, Madison, WI, USA) in a 10-μL mixture including 2 μL
of 5× GoTaq Flexi Buffer, dNTPs mix (0.2 mM each), MgCl2
(1.5 mM), forward (tailed) primers 0.2 μM, reverse (PIG-tailed)
primers 0.3 μM, fluorescent primers 0.1 μM, 0.05 μL GoTaq DNA
Polymerase and 50 ng DNA. Amplification conditions: 95 °C*20,
five cycles of [95 °C*3000, 61 °C*3000, 72 °C*2000], 10 cycles of
[95 °C*3000, 64 °C*3000, 72 °C*2000], 20 cycles of [95 °C*3000,
58 °C*3000, 72 °C*2000], 72 °C*50. mPCR mix 1 amplified loci
C1140, C3695, AAC1, C4097 e C0745 and mPCR mix 2 amplified
loci C4999, ATC9, C3561, TAG5 e C9333. mPCR products were then
run into capillary electrophoresis with an ABI PRISM 3130xl
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Genetic Analyzer (Applied Biosystems, Foster City, CA, USA).
LIZ500 was adopted as molecular mass standard. Primer combi-
nations of multiple PCR mixes, primer sequences, repeat motif,
and size of each locus and dyes used for visualization are reported
in the Supporting Information, Table S4.

2.2.3 Microsatellite data analysis
Peak size was determined using PEAK SCANNER™ v1.0 software
(Applied Biosystems). Descriptive statistics were obtained using
GENALEX 6.5.24 The software POPGENE 1.3225 was used to compute
the dendrogram based on Neiʼs genetic diversity. The geograph-
ical distance matrix was calculated with the online tool Geo-
graphic Distance Matrix Generator26 from the GPS coordinates
of each population (due to privacy issues, GPS positions will be
available only on confidential request). The pairwise population
matrix of Neiʼs unbiased genetic distance and the geographical
matrix were used to perform the Mantel test with GENALEX 6.5.
Model-based Bayesian analysis implemented in STRUCTURE
v2.3.427 was used to explore population genetic structure. The
analysis was performed using a burn-in of 500 000 iterations
and a run length of 500 000 Markov Chain Monte Carlo (MCMC)
replications in ten independent runs. Prior knowledge about the
number of populations was not included. The number of clusters
(K) in the dataset was determined by the averaged likelihood at
each K and the variance between replicates was determined by
running a continuous series of K = 1–9 to determine the optimal
number of populations present within the 96 individuals. The
optimum number of clusters was predicted following the ad hoc
statisticΔK28 implemented in STRUCTURE HARVESTER v0.6.94.29 Simula-
tions were performed without a priori assumptions concerning
the admixture model and correlation in the allele frequencies
(all combinations were tested).

2.3 Amplicon sequencing of ALS gene
2.3.1 Primer design and PCR amplification
DNA samples were the same as those used for SSR genotyping.
Concentrations were quantified with Quant-iT™ PicoGreen™
dsDNA Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA)
and adjusted to 3 ng μL−1. Primers were designed using the refer-
ence A. tuberculatus genome.7 The A. tuberculatus complete ALS
coding sequence (GenBank: EF157818.1) was used as a query to
identify the contig containing the ALS locus in the reference
genome with BLAST.30 Primers were designed with BENCHLING
(https://benchling.com) to amplify a region of ≈4 kb including
the ALS coding sequence (2 kb). Primer sequences are provided
in Table S5. A pool of 36 random samples was used for initial
primer tests and PCR optimization. Primers Fw_3 and Rev_4 were
chosen because of superior specificity. Ten samples of 96 were
amplified with primers Fw_4 and Rev_3 because amplification
with Fw_3 and Rev_4 failed. PCR was performed using Phire Hot
Start II DNA Polymerase (Thermo Fisher Scientific) in 30-μL reac-
tions including 6 μL of 5× Phire Green Reaction Buffer, dNTPs
mix (0.2 mM each), forward and reverse primers 0.625 μM each,
0.4 μL Phire Hot Start II DNA Polymerase and 9 ng DNA. Amplifica-
tion conditions: 1 min at 95 °C; 35 cycles of 5 s at 95 °C, 5 s at
60 °C, 60 s at 72 °C; 5 min at 72 °C. A model of ALS gene was
obtained with R31 GENEMODEL

32 package.

2.3.2 Dual-indexed library preparation
Libraries were prepared using an in-house prepared Tn5 transpo-
sase and following a published tagmentation protocol.33 In brief,
the steps were: (i) Tn5 transposase conjugation to streptavidin

magnetic beads (NEB, Ipswich, MA, USA); (ii) addition of conju-
gated beads to each DNA sample; (iii) incubation to allow tagmen-
tation reaction; and (iv) Tn5 transposase stripping. Dual-indexed
libraries were prepared using i7 and i5 index adapters (Illumina,
San Diego, CA, USA), Q5® High-Fidelity DNA Polymerase (NEB)
and tagmented DNA as template, following the manufacturerʼs
instructions. After the indexing, PCR samples were pooled and
size-selected (350–700 bp) on a BluePippin instrument (Sage Sci-
ence, Beverly, MA, USA). Actual size and quality of libraries were
evaluated using a Bioanalyzer High Sensitivity Chip and run on a
2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA).
The libraries then were sequenced to a coverage depth of 500×
on an MiSeq™ (Illumina) instrument using MiSeq Reagent Micro
Kit v2 (300-cycles) (Illumina).

2.3.3 Single nucleotide polymorphism (SNP)-calling pipeline
and haplotype handling
After sequencing, reads of each sample were (i) de-multiplexed
(removal of indexing primers); (ii) aligned to the reference contig
with BWA-MEM34; (iii) sorted, indexed and then merged with
SAMTOOLS

35 to get a sorted multiple alignment file. Variants were
called with the Bayesian genetic variant detector freebayes.36

Complex variants (or multinucleotide variants, MNPs) were
decomposed to primary SNPs with VCFLIB.37 Genetic variants were
annotated with SNPEFF.38 Haplotype estimation (phasing) was
computed with SHAPEIT.39,40 In silico phased haplotypes were
aligned using MEGAX,41 and a neighbor-joining (NJ) tree was
obtained with the same software (bootstrap: 1000). The tree was
drawn with INTERACTIVE TREE OF LIFE (ITOL) v4.42 The software
POPART43 was used to infer the TCS network44 and to draw the
georeferenced haplotype map from phased haplotypes and GPS
data. To build the TCS haplotype network, two assumptions were
made: (i) haplotypes with mutated Trp 574 codon should be
highly conserved, because positively selected, whereas haplo-
types with the wild-type (WT) Trp 574 codon should be less con-
served, because not positively selected; and (ii) haplotypes with
mutated Trp 574 codon, but with very low frequency, should be
excluded from further analysis as they were likely a result of phas-
ing errors. For these reasons, all sequences withWT Trp 574 codon
and those withmutated Trp 574 codon observedwith frequencies
<4 were excluded from further analysis.

3 RESULTS
3.1 Genetic diversity and population structure
Eight of ten microsatellite loci gave consistent amplification pro-
files, whereas loci C9333 and C3561 did not, so these latter were
excluded from further analyses. The mean number of observed
alleles (Na) across the investigated loci was 4.06, ranging from
1.4 to 6.1 (Table 1). The effective number of alleles ranged from
1.1 to 4.1. For all investigated loci, the effective number, which
was estimated based on allele frequencies across all populations,
was lower than the observed number. The Shannon information
index across these loci was relatively low, ranging from 0.15 to
1.5. Comparable values for observed and expected heterozygosity
were recorded for most loci, as also indicated by the F-statistics
performed across the investigated loci. Accordingly, the inbreed-
ing coefficient Fwas on average as low as 0.07. The only exception
was the locus AAC1, which had fixation index (F) = 0.6 (Table 1).
At the population level, the mean number of observed alleles

ranged from 3.4 to 5.6, whereas the effective number ranged from
1.8 to 3.9. The Shannon information index was on average 0.99,
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ranging from 0.6 to 1.3. The average observed heterozygosity (Ho)
was 0.48, but noticeably variable across populations. In detail,
although heterozygosity exceeded 0.50 in most populations,
which was consistent with the outcrossing reproductive system
of A. tuberculatus, it was remarkably low in population G
(Ho = 0.26). High variability also was found in gene diversity
(expected heterozygosity, He), which ranged between 0.37 in
population G to 0.63 in population E. As shown in Table 1, popula-
tions G and A displayed signs of moderate inbreeding, as indi-
cated by fixation indices (F) > 0.2.
Pairwise Neiʼs unbiased genetic distance between populations

and FST values indicated that populations had low genetic dis-
tances (mean uNei: 0.20, ranging from 0.02 to 0.39; Table 2). The
estimated value of FST averaged across all comparisons was as
low as 0.10, indicating that most genetic variation was found
within populations. Genetic flow, which was estimated from FST
in all pairwise comparisons, was on average 3.02, ranging from

1.13 to 9.62 for individual comparisons (Table 3). A high genetic
flow was estimated by the pairwise comparisons C and E (9.62)
as well as A and E (6.63). Both indices highlighted differences
between populations B, F and G and the other populations, which
were overall characterized by lower genetic differentiation. This
scenario is graphically represented by the NJ tree and principal
coordinate analysis [Fig. 1(A) and (B), respectively], which were
generated from the pairwise estimates of uNei. Accordingly, both
clustering approaches grouped A, D, H, C and E apart from G, F
and B. A Mantel test performed by using genetic and geographi-
cal distances confirmed the lack of correlation between the two
matrices and suggested no isolation-by-distance across the con-
sidered sampling range (Mantel correlation coefficient Rxy =
−0.257, P-value = 0.280, ⊍ = 0.05; see also Fig. S6).
By considering the geographical distribution andmain reproduc-

tive strategy of A. tuberculatus, the genetic structure of the popula-
tions was investigated by adopting multiple computational

Table 1. Descriptive statistics of genetic diversity calculated across markers (mean over populations) and A. tuberculatus populations (mean over
loci), including sample size N, Na (no. alleles), Ne (no. effective alleles), I (Shannon information index), Ho (observed heterozygosity), uHe (unbiased
expected heterozygosity) and F (fixation index calculated as 1 – (Ho/He)

N Na Ne I Ho uHe F

Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE

Locus
AAC1 10.625 0.625 3.625 0.420 2.526 0.299 1.004 0.124 0.284 0.087 0.588 0.058 0.557 0.126
C3695 11.875 0.125 5.375 0.944 3.704 0.723 1.308 0.230 0.674 0.107 0.652 0.101 −0.087 0.061
C0745 11.875 0.125 5.375 0.420 3.691 0.491 1.397 0.126 0.687 0.071 0.713 0.055 0.008 0.046
C1140 11.750 0.164 6.125 0.611 4.122 0.492 1.536 0.094 0.712 0.053 0.772 0.023 0.032 0.078
C4097 11.750 0.164 3.250 0.559 1.698 0.177 0.660 0.116 0.401 0.108 0.384 0.064 −0.040 0.156
C4999 11.250 0.412 3.875 0.350 2.707 0.244 1.085 0.082 0.558 0.057 0.633 0.044 0.088 0.050
TAG5 11.375 0.324 3.500 0.327 1.797 0.182 0.748 0.101 0.399 0.055 0.419 0.064 −0.031 0.064
ATC9 10.750 0.250 1.375 0.183 1.138 0.081 0.153 0.083 0.093 0.058 0.099 0.056 0.011 0.120
Population
G 11.375 0.183 2.500 0.423 1.808 0.282 0.603 0.164 0.263 0.095 0.367 0.099 0.228 0.140
F 11.125 0.125 3.750 0.559 2.577 0.422 0.979 0.182 0.508 0.102 0.542 0.095 0.036 0.077
A 11.250 0.366 3.500 0.567 2.189 0.331 0.849 0.169 0.373 0.089 0.479 0.091 0.204 0.111
E 12.000 0.000 5.625 1.051 3.864 0.895 1.285 0.254 0.604 0.109 0.628 0.107 −0.006 0.069
D 11.875 0.125 4.375 0.565 2.685 0.305 1.096 0.139 0.598 0.083 0.602 0.068 −0.051 0.084
H 11.000 0.423 4.375 0.800 2.855 0.562 1.009 0.250 0.411 0.109 0.514 0.127 0.112 0.083
C 11.500 0.378 5.000 0.655 3.184 0.598 1.178 0.206 0.504 0.106 0.597 0.098 0.097 0.111
B 11.125 0.639 3.375 0.460 2.223 0.248 0.890 0.122 0.546 0.117 0.531 0.058 0.021 0.188
Loci and
population

11.406 0.121 4.063 0.250 2.673 0.183 0.986 0.068 0.476 0.037 0.533 0.033 0.075 0.040

Table 2. Pairwise population Nei unbiased genetic distance (above diagonal) and FST values (below diagonal)

B G F D H C A E

B 0.393 0.205 0.329 0.292 0.328 0.373 0.315
G 0.181 0.223 0.182 0.296 0.265 0.347 0.251
F 0.093 0.127 0.188 0.155 0.206 0.256 0.150
D 0.112 0.108 0.086 0.121 0.073 0.163 0.122
H 0.128 0.153 0.085 0.072 0.066 0.143 0.099
C 0.114 0.122 0.075 0.048 0.045 0.085 0.019
A 0.142 0.176 0.106 0.084 0.075 0.048 0.032
E 0.111 0.130 0.065 0.064 0.062 0.025 0.036
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strategies concerning the admixturemodel and correlation of allele
frequencies. All simulations estimated that the most likely number
of ancestors (K) is 2 (Fig. S7). Although very low admixture levels
(membership >80%) were detected for most individuals (Fig. 2),
populations G, F, B and H included individuals with contrasting
population assignments, indicating some admixture at population
level. All individuals of the wild population (E) grouped within the
same ancestral population.
Multiple simulations involving both ancestral and allele fre-

quency models identified an additional level of genetic structure
for K = 4. In this case, populations sampled in fields located in
proximity (<1 km) such as G and F and, to a lesser extent, D
and H, clustered apart. Seed dispersal caused by agricultural

machinery is quite common within this range, thus proximal
populations are expected to have the same genetic structure.
For this reason, the scenario depicted for K = 4 is unlikely, and
the most likely number of ancestral populations is two.

3.2 ALS analysis
Three-hundred andeighty-nine SNPswere called along the 3956-bp
amplicon, after filtering for high-quality SNPs. One hundred and
twelve SNPs were found in the upstream sequence (700 bp),
128 within the coding region (2016 bp) and 149 in the downstream
sequence (1238 bp). A model of the gene is reported in Fig. S8,
showing all of the mutations known to confer resistance to ALS-
inhibitor herbicides. Within the coding region, 54 nonsynonymous

Table 3. Summary of gene flow (Nm) estimates for the investigated populations. Gene flow was estimated as Nm = [(1/FST) – 1]/4

B G F D H C A E

B
G 1.134
F 2.430 1.719
D 1.976 2.073 2.648
H 1.700 1.379 2.702 3.218
C 1.941 1.797 3.081 4.943 5.332
A 1.513 1.174 2.107 2.716 3.104 5.001
E 1.995 1.672 3.571 3.667 3.795 9.622 6.633

Figure 1. Neighbor-joining tree (A) and principal coordinate analysis (B), generated from the pairwise estimates of uNei between populations.

Population structure and ALS-resistance evolution in waterhemp www.soci.org

Pest Manag Sci 2021; 77: 2971–2980 © 2021 The Authors.
Pest Management Science published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.

wileyonlinelibrary.com/journal/ps

2975

http://wileyonlinelibrary.com/journal/ps


SNPs were found. All sequences were checked for known
resistance-endowing mutations (at the following codons: Ala
122, Pro 197, Ala 205, Asp 376, Arg 377, Trp 574, Ser 653, Gly
654).45 Additionally, sequences were screened for a set of additional
mutations, which were shown to be involved in changes in herbi-
cide sensitivity in artificial selection experiments (codons Gly
121, Met 124, Val 196, Arg 199, Lys 256, Met 351, Met 352, Asp
375, Met 570, Val 571 and Phe 578).46 From this set of nonsynon-
ymous mutations potentially associated with herbicide resistance,
a tryptophan-to-leucine change at codon 574 was the only
resistance-endowing mutation found across the sequences (single
bp substitution of TGG to TTG).
After in silico phasing of the sequenced region, all 192 haplotype

sequences were used to build a NJ tree (Fig. 3). The NJ tree had three
main branches: one mainly grouped haplotypes without the
Trp574Leu point mutation (blue clades) and two separate branches
mainly grouped haplotypes with the Trp574Leu point mutation (red
clades). Alleles with the WT Trp 574 codon were found across the
tree, thus indicating they were diverse. Focusing on alleles with the
mutated Trp 574 codon that were found with frequencies of ≥4
revealed three different haplotypes. The most common haplotype,
hap_1, was found 81 times, whereas the rarer ones hap_2 and
hap_3 were found only 16 and four times, respectively. Hap_1 dif-
fered from hap_2 and from hap_3 by 45 and 58 SNPs, respectively,
whereas hap_2 and hap_3 differed by 41 SNPs (see Fig. 4).

4 DISCUSSION
4.1Genetic diversity, population structure and amplicon sequenc-
ing of acetolactate synthase gene
Populations F and G were found in 2010, population A was

found in 2014, whereas the others were found in 2017.
Populations F, G, A, B, D and H had the same Trp574Leu codon
at ALS, but it was unclear how they originated and spread. The
structure of these populations and ALS haplotypes were investi-
gated to clarify their evolutionary history.
Overall, our data on genome-wide genetic diversity are consis-

tent with previous observations on A. tuberculatus within its
native range and indicated at least two introductions of this

species in northern Italy. Gene diversity indicated high within-
population genetic diversity, that together with FST values sug-
gested low genetic differentiation between populations, as had
already been reported.6 On average, observed and expected het-
erozygosity were similar, except for populations A and G, which
had substantially lower F values.
Both the dioecious mating system and wind pollination are

expected to promote extensive gene flow, allowing for genetic
admixture and homogenization across large geographical
areas,6 limited by pollen dispersal. In A. tuberculatus, pollen typi-
cally disperses <1 km,47 with pollen-mediated gene flow in
glyphosate-resistant A. tuberculatus declining by 90% within
100 m.48 As distances between the eight Italian sampling loca-
tions were greater than those reported for effective pollen medi-
ated gene flow, it is reasonable to consider that genetic
exchanges must have happened through seed dispersal. Popula-
tions D/H and G/F were the nearest accessions (3.5 and 1.4 km
apart as the crow flies, respectively). Although uNei genetic dis-
tance between populations G and F was relatively high, low
genetic differentiation was found for populations D and
H. Furthermore, populations E and C had the lowest value of uNei
distance despite their origins being 200 km apart. As a result, the
genetic clustering of populations appeared to be largely indepen-
dent of sampling location. In agreement, a Mantel test confirmed
the lack of correlation between the two matrices and suggested
no isolation by distance across the considered sampling range.
All simulations estimated the most likely number of ancestors (K)

as two. Populations G, F and B clustered together, apart from a sec-
ond cluster represented by the remaining populations (i.e. A, D, H, C
and E). Although very low admixture levels were detected for most
individuals, several populations (namely, G, F, B and H) included
individuals with contrasting population assignments, indicating,
to some extent, admixture at population level. This genetic popula-
tion structure is consistent with the estimated high intrapopulation
genetic diversity and low interpopulation genetic differentiation.
Amaranthus tuberculatus is an invasive alien species in Europe,

native to North America, where the presence of two ancestral
populations has been discussed widely.49,50,6,51 The microsatel-
lites used here were the same as the ones developed previously

Figure 2. Population assignment by STRUCTURE of individuals for K = 2 (upper graph) and K = 4 (bottom graph), for the eight genotyped populations.
Populations (A), (D), (H) and (C) clustered together with the nonresistant Italian population (E), separately from populations (G), (F) and (B). Population
names and single plant codes are shown below the bar graph.
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to study the structure of North American populations of
A. tuberculatus.6 Our microsatellite data may have identified the
same two ancestors and therefore the introduction of this species
in Italy might have involved both North American native popula-
tions at different times. Future investigations performed by using
populations derived from both sites and a larger number of loci
will possibly help in clarifying the relationship existing between
North American and Italian populations.

4.1 Appearance and spread of resistance to ALS
herbicides
If ALS-inhibitor resistance in Italy appeared roughly following the
timeline of samplings, G and F were the first populations evolving

resistance. They were found outside the original area where
A. tuberculatus was present in Italy and no nonresistant popula-
tions were observed nearby. For this reason, it is likely that one
or both populations were recently introduced already carrying
the ALS resistance-endowing alleles. Whether they were both
introduced in one event is currently unclear. Population G had
the lowest genetic diversity and highest fixation index, possibly
indicating that it underwent a drastic reduction in size (bottleneck
event) or that it was recently introduced (founder effect). Popula-
tion B was found geographically quite close to G and F, but seven
years later: having the same ancestor and haplotype (hap_1) as
population G and F, it likely originated from one of the two
through seed dispersal.

Figure 3. Neighbor-joining tree of ALS haplotypes (including singletons and rare haplotypes). Red clades refer to haplotypes carrying the Trp574Leu
point mutation (indicated with M) and blue clades refer to the haplotypes without resistance-endowing mutations (indicated with wt). Note that branch
lengths are arbitrary, but exact values are reported along with bootstrap value.
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All of the other resistant populations (A, C, D and H) had the
same ancestor as the Italian nonALS inhibitor resistant population
E. Within this cluster, population A evolved resistance indepen-
dently, because it did not share ALS haplotypes with other popu-
lations. Only two plants of 12 of population C had the Trp574Leu
point mutation and no further resistance-endowing mutations
were found along the ALS sequence in other plants: in the other
10 plants the resistance mechanismmust be nontarget site-medi-
ated. Therefore, two resistance mechanisms co-exist in this popu-
lation and resistance evolution must have been independent
from the other populations. As stated before, this population is
resistant to thifensulfuron-methyl only, but soybean in Italy is nor-
mally treated with thifensulfuron-methyl and imazamox, which
are tank-mixed. How can thifensulfuron-methyl resistance arise
in this situation? Populations A and C were genetically similar to
the nonresistant population E, therefore they are possibly derived
from it. It is currently not possible to determine whether the single

Trp574Leu allele found within population E produced the haplo-
types found in A or C (through selection from standing genetic
variation) or whether instead seeds of population A or C were dis-
persed into population E, because the Trp574Leu mutation in
population E was found only in a single haplotype. Introduction
of ALS-resistant populations from outside remains the most likely
event, but our data cannot exclude that selection occurred in Italy
for these two cases.
Populations D and H had the same ancestor as populations A, C

and E, but they shared the resistant allele hap_1 with the northern
populations B, F and G (which had a different ancestor). Another
resistant haplotype, hap_3, was found in these two populations,
and therefore population D and H might have evolved hap_3
independently, but also received seed from the northern popula-
tions. Intriguingly, seed dispersal caused little, if any, effect on
population admixture. This might be due to microsatellite
markers being not linked to loci that were subject to selection,
whereas the ALS haplotypes were selected: genotypes from differ-
ent populations had mixed without creating evident admixture,
because microsatellite loci had neutral fitness. Instead, the ALS
gene underwent herbicide selective pressure and resistant ALS
alleles completely replaced the diversity at the ALS locus through
selective sweeps.
The results support the hypothesis that resistance to ALS-

inhibiting herbicides in A. tuberculatus populations occurred
because of both independent selection and spread of resistant
haplotypes. Having excluded gene flow and local selection, the
spread of resistance alleles can only be due to seed dispersal,
although the underlying mechanisms remain unclear. Seeds of
invasive species can be spread in several ways, both human-
and/or environment-mediated. There are two scales of spreading:
a long-distance dispersal, likely responsible for the introduction of
populations G and F from outside Italy, and a short/medium-
distance dispersal, responsible for the spreading of the mutated

Figure 4. Haplotype network at ALS locus (coding and noncoding
sequences) considering only haplotypes found at least four times and hav-
ing the point mutation Trp574Leu. Colors refer to populations where the
sequences were found. The circle size is proportional to the frequency of
each haplotype. Tick marks along a branch indicate the number of muta-
tions between two neighboring haplotypes.

Figure 5. Georeferencedmap of haplotype diversity. Each color corresponds to different haplotypes. Note that population E (the dark green pinpoint on
the left) had a plant with the point mutation Trp574Leu, but the haplotype was removed from the analyses because of a singleton and it was added to the
map for completeness of information. The position of some populations is indicated with arrows to avoid overlapping of pie charts.
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haplotype across northeastern Italy. Long-distance seed dispersal
could have occurred through contaminated commercial seeds or
animal feed. Short-distance dispersal (0–30 km) could have
resulted from contaminated machinery or manures,52 whereas
medium-distance dispersal is likely the consequence of irrigation
and rainfall events53 as well as transportation through migrating
wildlife such as ducks and geese.54 Seeds of A. retroflexus also
were found in Perdix perdix (grey partridge) and Emberiza schoeni-
clus (reed bunting) droppings in Poland.55,56 All of these species
live in the Po Valley57 and might account for seed dispersal of
A. tuberculatus in Italy.
Soybean is a genetically stable cleistogamous species and thus

some farmers self-produce their next-season seeds. The self-
production and the (exclusive) self-use of soybean seeds is
allowed in Italy, although not encouraged, but can only explain
the dispersal of weed seeds within the boundaries of the farmerʼs
properties. An illegal practice that could explain the introduction
of alien weeds is to sow noncertified soybean seeds
(e.g. feedstock). A recent report58 stated that 30% of soybean pro-
duction in Italy has uncertain origin.

5 CONCLUSIONS
By combining information on the population structure and ALS
gene sequencing it was possible to formulate a hypothesis of evo-
lutionary history of resistance to ALS-inhibiting herbicides in
A. tuberculatus in Italy (Fig. 5). Our data support the hypothesis
that herbicide resistance evolution started from at least three geo-
graphically separated populations. Six of seven populations had
the point mutation Trp574Leu, and five of six had the same
mutated haplotype, indicating a common origin of resistance.
Among these five populations with a common mutated haplo-
type, the first collected was likely the origin of the mutated haplo-
type, whereas the others evolved resistance because of seed
dispersal from that one. We suspect that this original resistant
population was already resistant before its introduction to Italy.
One of six resistant populations had a different mutated haplo-
type, indicating separate evolution. Another population did not
have any known endowing-resistance mutation along the whole
ALS gene (excluding two individuals with the Trp574Leu) and
clearly evolved resistance independently from the others. For
both of the last two populations, there were no elements to
exclude their derivation from a susceptible Italian population.
As general remarks, the self-production of next-season soybean

seeds should be avoided, even if allowed, if herbicide resistance is
suspected. The presence of even a few plants of A. tuberculatus in
fields should be promptly recognized and should be controlled at
any cost. It also is strongly advised to implement integrated weed
management strategies, such as crop rotation, mechanical control
and use of pre-emergence herbicides.
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