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The taxonomically challenging genus Amaranthus (Family Amaranthaceae) includes important
agricultural weed species that are being spread globally as grain contaminants. We hypothesized that
the ALS gene will help resolve these taxonomic challenges and identify potentially harmful resistant
biotypes. We obtained 153 samples representing 26 species from three Amaranthus subgenera and
included in that incorporated ITS, ALS (domains C, A and D) and ALS (domains B and E) sequences.
Subgen. Albersia was well supported, but subgen. Amaranthus and subgen. Acnida were not.
Amaranthus tuberculatus, A. palmeri and A. spinosus all showed different genetic structuring. Unique
SNPs in ALS offered reliable diagnostics for most of the sampled Amaranthus species. Resistant ALS
alleles were detected in sixteen A. tuberculatus samples (55.2%), eight A. palmeri (27.6%) and one

A. arenicola (100%). These involved Ala,,,Asn, Pro.g;Ser/Thr/lle, Trps;,Leu, and Sergs; Thr/Asn/Lys
substitutions, with Ala,;,,Asn, Pro,o;Thr/lle and Sergs;Lys being reported in Amaranthus for the first
time. Moreover, different resistant mutations were present in different A. tuberculatus populations.
In conclusion, the ALS gene is important for species identification, investigating population genetic
diversity and understanding resistant evolution within the genus Amaranthus.

Amaranthus (Family Amaranthaceae) is a cosmopolitan genus with at least 70 species, including ancient culti-
vated plants such as the grains Amaranthus cruentus, A. caudatus and A. hypochondriacus, the leafy vegetable and
ornamental A. tricolor, and the well-known invasive plant A. retroflexus™?. In addition, the important agricultural
weeds A. palmeri and A. tuberculatus are developing herbicide-resistant biotypes, which in turn can spread
globally as seed contaminants in grain®*. Amaranthus species can be difficult to identify, generally requiring
adult plants. Genetic tools are urgently needed to rapidly identify Amaranthus samples at any life stage, and to
recognize the emergence or entry of new herbicide-resistant biotypes.

In classical taxonomy, Amaranthus is divided into roughly three subgenera®, but these aren’t fully supported
by genetic studies. Two subgenera, Amaranthus subgen. Acnida (L.) Aellen ex K.R. Robertson and Amaranthus
subgen. Albersia (Kunth) Gren. & Godr., are not monophyletic groups based on the analysis of nuclear, chlo-
roplast genes and genomes®’. Phyletic position of some species varies depending on which gene is used. The
subgeneric classifications of A. palmeri, A. dubius and A. spinosus, A. tuberculatus and A. arenicola, requires
further clarification.

Amaranthus palmeri and A. tuberculatus have both evolved herbicide resistant (R) biotypes to at least four
herbicide groups: those that target acetolactate synthase (ALS), photosystem II, protoporphyrinogen oxidase
(PPO), and 5-enolpyruvylshikimate-3-phosphate (EPSP) synthase®. This is resulting in considerable losses to
agriculture, and the continued evolution of resistance poses a significant threat to global food security®-'. This
is especially concerning as their seeds are often intercepted in abundance among imported grains, and the R bio-
types are very likely to be introduced as seed contaminants into importing countries. Jasieniuk et al. considered
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that the initial frequency and inheritance of resistant alleles are the key factors contributing to the evolution and
spread of herbicide-resistant weeds'2. Genetic tools are therefore needed to both identify herbicide resistance
and to detect the global movement of R alleles.

Acetolactate synthase (ALS) is nuclear encoded, produced in the cytoplasm and transported via a transit
peptide to the chloroplasts'®>. One mechanism of ALS inhibitor resistance is target site-based resistance, which
is due to a single nucleotide substitution in the ALS gene'*. These mutations involve amino acid substitutions
at Ala,,,, Pro,g;, Alays, Aspsse Argsss, Trpsys, Sergss, and Glygs,'>. Under herbicide selection pressure, the R ALS
alleles are dominant over the susceptive (S)'°. Therefore, the frequency of resistance occurrence to ALS inhibi-
tors and mutation frequency of ALS should be high. ALS inhibitor resistance has been reported in 66 species
globally®®, including in six Amaranthus species'®. The ALS gene has also served as a useful molecular marker to
study Amaranthus"’.

ITS sequences have been widely used to resolve phylogenetic issues at different taxonomic levels'®, and are
selected as candidate barcodes for plants". Song et al. (2000) and Xu et al. (2017) constructed phylogenetic trees
among 16 and 23 species (respectively) of Amaranthus in China based on ITS***'. Murphy et al. (2017) success-
fully detected A. palmeri in mixed samples using a quantitative PCR method using ITS*%. Waselkov et al. (2018)
analyzed the phylogenetic relationships of 58 species in Amaranthus based on ITS and a further five genes’.
Murphy and Tranel (2018) used species-specific SNPs within the ITS region to identify and validate Amaranthus
spp->. All of these studies show that ITS is useful for identifying Amaranthus species, although limitations remain.

In this study we chose the ALS and ITS gene regions as molecular markers to analyze the phylogeny of
Amaranthus, reexamine the taxonomic status of species encountered in China and to find effective SNPs for
identifying species that are difficult to distinguish morphologically. Furthermore, we tested for the presence of
ALR R alleles in China, with a special focus on samples obtained from grain imports and of naturalized Ama-
ranthus populations in and around port facilities. This is a first step towards quantifying the global movement
of herbicide-resistant alleles through contaminants in the global grain trade.

Results

Sequencing analysis. 125 sequences of ITS, 85 sequences of ALS (domains C, A and D) and 78 sequences
of ALS (domains B and E) in Amaranthus were generated for this study (Table S1). Both ALS regions were suc-
cessfully amplified in 65 samples (16 Amaranthus species). These two partitioned regions were combined for
phylogenetic analysis. All positions containing gaps and missing data were eliminated, and both ends of primers
were cut off. There were a total of 621-nt to 624-nt of ITS, 429-nt of ALS (domains C, A and D), 604-nt to 605-
nt of ALS (domains B and E) in the final data set. The ITS sequences had 67 variable sites and 61 Parsimony-
Informative Sites (PIS), ALS (domains C, A and D) had 28 variable sites and 24 PIS and ALS (domains B and E)
had 48 variable sites and 33 PIS.

Phylogenetic analysis. A total of 126 ITS and 66 ALS sequences from 27 Amaranthus species and one
outgroup (Bassia scoparia, Genbank accessions: EU517465.1, MH711446.1) were used to construct the phylo-
genetic trees. According to genetic tree produced by combining ITS and ALS, four clades can be differentiated.
Amaranthus palmeri and A. spinosus grouped together in one clade (PAL + SPI) (BS/PP =98/0.92), A. tubercula-
tus and A. arenicola grouped together in another (TUB + ARE) (BS/PP =60/0.59), and species in subgen. Ama-
ranthus (AM) (BS/PP=100/1) and subgen. Albersia (AL) (BS/PP=91/0.8) formed their own clades (Fig. 1). In
the ITS tree, except A. arenicola clustered with A. tuberculatus closely (BS/PP=96/1), and other branches were
maintained basically besides BS/PP value were decreased slightly (Fig. S1). These clades did not completely align
with those produced in the ALS tree. Amaranthus palmeri, A. spinosis and subgen. Amaranthus formed a mono-
phyletic clade (BS/PP =91/1), with two branches of A. spinosus (BS/PP=99/1; BS/PP=76/-), A. dubius (subgen.
Amaranthus) and the rest of subgen. Amaranthus (BS/PP=99/0.99) nested within A. palmeri. Subgen. Albersia
again formed a single clade. Amaranthus arenicola (ARE) was no longer clustered with A. tuberculatus, instead
becoming a basal clade to A. palmeri, A. spinosus, A. dubius and subgen. Amaranthus (BS/PP=99/1) (Fig. 1).
Amaranthus dubius was not aggregated with subgen. Amaranthus any more (BS/PP =54/-) (Fig. 2).

On the phylogenetic tree produced by combining ITS and ALS sequences, A. palmeri, A. spinosus and A. tuber-
culatus showed considerable intraspecific variation and structuring, especially A. tuberculatus. The A. tuberculatus
clade can be subdivided into multiple groups according to the mutations located between loci 1,770 and 1794 on
the ALS gene. These included groups of homozygous individuals (ATCA, ATCG, and TAAG) and individuals with
heterozygous mutations at these loci or with irregular point mutations at other loci (Fig. 1, Table 1). Amaranthus
palmeri was split up into three sections based on two mutations on the ALS gene (Fig. 1, Table 1). Amaranthus
spinosus branched out into two groups by three mutations on the ALS (Fig. 1, Table 1).

Interspecific and intraspecific variations on ITS and ALS.  The average interspecific and intraspecific
patristic distances were 0.02582 and 0.00054 respectively for the 125 ITS sequences, and 0.0155 and 0.00162
for the 65 ALS sequences (including the two partitioned regions). ITS was conserved relative to the ALS gene.
Intraspecific variation frequency in ALS was greatest for A. tuberculatus (5.13%), A. palmeri (4.81%), and A.
spinosus (0.75%), much higher than observed in ITS (0.32%, 0.16%, and 0.00% respectively). Of the 24 A. tuber-
culatus samples for which both ALS regions were sequenced, there were 22 PIS on ALS, but only one SNP on ITS.

Amaranthus arenicola had similar ALS (domains C, A and D) genotypes to A. palmeri and similar ALS
(domains B and E) and identical ITS genotypes to A. tuberculatus (Table 1). Amaranthus dubius (subgen. Ama-
ranthus) had six heterozygotes across the two ALS regions, with half of the alleles of six heterozygotes being
identical to those of A. spinosus, and the remainder being identical to the rest of subgen. Amaranthus (Table 1).
Three stable mutations of A. spinosus in ALS resulted in all of them grouping into two sections (Fig. 1, Table 1),
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Figure 1. A maximum likelihood combined gene tree based on ITS and two regions within ALS of Amaranthus
and one outgroup. Values at each node indicate maximum likelihood bootstrap support (BS)/Bayesian inference
posterior probability (PP) value. Individuals marked with grey backgrounds represent genetically distinct
groupings.
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Figure 2. Maximum likelihood gene trees based on two regions within ALS. Amaranthus clades are delimited
with grey highlight indicating anomalous samples (see text). Values at each node indicate maximum likelihood
bootstrap support (BS)/Bayesian inference posterior probability (PP) value. The branches of A. albus, A.
blitoides, A. blitum, A. palmeri, A. spinosus and parts of A. tuberculatus were compressed.
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Column heading Amaranthus species ( ber of samples)
A. tuberculatus

ALS domains Base positions | (24) A.arenicola (2) | A. palmeri (17) | A. spi (8) | A. dubius (1) | A. hybridus (2)
351 T A A A A A
363 C C C C Y T
465 T C C C C C
495 G/S1* A/R A/R5* A A A
513 T T/C T/C3*/Y8* T T T
516 C T T T T T
520 T C C C C C
531 A A/R A/R7*/G2* A A A
549 G G G/T1*/K2* G K T

AN g‘i"dml;;'“ 552 T Y TIC3/Y6* | T T T
574 C/M2* Y/M C/Y2*/M1* C C C
575 C ClY C C C C
576 T C C C C C
579 G/A3*/R3* G G G G G
603 T T/Y T/C3*/Y6* T T T
615 T A A A A A
636 A C C C C C
642 T T T/C1*/Y1* T Y C
678 C T T T T T
1,435 A A G G G G
1,482 C8*/T4*/Y12* | T C C C C
1503 C23*/M1* C C/T1*/Y1* C5*/T4* C C
1551 A A Al14*/W3* A4*/T5* W A
1554 C C T16*/Y1* T T T
1587 G17*/A1*/R6* | R G16*/R1* G G G
1602 T23*/Y1* T T15*/Y2* C5*/T4* T T
1611 T6*/C7*/Y11* | Y T T T T
1656 G/R6 R G G R A
1,770 T6*/ALIY/WT7* | W T T T T

ALS (domains B 1776 T11*/W8*/A5* | W T T T T

and E) 1782 C1I*/M8*/A5* | M C C C c
1794 G20*/A3*/R2* | G G G G G
1809 T T C13*/Y4* C T T
1836 C C T14*/Y2*/C1* | T C C
1899 A A G G R G
1955 G19*/R4*/C1* | R G G G G
1956 %Z*/szw Y C16*/T1* C 19 c
1974 CI8*/T1*/Y5* | Y C15*/Y2* C C C
1980 C C C C M A
1983 A A A12Y/T4*/W1* | A A A
2016 T T T11*/C5%/Y1* | T C T

Table 1. Comparison of SNPs between the similar species: Amaranthus tuberculatus, A. arenicola, A. palmeri,
A. spinosus, A. dubius and A. hybridus on ALS (domains C, A and D) and ALS (domains B and E). *The
number of this kind of base on the locus. Underlines indicate mutations that separate Amaranthus tuberculatus,
A. spinosus and A. palmeri into different groups.

despite these individuals only having one SNP in ITS. Meanwhile, on the above same loci, several A. palmeri
also had corresponding heterozygotes (Table 1), and one individual was almost consistent with A. spinosus with
respect to two regions of ALS except for six heterozygotes (Fig. 2). In addition, there were one to two SNPs in
A. albus and A. retroflexus, 6 indels in A. blitum on ITS, and two SNPs in A. retroflexus on ALS. Amaranthus
standleyanus and A. crispus only differed by one base. Amaranthus capensis differed from A. tenuifolius and A.
tricolor by one SNP in ITS.
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Amino acid substitutions

Ala,,,Asn (G34A/R; Pro,y,Ser/Thr/Ile (Cs,,Y/ Sergs; Thr/Asn/Lys (Gg55C/
Species Origin Accession no C350A/M) M;Cs;5Y) Trps;,Leu (G,7,3T/K) | R/S; Cpg56S/Y)
Amaranthus palmeri Beijing 120914_7 pop7 GCA CCC T*KG AGC
A. palmeri Beijing 7229 GCA ccC T*TG AGC
A. palmeri Beijing 120914_11 pop8 GCA *YCC TGG AGC
A. palmeri Beijing 120914_12 pop8 GCA *YCC TGG AGC
A. palmeri Beijing 120914_16 popl0 | GCA *YCC TGG AGC
A. palmeri Guangxi 19 GCA CcC T*KG AGC
A. palmeri Hebei 180910 GCA *YCC TGG AGC
A. palmeri Jiangsu 12167 GCA *MCC TGG AGC
A. tuberculatus var. rudis Fujian 11963 GCT CCT T*KG AGY
A. tuberculatus var. rudis Fujian 12010 *A*AT CCT TGG AGC
A. tuberculatus var. rudis Fujian 12008 *R*MT CCT T*KG AGC
A. tuberculatus var. rudis Fujian 12011 *A*AT CCT TGG AGC
A. tuberculatus var. rudis Fujian 12012 GCT CCT T*KG AGT
A. tuberculatus var. rudis Fujian 12015 *A*AT CCT TGG AGC
A. tuberculatus var. rudis Fujian 09-014 GCT *MCT TGG AGC
A. tuberculatus var. rudis Fujian 12022 *R*MT CCT T*KG AGC
A. tuberculatus var. rudis Jiangsu 6 GCT CCT TGG A*R*S
A. tuberculatus var. rudis Jiangsu 12194 GCT CCT T*KG A*RYY
A. tuberculatus var. rudis Jiangsu 12165 GCT *MCT T*KG AGC
A. tuberculatus var. rudis Jiangsu 2012009 GCT CCT TGG A*CC
A lt”be””l“t”‘ var. tuber- | o ngsu 2012021 GCT cCT TGG A*RC
culatus
A. l“‘be"’”l“t“‘ var. tuber- | gpondong | 12571 GCT cCT T*TG AGC
culatus
A. tuberculatus var. tuber- | g haone | 12575 GCT ccT T*KG A'RC
culatus
A. tuberculatus var. tuber- | g haone | 12576 GCT ccr T*KG AGC
culatus
A. arenicola Hebei HB GCA *M*YC TGG A*SY

Table 2. Amino acid substituts in sampled species with R ALS alleles’.

RALS alleles in A. arenicola, A. palmeri and A. tuberculatus. In our analysis of ALS, 25 plants with
R ALS alleles were detected. Sixteen A. tuberculatus (55.2% of samples), eight A. palmeri (27.6%) and one A.
arenicola (100%) were detected with Ala,,,Asn, Pro,y,Ser/Thr/Ile, Trps,,Leu, and Serys; Thr/Asn/Lys substitu-
tions (Table 2). Of the 31 amino acid mutations of 25 R biotypes, 77.4% were heterozygous. The Ala,,,Asn muta-
tions were mainly generated in Fujian’s population of A. tuberculatus. However, Sergs;Thr/Asn/Lys mutations
were found in A. tuberculatus populations from Jiangsu and Shandong (Table 2). The major resistant substitu-
tions in A. palmeri were Pro,y,Ser/Thr and Trps;,Leu: Acession No. 7229 sample had homozygous mutations of
Trps;4Leu, while the remaining mutations were heterozygous (Table 2). Five individuals of A. tuberculatus and
one A. arenicola had two amino acid substitutions (Table 2). The amino acid substitutions of A. arenicola mostly
occurred in Pro,g,lIle and Sergs;Thr (Table 2). Among them, the substitutions of Ala,,,Asn, Pro,,,Thr/Ile and
Sergs;Lys were the first to be observed in Amaranthus.

Discussion

Our research demonstrates the considerable value of ALS for clarifying phylogenetic relationships within the
genus Amaranthus, in assisting with the identification of species that are morphologically difficult to distin-
guish, and for identifying the presence of herbicide-resistant genes. The main findings and their significance
are discussed below.

Our phylogenetic analysis supported subgen. Albersia as a single clade, but the boundary between subgen.
Amaranthus and subgen. Acnida was confused by A. palmeri, A. spinosus, A.arenicola and A. dubius. Previous
morphological and molecular studies have found A. spinosus and A. palmeri to be closely related?. For example,
Riggns et al. (2010) classified A. spinosus as a sister group of A. palmeri based on the ALS gene'”. The sequence
homology of EPSP synthase (EPSPS) between glyphosate-resistant A. spinosus and glyphosate-resistant A. palmeri
supported the hypothesis that the EPSPS amplicon in A. spinosus originated from A. palmeri*>. We have observed
a similar situation in the ALS gene, namely A. spinosus was grouped into two sections by three stable mutations in
ALS and formed parallel branches with A. palmeri. Furthermore, several A. palmeri plants growing together with
A. spinosus also had corresponding heterozygotes at the above loci, one of which was consistent with A. spinosus
with respect to two regions of ALS except for six heterozygotes. The other sampled A. spinosus individuals came
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from different regions, grew alone, and have naturalized in inner provinces. Although A. spinosus and A. palmeri
have many opportunities to implement gene exchange in nature®, it seems that these intraspecific mutations in
A. spinosus have been formed for a long time, and were not an occasional or transient result of hybridization.

A. arenicola is a dioecious species. Female flowers have five perianths like A. palmeri and other species in
subgen. Amaranthus, whereas its’ short bracts and long spikes are similar to A. tuberculatus. Stetter and Schmid
(2017) placed A. arenicola and A. palmeri together based on genotyping by sequencing methods®. In contrast,
Waselkov et al. (2018) concluded from their analysis of four nuclear genes and two chloroplast sequences that
A. arenicola is closely related to A. tuberculatus, and believed that the samples of A. arenicola used by Stetter and
Schmid (2017) were wrongly identified®”. We also found that A. arenicola was closer to A. palmeri than A. tuber-
culatus based on ALS (domain C, A and D), while on ITS and ALS (domain B and E), A. arenicola was basically
within the variation range of A. tuberculatus. This discovery is very interesting as we observed A. arenicola, A.
tuberculatus, A. palmeri and A. hybridus growing together in the port monitoring area with many heterozygous
mutations at some loci being shared among them. The significance of this finding warrants further study.

Amaranthus tuberculatus was previously considered to be two largely allopatric species, A. tuberculatus and A.
rudis, according whether the fruit is dehiscent or not, the number of perianth segments, and different geographi-
cal origins?”’. However, a large number of morphological intermediate forms exist between the two, and they are
now treated as one species”. Riggins et al. (2010) reported heterozygous mutations on ALS for six individuals
of A. palmeri and A. tuberculatus". In our study, high SNP diversity in ALS resulted in considerable genotypic
structuring within A. tuberculatus, but it did not correspond with our morphological sub-species identifications.
Waselkov et al. (2018) speculated that present-day A. tuberculatus was derived from hybridization of two ances-
tors originating from different dioecious species’. Combined with our finding, A. arenicola has homologous
mutation types at the same loci as A. tuberculatus at ALS (domain B and E) and ITS. In the place of origin (North
America), the male plants of A. arenicola are often incorrectly identified as A. tuberculatus®. We speculated that
in some cases the male plants of A. tuberculatus might male with the females of A. arenicola when it entered into
a new habitat where is absent of conspecific male plant.

Amaranthus dubius is a known allotetraploid that originated through hybridization between A. spinosus and
other species in the A. hybridus aggregate®. Waselkov et al. (2018) found that A. dubius is strongly supported as
the sister species to A. spinosus in the chloroplast tree, but clustered with A. hybridus aggregates in the nuclear
tree’. In our study, the phylogenetic position of A. dubius on ALS was an out-group to the remaining species in
the subgen. Amaranthus. This was supported by the results from SNP and AFLP Package analysis using biallelic
markers®. We can deduce from the heterozygote loci that A. dubius has a hybrid origin’.

Herbicide resistance already poses significant challenges for managing Amaranthus weeds in its native range.
We detected Ala,,,Asn, Pro,o,Thr/Ile and Sergs;Lys substitutions on the ALS gene for the first time in Amaranthus.
According to the website International Survey of Herbicide Resistance®, the Ala,,,Asn has previously only been
reported on Echinochloa crus-galli var. crus-galli in 2017 where it resulted in strong resistance to four kinds of
herbicides'®. The substitution of Pro,,,Thr is relatively common and has been reported on numerous species,
whereas the substitution of Pro,o,Ile had only previously been reported on Sisymbrium orientale'®. Both amino
acid substitutions lead to herbicide resistance'. The newly discovered substitution Sergs;Lys has not previously
been reported on any species, and its significance remains unclear.

All of the R ALS alleles we detected were in plants sampled from border monitoring areas within China.
These alleles are therefore most likely to have entered China as contaminants of imported grain. Up to 77.4%
of the R ALS alleles were heterozygous. R ALS alleles are dominant over S alleles, so can still be selected even
under heterozygous conditions’. This is the first study of R ALS alleles in Amaranthus within China, and little
is known of their distribution globally beyond some studies in North America. Further work is needed to bet-
ter understand the threat these and other alleles pose to agriculture in China, including how well these new R
biotypes will spread and perform.

We can only make preliminary inferences from genes. Homozygous mutations of Trps;,Leu were detected in
a sample of A. palmeri coded No. 7229 taken from the Beijing population in 2004. This population was within
a processing plant for imported grain. In 2012, two heterozygous mutation biotypes of Trps;,Leu and three
heterozygous mutation biotypes of Pro,;Ser were detected in the samples collected within 1 km of No. 7229.
This suggests that after nearly ten years of establishment, the R ALS alleles have spread in the population as
heterozygotes. Further work is required to test this hypothesis.

Conclusions

Through our comparative analysis of ALS, we found that ALS can provide many valuable SNPs for species iden-
tification, such as for difficult species, A. arenicola and A. dubius, even the different genotypes under species
level. On the basis of SNPs, suitable restriction enzymes can be found, and optimal primers can be designed.
Moreover, different herbicide-resistant biotypes belonging to different populations of A. tuberculatus shows that
these populations have different origins. Through genetic testing, resistant biotypes can be found quickly. This
will be critical for managing herbicide resistance in Amaranthus into the future.

Materials and methods

Plant materials and morphological identification. We collected 153 plant and seed samples from 26
species of Amaranthus between 2005 and 2018 (Table S1). 48 plant samples were taken from populations that
appear to have been naturalized for some time (including one from Spain). 96 samples were from plants growing
in or adjacent to ports, wharfs and processing plants of imported grain where imported grains may leak. These
are most likely to have established from contaminated seed. Nine accessions were seeds intercepted from grains
imported from the United States (8) and Canada (1). Most samples (n=109) were plant samples collected from
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imported grain processing plants and wharfs located at ports within China. 35 plant samples were taken from
fields, wastelands and lawns in China and one in Spain.

Seeds were sowed in a Beijing greenhouse (14-25 °C, humidity 50-70%) from April to May (2008). The result-
ing eight adult plants were harvested for further study. Identification relied on Amaranthus monographs">243,
One adult plant of A. arenicola originated from intercepted seeds was collected in a plant quarantine nursery.
We also referenced the type specimen of Amaranthus arenicola 1. M. Johnst. (Collector: A.S. Hitchcock, #428A,
stored in Missouri Botanical Garden (MO), MO-247457) on the website of JSTOR Global Plants (www.jstor.org).

DNA extraction and PCR. About 10 mg leaves of each individual of 153 samples were dried by Silica
for DNA extraction. These dried leaves were ground into a powder by Grinding Mill (Retsch MM400, Ger-
many) for 1 min (1,800 r-min~'), and DNA was extracted by Plant Genomic DNA Kit (Tiangen Biotech Co.,
China). Amaranthus palmeri S. Watson (ITS accession: KF493784.1, KC747433.1 and KP318856.1; ALS acces-
sion: KY781923.1) and Amaranthus retroflexus L. (ALS accession: AF363369.1) were used as resistant biotype
references.

A pair of universal primers ITSI (5'-TCCGTAGGTGAACCTGCGG-3') and ITS4 (5'- TCCTCCGCTTAT
TGATATGC-3') were used to amplify the ITS region. The PCR reaction mixture contained 1 uL of DNA template
(approximately 30 ng of genomic DNA), 10 x of Ex Taq buffer without MgCl2, 10 uM each of forward and reverse
primers, 2.5 mM of each dNTP, 2.5 mM MgCl, and 1 U of ExTaq polymerase (Takara) with ddH,O for a final
volume of 25 uL. PCR cycling conditions were: template denaturation at 94 °C for 5 min followed by 30 cycles
of denaturation at 94 °C for 1 min, primer annealing at 55 °C for 1 min, and primer extension at 72 °C for 90 s,
with a final extension of 10 min at 72 °C.

A pair of primers 2F (5'-GATGTYCTCGTYGARGCTCT-3') and 2R (5'-AAYCAAAACAGGYCCAGGTC-3)
were used to amplify a region of the ALS gene containing nucleotides coding for Ala,,, (conserved nucleotides in
domain C), Pro,,; (domain A), and Ala,o; (domain D), all of which have been linked to ALS inhibitor resistance*.
Another pair of primers 5F (5'-ATTCCTCCGCARTATGCSATT-3’) and 6R (5'-CCTACAAAAAGCTTCTCC
TCTATAAG-3") were used to amplify the region within the ALS encompassing domains B (comprising Sers;)
and E (the carboxy terminal region, including 13 amino acids after the stop codon'*). The PCR reaction mixture
contained 1.3 pL of DNA template (approximately 30 ng of genomic DNA), 10 x of Ex Taq buffer without MgCl,,
10 UM each of forward and reverse primers, 2.5 mM of each dNTP, 2.5 mM MgCl, and 1 U of ExTaq polymerase
(Takara) with ddH,O for a final volume of 25 pL. PCR cycling conditions were: template denaturation at 94 °C
for 10 min followed by 35 cycles of denaturation at 94 °C for 1 min, primer annealing at 57 °C for 80 s, and
primer extension at 72 °C for 80 s, with a final extension of 10 min at 72 °C. Each PCR product was sequenced
in forward and reverse directions to minimize sequencing errors.

Phylogenetic analysis. The alignment and adjustment of multiple sequences and SNPs detection were
carried out by MAFFT v7.450*! and Geneious Prime v 2020.1.2 (Biomatters, Auckland, New Zealand). The
aligned coding sequences of ITS and ALS (domains C, A and D; domains B and E) were concatenated. The DNA
substitution model (GTR+1+ G model) was chosen using jModelTest 2.1.6*%, and used in maximum likelihood
(ML) analysis and Bayesian inference. ML analysis was conducted using RAXML version 8.0.0* on the Geneious
Prime v 2020.1.2 (Biomatters, Auckland, New Zealand). Bayesian inference was conducted using MrBayes
3.2.6>* with Ngen =1,000,000, Samplefreq =200, and Burninfrac=0.25. Bassia_scoparia (GenBank Accession:
MH?711446.1 and EU517465.1) served as the outgroup.

Data availability

The data generated and analyzed in this study are available from the authors on request.

Received: 6 March 2019; Accepted: 27 June 2020
Published online: 16 July 2020

References

1. Sauer, J. D. Revision of the dioecious amaranths. Madrofio 13, 5-46 (1955).

2. Bayon, N. D. Revision taxonémica de las especies monoicas de Amaranthus L. (Amaranthaceae): Amaranthus subg. Albersia'y
Amaranthus subg. Amaranthus. Ann. Mo. Bot. Gard. 101, 261-383 (2015).

3. Plant Protection and Quarantine. Weed risk assessment for Amaranthus palmeri (Amaranthaceae) — Palmer amaranth, ver. 3.
United States Department of Agriculture, Animal and Plant Health Inspection Service, Plant Protection and Quarantine (PPQ),
Raleigh, NC. 27 pp. (2020).

4. CABL. Fallopia japonica. Invasive Species Compendium. Wallingford, UK: CAB International. https://www.cabi.org/isc (2020).

5. Mosyakin, S. L. & Robertson, K. R. New infrageneric taxa and combinations in Amaranthus (Amaranthaceae). Ann. Bot. Fenn.
33,275-281 (1996).

6. Stetter, M. G. & Schmid, K. J. Analysis of phylogenetic relationships and genome size evolution of the Amaranthus genus using
GBS indicates the ancestors of an ancient crop. Mol. Phylogenet. Evol. 109, 80-92 (2017).

7. Waselkov, K. E., Boleda, A. S. & Olsen, K. M. A phylogeny of the genus Amaranthus (Amaranthaceae) based on several low-copy
nuclear loci and chloroplast regions. Syst. Bot. 43, 439-458 (2018).

8. Heap, L. The International Survey of Herbicide Resistant Weeds. (Available at: www.weedscience.org; Accessed on: 16 March, 2020)

9. Ward, S. M., Webster, T. M. & Steckel, L. E. Palmer Amaranth (Amaranthus palmeri): A review. Weed Tech. 27, 12-27 (2013).

10. Hager, A. G., Wax, L. M, Stoller, E. W. & Bollero, G. A. Common waterhemp (Amaranthus rudis) interference in soybean. Weed
Sci. 50, 607-610 (2002).

11. Delye, C., Jasieniuk, M. & Le Corre, V. Deciphering the evolution of herbicide resistance in weeds. Trends Genet. 29, 649-658
(2013).

SCIENTIFIC REPORTS |

(2020) 10:11735 | https://doi.org/10.1038/s41598-020-68541-x


http://www.jstor.org
http://www.cabi.org/isc
http://www.weedscience.org

www.nature.com/scientificreports/

12. Jasieniuk, M., Brule-Babel, A. L. & Morrison, 1. N. The evolution and genetics of herbicide resistance in weeds. Weed Sci. 44,
176-193 (1996).

13. Umbarger, H. E. Amino acid biosynthesis and its regulation. Annu. Rev. Biochem. 47, 533-606 (1978).

14. Tranel, P. ], Jiang, W. L., Patzoldt, W. L. & Wright, T. R. Intraspecific variability of the acetolactate synthase gene. Weed Sci. 52,
236-241 (2004).

15. Tranel, P. ]., Wright, T. R. & Heap, I. M. Mutations in herbicide-resistant weeds to ALS inhibitors. (Available at: https://www.weeds
cience.com; Accessed on: 16 March, 2020).

16. Tranel, P. J. & Wright, T. R. Resistance of weeds to ALS-inhibiting herbicides: what have we learned?. Weed Sci. 50, 700-712 (2002).

17. Riggins, C. W, Peng, Y. H., Stewart, C. N. Jr. & Tranel, P. J. Characterization of de novo transcriptome for waterhemp (Amaranthus
tuberculatus) using GS-FLX 454 pyrosequencing and its application for studies of herbicide target-site genes. Pest Manag. Sci. 66,
1042-1052 (2010).

18. Baldwin, B. G., Sanderson, M. J. & Porter, J. M. The ITS region of nuclear ribosomal DNA: A valuable source of evidence on
angiosperm phylogeny. Ann. MO. Bot. Gard. 82, 247-277 (1995).

19. China Plant BOL Group et al. Comparative analysis of a large dataset indicates that internal transcribed spacer (ITS) should be
incorporated into the core barcode for seed plants. Proc. Natl. Acad. Sci. USA 108, 19641-19646 (2011).

20. Song, B. H., Chen, Z. D. & Wang, X. Q. Sequence analysis of the ITS region of nuclear ribosomal DNA (nrDNA) in Chinese
Amaranthus and its systematic utility. Acta Botan. Sin. 11, 1184-1189 (2000).

21. Xu, H,, Li, Z. Y. & Li, J. S. Phylogenetic analysis of alien species of Amaranthus in China based on ITS sequences. Guihaia 37,
139-144 (2017).

22. Murphy, B. P, Plewa, D. E., Phillippi, E., Bissonnette, S. M. & Tranel, P. ]. A quantitative assay for Amaranthus palmeri identifica-
tion. Pest Manag. Sci. 73,2221-2224 (2017).

23. Murphy, B. P. & Tranel, P. J. Identification and validation of Amaranthus species-specific SNPs within the its region: Applications
in quantitative species identification. Crop Sci. 58, 304-311 (2018).

24. Wassom, J. J. & Tranel, P. J. Amplified fragment length polymorphism-based genetic relationships among weedy Amaranthus
species. J. Hered. 96, 410-416 (2005).

25. Nandula, V. K. et al. EPSPS Amplification in Glyphosate-Resistant Spiny Amaranth (Amaranthus spinosus): A case of gene transfer
via interspecific hybridization from glyphosate-resistant Palmer Amaranth (Amaranthus palmeri). Pest Manag. Sci. 70, 1902-1909
(2014).

26. Molin, W. T. & Nandula, V. K. Morphological characterization of Amaranthus palmeri x A. spinosus hybrids. AJPS 8, 1499-1510
(2017).

27. Pratt, D. B. & Clark, L. G. Amaranthus rudis and A. tuberculatus, one species or two?. J. Torrey Bot. Soc. 128, 282-296 (2001).

28. Mosyakin, S. L. & Robertson, K. R. Amaranthus. In Flora of North America and North of Mexico 405-410 (Oxford University Press,
Oxford, 2003).

29. Sauer, J. D. The grain amaranths and their relatives: A revised taxonomic and geographic survey. Ann. Mo. Bot. Gard. 54, 103-137
(1967).

30. Sogbohossou, O. E. D. & Achigan-Dako, E. G. Phenetic differentiation and use-type delimitation in Amaranthus spp. from world-
wide origins. Sci. Hortic. 178, 31-42 (2014).

31. Katoh, K., Misawa, K., Kuma, K. & Miyata, T. MAFFT: A novel method for rapid multiple sequence alignment based on fast Fourier
transform. NAR 30, 3059-3066 (2002).

32. Darriba, D., Taboada, G. L., Doallo, R. & Posada, D. jModelTest 2: More models, new heuristics and parallel computing. Nat.
Methods 9,772 (2012).

33. Stamatakis, A. RAXML version 8: A tool for phylogenetic analysis and post-analysis of large phylogenies. Bioinformatics 30,
1312-1313 (2014).

34. Huelsenbeck, J. P. & Ronquist, . MRBAYES: Bayesian inference of phylogenetic trees. Bioinformatics 17, 754-755 (2001).

Acknowledgements

This research was funded by “National agricultural standardization Project (Grant No. NBFW-14-2018)”
and “Basic Scientific Funding from Chinese Academy of Inspection and Quarantine (Grant Nos. 2020JK036,
2014JK010, 2017JK038, 2018JK009)”.

Author contributions
H.X.: study design, conducting the study, data interpretation, manuscript writing. X.P.: study design. C.W.:
study design. Y.C.: study design. K.C.: study design. S.Z.: study design. R.D.K.: study design, manuscript writing.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-68541-x.

Correspondence and requests for materials should be addressed to H.X.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFIC REPORTS |

(2020) 10:11735 | https://doi.org/10.1038/s41598-020-68541-x


http://www.weedscience.com
http://www.weedscience.com
https://doi.org/10.1038/s41598-020-68541-x
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Species identification, phylogenetic analysis and detection of herbicide-resistant biotypes of Amaranthus based on ALS and ITS
	Anchor 2
	Anchor 3
	Results
	Sequencing analysis. 
	Phylogenetic analysis. 
	Interspecific and intraspecific variations on ITS and ALS. 
	R ALS alleles in A. arenicola, A. palmeri and A. tuberculatus. 

	Discussion
	Conclusions
	Materials and methods
	Plant materials and morphological identification. 
	DNA extraction and PCR. 
	Phylogenetic analysis. 

	References
	Acknowledgements


