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Abstract

BACKGROUND: The early detection of herbicide resistance in weeds is a key factor to avoid herbicide waste and improve agri-
culture sustainability. The present study aimed to develop and validate an allele-specific loop-mediated isothermal amplifica-
tion (AS-LAMP) assay for the quick on-site detection of the resistance-endowing point mutation Trp-574-Leu in the acetolactate
synthase (ALS) gene in threewidely diffusedAmaranthusweed species:Amaranthus retroflexus,Amaranthus hybridus andAmar-
anthus tuberculatus.

RESULTS: The AS-LAMP protocol was developed on wild-type and ALS-mutant plants of the three species and revealed that the
amplification approach with only the primer set specific for the mutant allele (574-Leu) was the most promising. The validation
and estimation of the AS-LAMP performance evaluated by comparing the results with those of the molecular marker (cleaved
amplified polymorphic sequences) indicated that, although the sensitivity and specificity were relatively high in all species
(overall 100 and > 65%, respectively), precision was high for A. hybridus L. and A. retroflexus L. (75 and 79%, respectively),
but quite low for A. tuberculatus (Moq.) J. D. Sauer (59%). The LAMP assay was also effective on crude genomic DNA extraction,
allowing the quick detection of mutant plants in field situation (on site resistance detection).

CONCLUSION: The proposed AS-LAMP method has proven to be a promising technique for rapid detection of resistance as a
result of Trp-574-Leu on the two monoecious weedy Amaranthus species but resulted less effective in the genetically variable
dioecious species A. tuberculatus.
© 2024 The Authors. Journal of The Science of Food and Agriculture published by John Wiley & Sons Ltd on behalf of Society of
Chemical Industry.
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INTRODUCTION
The rapid spread of herbicide resistance is of concern for farmers
worldwide because the resulting effectiveness of herbicides is a
threat to both crop yield and sustainability. To date, resistance
to five or more herbicide sites of action (SoAs) has been reported
for 15 weed species and four of them belong to the Amaranthus
genus: Amaranthus palmeri S. Watson, Amaranthus tuberculatus
(Moq.) J. D. Sauer, Amaranthus hybridus L. and Amaranthus
retroflexus L.1 Themost common resistance evolved by amaranths
is against the inhibitors of the acetolactate synthase (ALS) and is
mostly a result of mutations in the ALS gene, normally present in
a single copy,2 because amaranths are diploid organisms.3 The
first ALS-resistant amaranth in Italy was reported in 2007, and
the spread of resistance was relatively slow until 2020 when a
more complex situation was reported, with the presence of three
ALS-resistant amaranth species (Amaranthus tuberculatus,

Amaranthus retroflexus and A. hybridus).4 More recently, ALS-
resistant A. palmeri has also been added to this list.5 The early
and rapid detection of resistant weeds is critical to prevent further
resistance selection and mitigate their impacts on agriculture.6

Knowing resistance-endowing traits within a weed population
allows the adoption of integrated weed management more
appropriate and effective. Currently, to determine whether a sus-
pect population is resistant or not to a specific herbicide, seeds are
collected at weed maturity and are then used for dose–response
whole-plant herbicide bioassays. Whole-plant assays are still
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preferred over other methods for detecting herbicide resistance,7

although they are very laborious, plus the response is normally
applicable to weedmanagement in the following growing season
only. Instead, for situations where the alteration of DNA sequence
or structure is known to be the main resistance mechanism, a
plethora of in-season DNA-based methods does exist, that are
basically variants of PCR.8 They include restriction fragment
length polymorphism, PCR amplification of specific alleles,
cleaved amplified polymorphic sequences (CAPS), derived CAPS,
real-time PCR and next-generation sequencing.9 Very recently,
also droplet digital PCR10 and third generation long-read
sequencing technologies (e.g. Pacific Biosciences Menlo Park,
CA, USA; and Oxford Nanopore Technologies, Oxford, UK) have
been applied to detect herbicide resistance.11 Despite those latter
methods are faster than whole-plant assays (days versus weeks),
they still require a very clean and settled location, expensive che-
micals, energy-intensive thermal cyclers and specific data analy-
sis, and therefore are not suitable for rapid on-site resistance
detection.
Loop-mediated isothermal amplification (LAMP) assay is a rela-

tively novel molecular method which amplifies target nucleic
acids under isothermal conditions (i.e. a constant temperature
ranging from 60 to 65 °C) as a result of the use of non-standard
strand-displacing polymerases. Four to six primers are specifically
designed to amplify a short target sequence, usually 300 bp,
allowing the formation of hairpin DNA structures and ensuring
high specificity. Depending on the developed protocol and the
equipment, results can be read at endpoints (colorimetric assays)
or in real-time. The assay gives results in less than 1 h and may be
carried out through portable instruments making the technique a
very promising DNA-based method suitable for on-site detection
of target site resistance. To detect point mutations, primers are
designed to recognize specific alleles, and the assay is called allele
specific (AS) LAMP.12 Although there are many examples of LAMP
assays to detect resistance to fungicides, antibiotics and
insecticides,13-15 very studies exist on detecting herbicides resis-
tance in weeds, and all examples refer to monocots. Two studies
focused on the detection of acetyl-CoA carboxylase mutations:
one at position Ile-1781-Leu in Beckmannia syzigachne Steud.16

and one at position Ile-2041-Asn in Alopecurus aequalis Sobol.17

Despite the resistance to ALS-inhibitors involves worldwide the
highest number of species (172, up to now),1 and resistance is
mainly a result of point mutations (at least in dicots), to date, only
two studies have described LAMP protocols to detect ALS muta-
tions, and they are both in Lolium spp.18,19

The present study aimed to develop an AS-LAMP assay to rap-
idly detect the resistance-endowing point mutation Trp-574-Leu
in the acetolactate synthase (ALS) gene in the most common
Amaranthus species in Italy, A. tuberculatus, A. retroflexus and A.
hybridus. A CAPS assay, previously developed,20 was used as refer-
ence method to detect the presence of the 574-Leu ALS allele. An
on-site protocol using a fast DNA extraction kit was also tested to
possibly help the stakeholders to prompt the detection of resis-
tance as a result of this point mutation and take timely actions
to limit their spread.

MATERIALS AND METHODS
Plant material
Twelve populations, four for each Amaranthus species (A. hybri-
dus, A. retroflexus and A. tuberculatus) were used for the setup
and the validation of the AS-LAMP. An additional A. hybridus

population was added for the simulated field detection step.
Three ALS-susceptible checks, one per species (Tu-1, Re-1 and
Hy-1), and an ALS-resistant population of A. tuberculatus (Tu-3)
were available from previous studies.4 Other putatively ALS-resis-
tant populations (Tu-4, Re-3, Re-4, Hy-3 and Hy-4) were collected
from ALS-treated soybean fields, while putatively ALS-susceptible
populations (Tu-2, Re-2 and Hy-2) were collected from never-trea-
ted areas. Mature seeds were collected from at least 25–30 plants.
The additional putatively resistant A. hybridus population was col-
lected from a rice field (Hy-5).

Assessment of resistance to ALS-inhibiting herbicides
To assess the resistance status of the newly collected populations,
plants were treated with the field doses of imazamox and
thifensulfuron-methyl, two ALS inhibitors. Plant growth and herbi-
cide treatments were carried out as previously described.4 The
bioassay was performed twice in a greenhouse located in north-
eastern Italy (45°210N, 11°580E) where temperatures ranged from
15 to 20 °C and from 25 to 34 °C, during night and day, respec-
tively. Seeds were sown in 0.6% agarose medium, vernalized at
4 °C for 7 days, germinated at 28 °C for 12 h/18 °C for 12 h in a
cabinet for 5 days, and then transplanted in standard potting
mix (20 seedlings per pot/replicate, with two replicates per each
herbicide dose). At three- to four- leaf stage (13–14 of the BBCH
scale),21 plants were treated with thifensulfuron-methyl at 6 g
a.i. ha−1 (Harmony 50 SX; FMC Agro Italia, Bergamo, Italy; 500 g
a.i. kg−1) and imazamox at 40 g a.i. ha−1 (Tuareg®; Corteva, Cre-
mona, Italy; 40 g a.i. L−1) and at three-times that doses. The herbi-
cides were applied using a precision bench sprayer delivering
300 L ha−1 at a pressure of 215 kPa and speed of approximately
0.75 m s−1, with a boom equipped with three flat-fan (extended
range) hydraulic nozzles (model 11002; Teejet, Glendale Heights,
ILUSA). Four weeks after herbicide application, the number of sur-
viving plants was assessed and expressed as a percentage with
respect to the untreated plants.

DNA extraction
For the molecular analyses, approximately 1 cm2 of leaf per plant
was sampled and stored at −20 °C until the genomic DNA extrac-
tion was carried out using a cetyltrimethylammonium bromide
(CTAB) protocol adapted for room-temperature handling.5,22

Briefly, thawed samples were grinded with tissue TissueLyser II
(Qiagen, Hilden, Germany) at room temperature for 1 min at
30 Hz; the ground tissue was incubated with 600 μL of 2% CTAB
plus 1% polyvinylpyrrolidone buffer (without mercaptoethanol)
at 60 °C for 30 min; 600 μL of 24:1 chloroform: isoamyl alcohol
was added after incubation and gently mixed by inversion; sam-
ples were centrifuged for 20 min at 10 000 × g; the aqueous
phase was recovered and DNA precipitated with 200 μL of cold
(−20 °C) isopropyl alcohol and centrifuged for 20 min at
10 000 × g; all liquid was removed, and the pellets were rinsed
with 70% ethanol and allowed to dry at room temperature; dried
pellets were dissolved in water. DNA concentration and quality
were determined using the NanoDrop 2000 Spectrophotometer
(Thermo Fisher Scientific, Waltham, USA). DNA concentration
was adjusted to 20 ng μL−1.

Detection of mutant ALS by CAPS assay
A CAPS assay was used as reference method to genotype plants.
Following a previously described protocol,20 amplicons of
1.394 bp length, including the 574 position, were obtained by
using primers Caps_F1 (50-GGGAAGAATAAGCAACCTCATGTG-30)
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and 3UTR_R1 (50-TGGCTGATGAAAGGCAACAC-30). PCR were per-
formed using GoTaq® G2 Hot Start Polymerase (Promega, Madi-
son, WI, USA) in 15 μL of mixture, including 3 μL of 5× Green
GoTaq Flexi Buffer, dNTPs mix (0.2 mM), MgCl2 (0.9 μM), forward
and reverse primers (0.2 μM each), 0.075 μL of GoTaq DNA Poly-
merase, and 1 μL of DNA. Amplification conditions comprised:
95 °C for 2 min; 35 cycles 95 °C for 30 s, 58 °C for 30 s, 72 °C for
1 min 30 s and 72 °C for 5 min. Next, 5 μL of unpurified PCR prod-
uct was incubated at 37 °C for 1 h with 0.1 μL of the restriction
enzyme MunI (MfeI) (10 U μL−1) (Thermo Fisher Scientific), 9 μL
of water and 1 μL of 10X buffer G. Digested samples were run
on a 1% agarose gel: uncut samples were ascribed as homozy-
gous wild-type (WT), whereas completely digested samples (two
bands of approximately 514 and 880 bp, respectively) were
ascribed as homozygous mutants, and partially digested samples
(three bands of 1.394, 880 and 514 pb, respectively) as Leu/Trp-
574 heterozygous mutants.

LAMP setup and validation
Primer design
Six LAMP primers (Table 1) (external primers F3 and B3, internal
primers FIP and BIP, and loop primers LF and LB) were designed
with Primer Explorer (http://primerexplorer.jp/e) using an ALS
sequence of A. tuberculatus as template, as retrieved from a previ-
ous study.23

Default parameters were used, with minor changes introduced
to obtain a higher number of primer combinations
(i.e. ‘parameter condition’ = normal; Tm F1c/B1c = 60–66 °C; Tm
F2/B2 = 59–61 °C; Tm F3/B3 = 59–61 °C; GC rate = 60–80%; dis-
tances F2–B2 = 120–250 bp; distances loop F1c-F2 = 40–
100 bp). Being the two FIP primers specific for different allelic var-
iants (574-Trp and Leu), this LAMP protocol is defined as allele-
specific LAMP (AS-LAMP).12 The two FIP primers differed for the
last nucleotide at the 30 end only (Table 1).

Reaction settings
Real-time LAMP assays were conducted on a Genie II instrument
(OptiGene, Horsham, UK) in 10-μL reaction mixtures, containing
6 μL of GspSSD Isothermal Mastermix (ISO-001) (OptiGene),
200 nM F3 and B3 primers, 2 μM FIP and BIP primers and 1 μM each
loop primer (FL and BL). Reactions were carried out at 65 °C for
30 min, with no pre-heating. Each sample was separately ampli-
fied with a primer mix including FIP3_Trp or FIP3_Leu, to specifi-
cally detect the WT 574 allele (Trp) or the mutant allele (Leu).

The isothermal master mix contained a fluorescent double-
stranded DNA binding dye for the real-time detection of the
results. The specificity of the amplification products was con-
firmed by checking the melting curves obtained with a slow
annealing step (0.05 °C s−1, from 95 to 80 °C) with fluorescence
monitoring.

Setup
For the setup, WT and mutant plants genotyped with the CAPS
assay were analyzed by LAMP. DNA was extracted as described
above from 14 plants of a susceptible and a resistant population
per each Amaranthus species (Table 2). The plants of the resistant
populations were chosen among the survivors to the imazamox
treatment while plants of susceptible populations were sampled
from the non-treated pots of the experiments described in para-
graph (Assessment of resistance to ALS-inhibiting herbicides).
Each sample was amplified with both the Trp and the Leu-specific
primer sets in separate reactions. Because the OptiGene LAMP
machine allows the real-time visualization of each amplification
curve, it is possible to distinguish from highly specific amplifica-
tions from less specific (i.e. delayed) amplifications. Taking advan-
tage of this feature, the time at which the amplification curves
reached the 50% of the maximum fluorescence, defined as t50,
was used as a measure of specificity, as suggested in a previous
study.18 If a sample resulted amplified by both the reaction mix-
tures and the difference between the two t50 values was lower
than a fixed threshold, the sample was considered ‘not deter-
mined’ and excluded from the analyses. Instead, if the difference
between the two t50 values was higher than the threshold, the
delayed amplification was ignored. The threshold was defined
after the setup.

Validation
In the validation step, a different set of WT and resistant plants
was used. DNA was extracted from 14 plants of a susceptible
and a resistant population per each Amaranthus species
(Table 2). The plants of both the ALS-susceptible and resistant
populations were sampled from the non-treated pots of the
experiments described in paragraph (Assessment of resistance
to ALS-inhibiting herbicides). The presence/absence of the
mutant allele was firstly inferred by using the LAMP assay (= pre-
dicted condition), then results were compared with those
obtained by the reference method; namely, the CAPS assay (=
actual condition) (different researchers carried out the LAMP
and the CAPS assays). As in the setup, each sample was amplified
with both the Trp and the Leu-specific primer sets in separate
reactions. The results were used to draw the confusion matrix
after classifying each sample as true positive (TP), false positive
(FP), true negative (TN), or false negative (FN). Samples were clas-
sified as true positive (TP) if resulting in carrying the mutation by
both LAMP and CAPS, whereas the false positive (FP) status was
assigned to samples resulting in carrying the mutation for the
LAMP, butWT for the CAPS. On the other hand, samples were clas-
sified as true negative (TN) if resulting in WT by both methods,
whereas the false negative (FN) status was assigned to samples
resulting in WT for the LAMP, but as carrying the mutation for
the CAPS. Two approaches were evaluated: (i) considering both
the WT-specific and the mutant-specific LAMP reactions and
(ii) considering only the mutant-specific LAMP reaction. TP, FP,
TN and FN were used to determine sensitivity (i.e. true positive
rate, TPR = TP/P), specificity (true negative rate, TNR = TN/N)
and precision (i.e. positive predictive value, PPV = TP/(TP + FP).

Table 1. Primers used for the LAMP assay

Primer

name Primer sequence (50- to 30)

F3 TGCTCTTGAACAATCAACAT
B3 AATTGCAGCCCTTAAATCG

FIP3_Trp AAGGATTCCCGAGGTATGTATGTG-TTAGGTATGGTTGTTCAATG

FIP3_Leu AAGGATTCCCGAGGTATGTATGTG-TTAGGTATGGTTGTTCAATT
BIP TTCAGAAATCTTCCCGGATATGC-CTCACCTTGGTAACACGG

LF CCGGTTAGCTTTGTAAAATCGATCT

LB TTTGCTGAAGCATGTGATATACCAG

Note: Primer FIP3_Trp was added to the WT-specific LAMP mix,
whereas FIP3_Leu was used in the mutant-specific LAMP mix. All the
other primers were common to both LAMP mixes.
Abbreviation: LAMP, loop-mediated isothermal amplification.
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For both approaches, all the indices were estimated to determine
the most suitable approach to be used in the field.

Resistance prediction under simulated field conditions
Since this LAMP assay is designed to help farmers, technicians,
and other stakeholders to understand whether a given amaranth
population is susceptible to ALS inhibitors before the herbicide
treatment, the assay was validated also under simulated field con-
ditions. Plants of a never-tested field population, suspected to be
ALS-resistant, were grown as described in paragraph (Assessment
of resistance to ALS-inhibiting herbicides) until the two to four
leaves stage. Crude (unpurified) genomic DNA samples were pre-
pared with the Plant Material Lysis Kit (EXT-001) (OptiGene), fol-
lowing the producer's protocol, but extending the manual
grinding from 1 to 3 min. The crude DNA samples (30 plants) were
then amplified with the LAMP assay as described in paragraph
(Reaction settings) but using the mutant-specific LAMP primer
set only and adapting the reaction to a final volume of 25 μL.
The percentage of plants carrying the point mutation was used
to infer the resistance status of the population. An herbicide bio-
assay, carried out as descried in paragraph (Assessment of resis-
tance to ALS-inhibiting herbicides), to determine the effective
resistant status of the population, was then used to check the
result of the LAMP assay.

RESULTS
Assessment of resistance
Susceptible check populations belonging to the three species
(Tu-1, Re-1 and Hy-1) were completely controlled by both herbi-
cides at both doses, indicating that the treatments were effective.
Also, populations Tu-2, Re-2 and Hy-2 were completely controlled,
resulting in being susceptible to both the ALS-inhibitors, as
expected, because they were collected in herbicide-untreated
areas. Instead, populations Tu-3, Tu-4, Re-3, Re-4, Hy-3 and Hy-4,
all collected in crop fields, had survival rates to imazamox ranging
from 81% to 100% and to thifensulfuron-methyl ranging from
79% to 97%, thus resulting in being cross-resistant to ALS inhibi-
tors. No differences were found in the survival rate to the field
dose and three times that; thus, for conciseness, only the response
to the field rate is discussed (Fig. 1).

LAMP setup
The CAPS assay revealed that all the plants of the ALS-susceptible
populations tested (Hy-1, Re-1 and Tu-1) had only the WT allele
574-Trp, such that the amplicons remain uncut after reaction with
the restriction enzymeMfeI (e.g. Fig. 2, gel pictures on the top left
for pop Hy-1). The CAPS assay conducted on the plants of the ALS-
resistant populations had only plants with the mutant allele
574-Leu, such that amplicons are cut by MfeI (e.g. Fig. 2, gel pic-
tures on the top right). Because no undigested amplicons were
visible on agarose gel, all the resistant plants were homozygous
resistant. Seven out of fourteen of those samples were analyzed
by LAMP together with a no-template (blank) control: most sam-
ples of the susceptible populations were successfully amplified
by the Trp-specific LAMPmixture, but not by the Leu-specific mix-
ture (e.g. Fig. 2, graph on the bottom left). By contrast, most sam-
ples of the ALS-resistant populations were correctly amplified by
the Leu-specific LAMPmixture, but not by the Trp-specificmixture
(e.g. Fig. 2, graph on the bottom right). Some plants, despite being
homozygous (WT 574-Trp or mutant 574-Leu), were amplified
with bothmixtures, indicating that sometimes non-specific ampli-
fications can occur. However, when there is a delay between the
specific amplification curve and the non-specific amplification
curve equal to or higher than 5 min, it is possible to discriminate
both curves and therefore the result is reliable. The discriminating
threshold of 5 min was chosen as a result of being detectable
even with the naked eye, and it was also suggested previously.18

As an example, the mutant allele curve of plant number 2 of pop-
ulation Hy-3 (‘R2’, red lines in Fig. 2, graph on the bottom right)
reached 50% of maximum fluorescence at t50mut = 18 min,
whereas the WT allele curve reached 50%maximum fluorescence
at t50wt = 26 min. The delay between t50wt and t50mut was 8 min
and the sample was considered as carrying the mutation. Instead,
sample S1 of population Hy-1 (black lines in Fig. 2, graph on the
bottom left) was considered as not determined
(t50mut − t50wt = 2 min). To optimize the specificity of the LAMP
assay, different parameters were considered and evaluated. Dif-
ferent reaction volumes and template DNA concentrations were
tested as well as different primer design strategies (FIP primers
mutated at the 50 end, plus the 50 and 30 mutated BIP primers)
(data not shown). After being optimized, the best conditions

Table 2. Code and sampling site of the Amaranthus populations used in the experiments

Species Experiment Population code Sampling site

Amaranthus tuberculatus Setup Tu-1a Floodplain
Tu-2 Floodplain

Validation Tu-3a Soybean
Tu-4 Soybean

Amaranthus retroflexus Setup Re-1a City park
Re-2 Country roadside

Validation Re-3 Soybean
Re-4 Soybean

Amaranthus hybridus Setup Hy-1a City park
Hy-2 Country roadside

Validation Hy-3 Soybean
Hy-4 Soybean

Amaranthus hybridus Field simulation Hy-5 Rice

a Populations tested for resistance in previous experiments are reported here with different codes.2
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described in paragraph (Reaction settings) were adopted for the
subsequent experiments (validation).

LAMP validation
After the setup, a different set of plants were used for the valida-
tion. Each sample was amplified with the mix specific for the
574-Leu mutant allele and with that specific for the 574-Trp WT
allele. The LAMP results were compared with those obtained with
the CAPS assay, and each sample was classified as TP, TN, FP or FN
to estimate the corresponding common performance indices. The
obtained results were firstly analyzed by considering both ampli-
fications and then with only the LAMP specific for the mutant
allele, aiming to determine which approach was the most suitable
to be applied in a field condition. An example of the interpretation
of the results with the two alternative approaches is reported in
Figs 3–5. If both amplifications are considered (Figs 3 and 4), dou-
ble amplifications may occur and, in this case, the two curves
need to be evaluated by the 5-min threshold method. In particu-
lar, heterozygous samples are expected to give double amplifica-
tions with Δt50 < 5 min (e.g. Figure 4, samples R3, R13 and R15 of
population Tu-4), resulting in being undetermined. Instead, an
amplification with one primer set only (Fig. 5) results in single
amplifications, which are easier to be interpreted.
A resume of the validation procedure and the estimated perfor-

mance indices is reported in Table 3. Considering both amplifica-
tions, sensitivity (the ability to detect the true positives) ranged
from 67% to 93%, specificity (the ability to detect the true nega-
tives) ranged from 75% to 87%, and precision (the ability to detect
the true positives avoiding the false positives) from 55% to 100%.
Instead, considering only the primer set specific for the mutation,
sensitivity was 100%, specificity ranged from 65% to 73%, and
precision ranged from 59% to 79%. The assay performed differ-
ently depending on the species: indices were higher for A. retro-
flexus and A. hybridus with respect to A. tuberculatus. Specifically,
precision appeared quite lower for A. tuberculatus compared to
the other two species, meaning that that some plants that do
not carry the mutation (and are therefore ALS-susceptible) are
incorrectly counted as resistant. For A. tuberculatus, this index
increased when only the primer set specific for the mutation
was considered, whereas, for the other two species, it decreased.

Instead, both sensitivity and specificity increased for all species
when considering only the primer set specific for the mutation.

Resistance prediction under simulated field conditions
Thirty plants of population Hy-5 were tested for the presence of
the 574-Leu mutation with the LAMP assay performed on crude
genomic DNA extraction. All but one of the 30 plants had a clear
positive amplification with the mutant-specific LAMP mix and
most samples reached the maximum amplification between
12 and 20 min (Fig. 6), similar to that obtained during the setup
and validation. Apparently, the rapid DNA extraction carried the
commercial kit did not significantly affect the LAMP amplification
efficiency. Only one plant (T23) resulted in a late amplification.
Even when considering this plant as susceptible or not deter-
mined, all the other plants resulted in carrying the 574-Leu muta-
tion (at least in heterozygous status) and thus a survival rate to
ALS herbicides of near to 100% was expected. Indeed, the
in vivo bioassay carried out on this population confirmed the esti-
mation (the survival rate to both the field doses of thifensulfuron-
methyl and imazamox was 100%.

DISCUSSION
The tested populations of A. retroflexus, A. hybridus and A. tubercu-
latus were shown to be cross-resistant to thifensulfuron-methyl
and imazamox, confirming that these Amaranthus species are
evolving resistance to ALS inhibitors in Italian soybean fields.
These weed species were previously sometimes found at the
same time in the same fields and the resistance mechanism was
shown to be prevalently target site resistance as a result of a
Trp-574-Leu mutation,4 known to be dominant.24 Therefore, it is
useful to develop an accurate molecular assay that could be able
to detect the mutation-endowing resistance to ALS inhibitors in
these three weed species. In the present study, we developed a
LAMP assay to descriminate the 574-Leumutated plants (resistant
plants) from the 574-Trp plants (susceptible plants). The CAPS
assay revealed that all the ALS-resistant plants used in the setup
of the LAMP assay were homozygous resistant (i.e. plants had
two mutated alleles 574-Leu). The development of the LAMP
assay was challanging and required the individiduation of the
best set of primers and amplification parameters to achieve the

Figure 1. Response to imazamox and thifensulfuron-methyl applied at the field dose (1×) and three-times that (3×). Bars represent themean percentage
of surviving plants and the whiskers represent the standard errors.
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goal. Both amplification approaches (a single primer set specific
for the mutant allele, or two primer sets for both mutant and
WT alleles) enabled a LAMP assay with a good balance between
sensitivity (the ability to detect the true positives), specificity
(the ability to detect the true negatives) and precision (the ability
to detect the true positives avoiding the false positives). However,
differences were observed in the LAMP assay, with both of the
examined approaches, depending on the Amaranthus species. In
particular, all the indices were more favorable for the two monoe-
cious species, A. retroflexus and A. hybridus, despite the primers
being designed on A. tuberculatus ALS sequence. This apparent
contradiction might be justified by the higher genetic variability
of a A. tuberculatus, which is a dioecious obligate outcrosser. The
variability of the ALS gene has been reported to be the reason
why the LAMP assay did not work in the grass weed Bechmannia

syzygachne. This is also attributed to the fact that, being an allote-
traploid organism, it has multiple copies of the ALS gene and this
makes the design of specific primers more difficult.16

When only the primer set specific for the mutation was consid-
ered, the assay conducted for A. tuberculatus gained much in
terms of sensitivity and precision, meaning that false positives
(plants that do not carry the mutation but are incorrectly counted
as resistant) are better discriminated from true positives. Between
the two approaches, the one based on single amplification with
the mutation-specific primer set is considered as the most suit-
able for the field application of the LAMP assay because it allows
a doubling of the number of samples that can be processed per
each LAMP run. For example, with the device described in the pre-
sent study, only seven samples plus a blank can be processed per
each run if amplifying each sample with both the primer sets.

Figure 2. Example of the cleaved amplified polymorphic sequences (CAPS) (agarose gel pictures on the top) and the loop-mediated isothermal ampli-
fication (LAMP) (line graphs on the bottom) assays carried out in the setup step (Amaranthus hybridus). The gel pictures show the effect of theMfeI enzyme
digestion on PCR amplicons obtained from 14 samples of an ALS-susceptible (Hy-1, top-left) and an ALS-resistant (Hy-3, top-right) population. Line graphs
report the amplification LAMP curves obtained by seven of those samples. Samples were numbered 1 to 7, S or R, depending on the resistance status of
the population; no-template (water only) samples (blanks, B) are indicated in pale yellow. Each one was amplified with LAMP mixes specific for the
574-Leu mutant allele (S/R_m samples, continuous lines) and specific for the 574-Trp WT allele (S/R_wt samples, dashed lines). t50mut is the time at which
the reaction specific for the 574-Leu mutant allele reaches the 50% of the maximum fluorescence, whereas t50wt refers to the reaction specific for the
574-Trp WT allele curve. The difference between them is indicated as Δ(twt – tmut).
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Instead, by using only the primer set specific for the leucine allele,
15 samples plus a blank control can be processed per run. Consid-
ering that, when determining the mutated allele endowing resis-
tance in a weed population, the sequencing on the target gene
performed on 5–10 survived plants is usually considered suffi-
cient, similarly testing 15 samples with a single LAMP run would
be sufficient to obtain a robust result. Furthermore, it appears that
amplification of each sample with both primer sets would gener-
ally result in higher specificity and precision but lower sensitivity,
causing the underestimation of resistance. This could lead to the
use of herbicides that are not effective because the resistant
plants were not detected by the LAMP assay. This would poten-
tially cause a waste of herbicides, further selection of resistance
and unnecessary environmental contamination. Instead, the
assay based only on the primer set specific for the mutation could
overestimate the percentage of plants that are resistant to ALS.

Nevertheless, a slight overestimation of resistance is not consid-
ered problematic because the consequence would be substan-
tially limited to avoid the ALS herbicides in favor of herbicides
with different modes of action. Given the immediate response
of the assay, this is considered to be a very minor issue.
The described LAMP assay reveals that the amplifications per-

formed using a crude extract of DNA instead of more purified
DNA as template were similar. Therefore, combining the devel-
oped LAMP assay with this faster extraction method can speed
up the protocol and facilitate on site detection of resistant plants.
Up to now, LAMP assays were successfully applied only to

detect mutations endowing resistance to acetyl coenzyme A
inhibitors.16,17 To our knowledge, this is the first LAMP assay suc-
cessfully applied for the detection of ALS resistance. The possibil-
ity of extending the use of this protocol to other Amaranthus
congeneric species must be evaluated each time. Our data show

Figure 3. Example of validation procedure of the loop-mediated isothermal amplification (LAMP) assay for Amaranthus tuberculatus. On top, line graphs
report the LAMP curves obtained by 15 samples (run 1: S1à7; run 2: S8à 15) of the susceptible population Tu-2: each sample was amplified with the mix
specific for the 574-Leu mutant allele (S#_m samples, continuous lines) and that specific for the 574-Trp WT allele (S#_wt samples, dashed lines). No-
template (water only) samples are indicated as ‘B’. LAMP results were compared with those of the cleaved amplified polymorphic sequences (CAPS) assay
(the agarose gel at the bottom) and each sample was classified as true positive (TP), true negative (TN), false positive (FP) or false negative (FN) to draw the
confusionmatrix. All Tu-2 samples are WT; the two bands of S7 and S8 are unspecific and not a result of the presence of the trp-574-leu allele, because the
size of bands does not fit with that expected (see chapter (Detection of mutant ALS by CAPS assay) and Fig. 2).
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that autogamous species (A. retroflexus and A. hybridus) with less
intrinsic variability have a greater chance. The unsuccessful devel-
opment of the LAMP assay to detect ALS mutations endowing
resistance in Lolium spp. were attributed to the intrinsic genetic
variability of that allogamous weed species or the target ALS
sequence.18,19 Nevertheless, the genetic variability is a limit also
for most sequence-based detection tools.8 Another limit of the
LAMP assay is that detecting multiple mutations in a single reac-
tion (multiplexing) is not easy because each mutation would
require four primers, at least, and the risk of non-specific amplifi-
cations is high. Therefore, to detect all the possible mutations
endowing ALS resistance in amaranths,25 multiple independent
LAMP reactions would be required.
Although the performance indices were estimated with well

characterized populations of three amaranth species, field infes-
tations very often consist of multiple species that are not easily

distinguishable when seedlings are at the correct stage for herbi-
cide treatment (i.e. two to four leaves stage). For this reason, if
the species is not known, only the estimated average values
should be considered (see the last row of Table 3). Even if it
has not yet been tested, this LAMP assay might also work in
other amaranth species because the primers fall in a conserved
part of the gene. Despite this, because the assay is designed to
specifically recognize the Trp-574-Leu allelic variants, other allelic
variants cannot be detected, such as resistance that is not as a
result of this point mutation (e.g. mutations in other point of
the ALS gene).

CONCLUSIONS
The importance of accurate, very fast, in season detection of her-
bicide resistant populations is crucial to avoid the spread of

Figure 4. Example of validation procedure of the loop-mediated isothermal amplification (LAMP) assay for Amaranthus tuberculatus. On top, line graphs
report the LAMP curves obtained by 15 samples (run 1: R1à7; run 2: R8à 15) of the resistant population Tu-4: each sample was amplified with the mix
specific for the 574-Leu mutant allele (R#_m samples, continuous lines) and that specific for the 574-Trp WT allele (R#_wt samples, dashed lines). No-
template (water only) samples are indicated as ‘B’. LAMP results were compared with those of the cleaved amplified polymorphic sequences (CAPS) assay
(the agarose gel at the bottom) and each sample was classified as true positive (TP), true negative (TN), false positive (FP) or false negative (FN) to draw the
confusion matrix: samples with a discrepancy between the two assays are highlighted.
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resistance traits. As recently reviewed, a number of methods have
been developed to detect herbicide resistance, althoug a few can
be applied directly in the field and can give robust response in less
than an hour.26 In this present study, a very fast assay to detect the
point mutation Trp-574-Leu of acetolactate synthase (ALS) in
three major Amaranthus weed species was developed and vali-
dated. The assay worked on both DNA extracted under laboratory

conditions and on DNA extracted with a commercial rapid proto-
col suitable for field applications. Despite still not being perfect, it
is the first example of LAMP assay working on multiple weed spe-
cies. Further development of this technique, or others allowing in-
field analysis (e.g. Cas12a-based detection),27 will help decision
makers to promptly manage cases of resistance, aiming to better
protect both the crops and the environment.

Figure 5. Validation procedure of the loop-mediated isothermal amplification (LAMP) assay of Amaranthus tuberculatus. Line graphs report the LAMP
curves obtained by 15 samples each of population Tu-2 and Tu-4 (Tu-2: S1à15; Tu-4: R1à 15). Each sample was analyzed considering the mix specific
for the 574-leumutant allele only. No-template (water only) samples are indicated as ‘B’. LAMP results were compared with those of the cleaved amplified
polymorphic sequences (CAPS) assay (Figs 3 and 4, the agarose gels at the bottom) and each sample was classified as true positive (TP), true negative (TN),
false positive (FP) or false negative (FN) to draw the confusion matrix: samples with a discrepancy between the two assays are highlighted.

Table 3. Results of validation and estimation of sensitivity, specificity and precision indices for the three Amaranthus species and the two analyses
approaches and the values averaged among species

Species FIP primers considered for the analysis Sensitivity (%) TP/P Specificity (%) TN/N
Precision (%)
TP/(TP + FP)

Amaranthus tuberculatus M + WT 60 75 55
M 100 65 59

Amaranthus retroflexus M + WT 67 87 100
M 100 73 79

Amaranthus hybridus M + WT 93 87 100
M 100 67 75

Average (if species is unknown) M + WT 73 83 85
M 100 68 71

Abbreviations: TP, true positive; FP, false positive; TN, true negative; FN, false negative.
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