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Abstract

Strong phosphine resistance in Tribolium castaneum is due to point mutations in DNA that code for amino acid changes
of P45S and/or G131S in the enzyme dihydrolipoamide dehydrogenase (DLD). One allele coding for P45S is the most
common in all phosphine-resistant US populations and in one strain from Brazil (TCBR), whereas another allele, G1318,
occurs only in Australian beetles. Dose-mortality studies found that the TCBR strain was more resistant to phosphine than
US populations. To investigate strong resistance mutations in TCBR, we sequenced cDNA for DLD in TCBR and compared
results with a US population from Kansas. The common P45S mutation was detected in both populations, but two additional
mutations G131D and V167A were identified only from TCBR. We used a CAPS marker (Cleaved Amplified Polymorphic
Sequence) for P45S, herein designated M1, to survey this resistance allele in TCBR. We also developed a marker for the
G131D mutation, designated M2. Only two genotypes, RIR1S2S2 (homozygous for resistance at M1, but homozygous sus-
ceptible at the M2 site) and R1S1R2S2 (heterozygous for resistance at M1 and M2) existed in TCBR. However, phosphine
resistance levels were similar between individuals with the two genotypes. Beetles with strong resistance in TCBR may be
homozygous for either the presence of the common P45S allele, or heterozygous for two resistance alleles at a second locus,
G131D. The strong resistance phenotype in TCBR may be expressed differently based on previously unknown mutations at
the DLD locus, but this will require further research to resolve.
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Introduction

Phosphine gas, hydrogen phosphide (PH;), has been one
of the most effective and commonly used mitigation agents
for stored grain insects and other pests worldwide for many
decades. Resistance to phosphine evolved in several spe-
cies of stored grain insects and records of its occurrence
and geographic range are increasing (Champ and Dyte
1976; Zettler and Cuperus 1990; Rajendran 1999; Col-
lins et al. 2001; Cao et al. 2003; Benhalima et al. 2004,
Pimentel et al. 2010; Lorini et al. 2007; Opit et al. 2012;
Ahmad et al. 2013; Nayak et al. 2013; Jittanun and Chon-
grattanameteekul 2014; Kocak et al. 2015; Saglam et al.
2015; Cato et al. 2017; Konemann et al. 2017; Afful et al.
2018). Tribolium castaneum (Coleoptera: Tenebrionidae)
is one of the most common pests of stored grains and
value-added grain products worldwide, and phosphine
resistance has been reported for this species in many
countries (Champ and Dyte 1976; Tyler et al. 1983; Zet-
tler and Cuperus 1990; Rajendran 1999; Ren et al. 1994;
Benhalima et al. 2004; Hagstrum et al. 2012; Opit et al.
2012; Schlipalius et al. 2012; Chen et al. 2015; Kaur et al.
2015). Documentation of widespread phosphine resistance
in T. castaneum and other grain pest species has stimulated
research on simple laboratory assays, so-called quick tests
for resistance (Nayak et al. 2013), and also on molecular
markers to detect the presence of resistance genes (Chen
et al. 2015).

Recent research on phosphine resistance genes deter-
mined that there are generally two resistance phenotypes
referred to as “weak resistance” and ““strong resistance”
in T. castaneum that are coded for by partially reces-
sive alleles at each of the two unlinked loci (Jagadeesan
et al. 2013, 2016; Nguyen et al. 2016). Weak resistance
is expressed in insects homozygous for a resistance allele
at the rphl locus, while the strong resistance phenotype
relies on a synergistic interaction in individuals that are
homozygous for resistance at rphl and also homozygous
for resistance at the rph2 locus. Weak resistance can
be detected through LCs, estimates for PH; toxicity in
the range of 5-50-fold higher than LCs, for susceptible
insects, while the strong phenotype may exhibit resist-
ance levels more than 100-fold higher than susceptible
insects. Most recently, Schlipalius et al. (2018) identified
the gene coding for rphl weak resistance as a cytochrome
b5 fatty acid desaturase (Cyz-b5-r) using the combination
of next-generation sequencing, variant analysis and link-
age analysis in T. castaneum and three other species of
stored product insect pests. The genetic basis for strong
phosphine resistance in 7. castaneum and also in Rhyzop-
ertha dominica (Coleoptera: Bostrichidae) was found to be
due to one or more point mutations for a single amino acid
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change in a core metabolic enzyme called dihydrolipoam-
ide dehydrogenase (DLD) (Schlipalius et al. 2012). Using
these data, we also identified a single nucleotide muta-
tion in the DLD gene, which led to a single amino acid
mutation in the enzyme in 7. castaneum and R. dominica,
respectively, from US-resistant populations (Oppert et al.
2015; Chen et al. 2015). Transcriptome sequencing found
the P45S polymorphism in the FAD binding region of the
DLD gene of a Brazilian T. castaneum strain (TCBR) that
was reported to be 475-fold resistant to phosphine, and it
was speculated that this mutation could be associated with
the strong resistance in this strain (Oppert et al. 2015).
Chen et al. (2015) identified several strongly phosphine-
resistant populations of 7. castaneum using the modified
FAO bioassay (Food and Agriculture Organization 1975)
and also had high frequencies of the P45S mutation for
strong resistance.

The high frequency of phosphine-resistant individuals
and initial dose-mortality analysis in TCBR suggested that
many beetles had a strong resistance phenotype. The tran-
scriptome sequencing study found that the P45S mutation
was at a 65-69% frequency in non-exposed or phosphine
exposed TCBR beetles (Oppert et al. 2015). The first objec-
tive of the current study was to further characterize the phos-
phine resistance phenotype of the TCBR strain. The second
objective was to determine which mutations in the DLD
gene were associated with strong resistance in TCBR, and
to identify any additional alleles associated with this pheno-
type in the TCBR strain. Lastly, from sequence information
on potential new resistance alleles, we assessed the potential
of a cleaved amplified polymorphic sequence (CAPS; Yeam
et al. 2005) marker for the detection of phosphine-resistant
alleles in this strain.

Materials and methods
Insects

Laboratory colonies originated from three different popula-
tions of T. castaneum were used in this research. The first
population was a laboratory colony obtained in May 2005
from grain samples at Bom Despacho County, State of Minas
Gerais, Brazil (Pimentel et al. 2007) and referred to here as
TCBR. The remaining populations were from the USA and
collected at Minneapolis, Kansas, designated TCKS; and a
phosphine-susceptible laboratory strain maintained at the
USDA ARS Center for Grain and Animal Health Research
and originally from Savannah, Georgia, referred to here as
Lab-S (Chen et al. 2015). Adult insects were maintained
in the laboratory on a diet of 95% all-purpose wheat flour
and 5% Brewer’s yeast (wt:wt), at 27 °C, 60% RH and a
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light:dark cycle of 14:10. Adults were frozen at — 80 °C
prior to analysis.

Dose-mortality experiments to characterize strong
phosphine resistance

The strength of phosphine resistance in adults from the
TCBR strain was determined and compared to that of adults
from the TCKS and Lab-S strains in a series of dose-mor-
tality experiments at concentrations of phosphine ranging
from 2 ppm to 1000 ppm, with methods similar to those
conducted by Opit et al. (2012). For each of the three strains,
we exposed groups of 50 adults that were 2—6 wk old and
held in ventilated 5-ml glass vials that had 20 g of laboratory
diet. We exposed replicate vials of 50 beetles each (n=3 for
a total of 150 beetles) at each of the phosphine concentra-
tions tested using the discriminating dose bioassay methods
described by the Food and Agriculture Organization (1975).
Fumigation chambers were 3.8-L gas-tight glass jars held at
25 °C and fumigated for 20 h, then ventilated and held for
14 d in clean air under standard rearing conditions to allow
for delayed mortality or recovery of beetles following the
fumigation. Surviving beetles were designated as resistant
to the gas concentration tested compared to those killed in
the same treatment. Application of phosphine to fumiga-
tion jars at target concentrations for bioassays, followed by
quantitative analyses of the resulting concentrations, was
conducted according to the methods of Opit et al. (2012) and
Chen et al. (2015). Phosphine dose-mortality data, for which
the dependent variable was % mortality and the independ-
ent variable was phosphine concentration, were subjected
to probit regression using PoloPlus (LeOra Software, Peta-
luma, CA) (LeOra Software 2005) to determine the LCy,
and LCyg values and their 95% confidence intervals (CIs).
Resistance ratio values indicating the relative level of resist-
ance, whether weak or strong, in a given population were
calculated by dividing the LCsj of the test population, TCBR
and TCKS, by the LCjs, for the Lab-S population.

Amplification and sequencing of the DLD gene

Total RNA and poly(A) RNA isolations followed the meth-
ods described in Chen et al. (2015). Briefly, total RNA was
isolated from a group of 25 individuals from each population
of T. castaneum using Trizol reagent (Life Technologies,
Gaithersburg, MD, USA). Poly(A) RNA was purified from

total RNA using the RevertAid First Strand cDNA Synthe-
sis Kit according to the manufacturer’s instruction (Thermo
Scientific, Waltham, MA, USA). The DLD gene from T.
castaneum was then amplified using cDNA as a template
in 25 pl reaction volume as described in Chen et al. (2015).
Briefly, the mixture included 12.5 ul Master Mix, 1 ul each
corresponding forward and reverse primers at concentra-
tions of 10.0 umol, 2 pl cDNA template (at approximately
50 ng/ul) and 8.5 pl ddH,O using Thermo Scientific™ PCR
MasterMix polymerase kit (Thermo Fisher Scientific). The
PCR temperature program was the following: denaturation
at 95 °C for 5 min; 36 cycles at 95 °C for 15 s, 58 °C for
30 s and 72 °C for 2 min for denaturation, annealing and
extension, respectively; and a final extension at 72 °C for
10 min. PCR products were purified from the gels using
QIAEX II® Gel Extraction Kit according to the manufac-
turer’s instruction (QIAGEN Science, MD, USA). The
purified PCR products were sequenced directly using ABI
3700 DNA Sequencer at the Kansas State University DNA
Sequencing Facility (Manhattan, KS USA). The cDNA of
DLD from T. castaneum was assembled from the sequence
reads using DNAStar (Madison, WI, USA), and the deduced
amino acid sequences were obtained using the www.expas
y.com website. Nucleotide sequences and deduced amino
acid sequences from 7. castaneum were aligned against that
of a population from Garfield County in Oklahoma (Chen
et al. 2015; Opit et al. 2012) and an Australian population,
QTC931 (Schlipalius et al. 2012) using Clustal W2 software
(Katoh et al. 2002).

Development of a resistance marker

Cleaved amplified polymorphic sequence (CAPS) marker
assays were designed to detect two SNPs (single nucleo-
tide polymorphisms) in phosphine-resistant 7. castaneum,
responsible for amino acid changes of P45S, referred to
as M1, and G131D, referred to below as M2, found in the
DLD gene sequence of T. castaneum from Brazil. A frag-
ment from each of the relevant gene sequences was ampli-
fied in a 25 pl reaction volume (12.5 ul Master Mix, 1 ul
each forward and reverse primer, 2 ul gDNA template and
8.5 ul ddH20) using the Thermo Scientific PCR Master-
Mix polymerase kit as described earlier. Forward and reverse
primers to amplify the regions containing M1 and M2 of T.
castaneum (Table 1) were used in the PCRs for the criti-
cal SNPs responsible for the P45S and G131D mutations,

Table 1 Primers used in the

. . . Annealing Location
amplification of mutation 1

Primers for M1

Primers for M2

(M1=P45S) and mutation 2
(M2=GI131D) in the TCBR
strain

Forward
Reverse

Amplification size (bp)

5'-AAATACGTGTCAGAGGTCAC-3'
5'-CCAAATCAAGTCGGACATTG-3’
392 (253+139)

5-GTGGCATAAGCGTGGACAAT-3’
5" TGAAACAAAGTTGGCACCAC-3'
347 (2614 86)
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respectively. The PCR temperature program for the CAPS
assays was as follows: denaturation at 95 °C for 5 min; 30
cycles at 95 °C for 15 s, 54.2 °C for 30 s and 72 °C for 45 s
for denaturation, annealing and extension, respectively; and
a final extension at 72 °C for 10 min. The amplified 392 bp
PCR product containing the SNP for the P45S mutation and
the 347 bp PCR product containing the SNP for the G131D
mutation were subjected to separate digestions using the
restriction enzymes Mbol and BsmAI (New England Bio-
labs, MA USA), respectively, in 10 pl reactions containing
8 ul of PCR product, 1 pl reaction buffer and 1 U restric-
tion enzyme. The reactions were then incubated at 37 °C
for Mbol and 60 °C for BsmAI for 15 min according to
manufacturer’s instruction.

Sequencing the DLD containing the SNP marker
(M2) for G131D in the TCBR strain

In order to confirm whether the SNPs coding for guanidine
to adenine at nucleotides 390 and 392 in the DLD gene
sequence also exist in the TCBR strain, PCR products were
sequenced following Chen et al. (2015).

Cloning and sequencing

In order to confirm that the guanine-to-adenine mutations
at nucleotide positions 390 and 392 of DLD were found in
heterozygous individuals, a pair of primers (Table 1) flank-
ing the mutation region were designed to amplify the target
fragment. High fidelity DNA polymerase (PrimeSTAR®
from TaKaRa BIO Inc., Japan) was used to amplify the DLD
fragment in DNA extracted from different beetle popula-
tions. The PCR products were sub-cloned into pPGEMT Easy
vector (Promega, Madison, WI, USA). Twenty-three posi-
tive clones were randomly selected for plasmid extraction
(Miniprep kit from Zymo Research, Irvine, CA, USA). The
purified plasmids were sequenced by the Sanger method,
and the sequences were analyzed by Sequencher 4.4 (Gene
Codes, Ann Arbor, MI, USA) to detect the point mutations.

Genotyping the dead individuals from the dose
response bioassay

To investigate whether the phosphine resistance levels in
individual beetle from the TCBR strain with one mutation
that are homozygous at the P45S locus, and those with two
mutations that are heterozygous at both P45S and G131D
were similar, dead individuals from each phosphine con-
centration treatment in the dose-morality experiment were
collected following the assay and subjected to the molecular
marker analysis as described above (a total of 60 dead bee-
tles across 5 doses).
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Results

Relative toxicity of Phosphine for T. castaneum
populations

Results of dose-mortality bioassays and probit analyses
are presented in Fig. 1 and Table 2, respectively. Resist-
ance ratios calculated using LCs, estimates indicate that
the TCBR strain was 8.3-fold more resistant than the
TCKS strain, which up to that time (Chen et al. 2015; Cato
et al. 2017) was the most resistant 7. castaneum popula-
tion characterized in the USA. When compared against
the Lab-S strain, the TCKS strain exhibited a 31.1-fold
resistant whereas the TCBR strain exhibited a 258.5-fold
resistance.

Identification of SNPs for DLD Mutations

Only the previously identified P45S mutation was found
in the TCKS strain. However, two additional mutations,
G131D and V167A, also were identified in the TCBR
strain in addition to P45S (Fig. 2). We could not find
commercially available restriction enzymes matching
the V167A mutation. However, mutations from guanine
to adenine at nucleotides 390 and 392 were the result of
a gagac sequence, which is the recognition site for the
restriction enzyme BsmAI and therefore a potential diag-
nostic marker.

% mortality
wn
f=]

40 & Lab-S

WTCKS

20
A ATCBR
A
0 A
1 10 100 1000 10000
Log concentration (ppm)

Fig. 1 Dose-mortality curves for PH; fumigation in the red flour bee-
tle, T. castaneum from Brazil (TCBR), Minneapolis, Kansas (TCKS)
and a laboratory-susceptible population (Lab-S). The LCs, and LCy,
values for each strain were estimated with probit analyses (Table 2)
using data shown here. Each symbol represents the mean of three rep-
licates
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Table 2 Relative toxicity and results of probit analyses for three populations of 7. castaneum

Population LCs, (95% CI) (ppm) LCyy (95% CI) (ppm) Slope + SE X2 (df) [H] Resistance ratio G-factor®
LCy,

Lab-S 2.1 (2.0-2.3) 7.5 (6.0-10.1) 43403 10.2 (10) [1.0] - 0.03

TCKS 65.3 (55.9-74.5) 462.6 (345.7-702.1) 2.7+0.2 12.5 (10) [1.3] 31.1 0.029

TCBR 542.9 (516.1-572.1) 1206.6 (1051.7-1469.4) 6.7+0.5 14.2 (12) [1.2] 258.5 0.03

CI confidence interval, SE standard error, df degree of freedom, H heterogeneity

In order to evaluate the value of the mean is within the limit at 95% probability, we calculated G-factor using the equation, £ V(b)/b?, where
t=student’s ¢ with error degrees of freedom, V(b) is the slope variance estimate given in the variance—covariance matrix, and b is the slope esti-
mate. If G-values are less than 0.5, it suggests that the value of the mean is within the limit at 95% probability
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Fig.2 Partial sequences of the DLD gene from the red flour beetle,
TCBR strain, with numbering below corresponding to the DLD gene
sequence from the full length gene. a Determination of mutations in
the genomic DNA and amino acid sequences of the DLD gene from
TCBR strain compared to the laboratory-susceptible strain (Lab-S).
Three mutations, P45S (tct versus cct), G131D (gac versus ggc) and
VI67A (gct versus gtt), were identified from the TCBR strain that
differed from the susceptible strain and b partial DNA sequence cor-
responding to the second mutation in heterozygous individuals, ¢ par-
tial DNA sequence corresponding to the second mutation in homozy-
gous at P45S individuals; and d partial DNA sequence of a clone
corresponding to the second mutation in heterozygous individuals. A
second CAPS marker was developed based on gagac sequence from
nucleotides 389-393

A molecular marker for the G131D mutation
in the TCBR strain

There was g to a substitution at nucleotide 392 of the DLD
gene sequence in heterozygous individuals of the TCBR
strain (Fig. 2b), whereas no such substitution was detected
for the same sequence in the homozygous R1R1 individual
(i.e., homozygous for the allele for resistance at the first
marker location, M1) of the TCBR strain (Fig. 2c). We
further confirmed the co-existence of g to a substitution at

M 1 2
b
500>
— 347
100=»
d
392 347
253 261
139
86

Fig.3 Amplification of P45S and G131D regions of the DLD coding
sequence in two individuals from the TCBR strain using specific pairs
of primers, shown in gels (a, b), respectively. The digests at locations
for the point mutations responsible for key amino acid changes were
made with the restriction enzymes Mbol and BsmAl in (¢, d), respec-
tively. Genotypes in lane 1 are homozygous and those in lane 2 are
heterozygotes. M is the quantitative ladder for base pair numbers in
each gel

nucleotides 390 and 392 by sequencing the clones from het-
erozygous individuals (Fig. 2d). In addition, the synonymous
mutation at nucleotide 390 was validated using Clustal W
multiple sequence alignment (S1 Table). Taken together,
BsmALI can be used as the restriction enzyme for the molec-
ular marker determination of the G131D mutation (M2) in
TCBR individuals (Fig. 3).

PH;-resistant level in TCBR homozygous
and heterozygous individuals

The proportions of TCBR adults with a homozygous-

resistant genotype for just the M1 mutation compared to
those with heterozygous genotypes for both the M1 and
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M2 mutations from the concentration-mortality experiment
were similar (Fig. 4), which suggested that the resistance
phenotypes of homozygous R1R1S2S2 individuals and het-
erozygous R1S1R2S2 individuals were similar. Although we
observed both the homozygous and heterozygous genotypes
for M1 resistance in several individuals, none of the 60 bee-
tles analyzed were homozygous for the presumed resistance
allele at the M2 marker.

Discussion

Our results further confirm that strong phosphine resist-
ance of T. castaneum in TCBR is mainly associated with
high frequencies of the point mutation responsible for the
amino acid change of P45S in the DLD gene, as previously
described (Oppert et al. 2015; Chen et al. 2015). The P45S
mutation in DLD is widely distributed in Australia (Schli-
palius et al. 2012), China (Lu et al. 2018), India (Kaur et al.
2015) and the USA (Chen et al. 2015). However, the G131S
mutation is not widespread and has been characterized
only from Australian populations of 7. castaneum. For the
TCBR strain, we have identified that the P45S mutation and
a nearby mutation in the same sequence, G131D, coexist in
this strongly resistant strain. The mutation in the DLD gene
at location 390-392 results in a nonsynonymous mutation
of G131D and occurs in the same position as the mutation
for G131S in resistant Australian beetles, which suggests
that the loss of glycine at this position in the DLD protein is
important for strong phosphine resistance.

The occurrence of strong phosphine resistance in pop-
ulations of T. castaneum can be predicted by genotyping

OM1+M2

mEM1
100 €) 6] a1 de)  d6)
90
80
70
60
50
40
30

20
10 0

150 339 522 596 931 950
PH; concentration (ppm)

Percnetage in dead individuals
S

Fig.4 Proportions of homozygous and heterozygous individuals in
the TCBR strain (number analyzed in parentheses) killed at each of
the concentrations in the concentration-mortality bioassays (Fig. 1)
and recognized as either homozygous R1IR1S2S2 (for M1 only) or
heterozygous R1S1R2S2 (for M1 and M2) using the CAPS analyses
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sampled individuals using previously designed CAPS mark-
ers (Chen et al. 2015). Strong phosphine-resistant pheno-
types are associated with high R-allele frequencies at the
ML site of P45S. In addition to the CAPS marker analysis
based on P45S described by Oppert et al. and Chen et al.
(2015), we now report another CAPS marker for the G131D
mutation detected in the TCBR strain. In terms of the CAPS
marker analysis of the TCBR strain studied here, there were
just two genotypes observed, homozygous R1IR1S2S2 and
heterozygous R1S1R2S2 and there were no G131D homozy-
gotes (SIS1R2R2) observed. We observed the ratio of the
genotypes to be about 3:7 in the population, and this distri-
bution of the genotypes in the population does not fit the
Hardy—Weinberg equilibrium. This phenomenon is also con-
firmed by the genotypes of the offspring from the crossings
between heterozygous R1S1R2S2 parents (Hubhachen et al.,
unpublished data). Experiments in our laboratory are under-
way to investigate why there are no homozygous S1S1S2S2
individuals in the population when about 70% of individuals
are heterozygous R1S1R2S2.

The LCs, value reported here for the TCBR strain was
258.5-fold higher than that of the susceptible laboratory
population, and 31.1-fold higher than TCKS, which had
been the strongest phosphine-resistant population collected
in North America at the time of Chen et al. (2015), and it
is twice the 127-fold resistance reported for another USA
population studied more recently (the “Red Level AL’ popu-
lation of Cato et al. 2017). The higher level of resistance in
the TCBR strain may be due to either the one resistant allele
(P45S) being homozygous or two or more co-inherited point
mutations in the DLD gene that contribute to the strong phe-
notype for phosphine resistance.

Direct use of genetic markers can help in understand-
ing the occurrence and distribution of resistance genes for
managing phosphine-resistant pest populations (Chen et al.
2015). CAPS markers for detecting phosphine resistance in
grain beetles are fast and inexpensive (Chen et al. 2015;
Kaur et al. 2013). In addition, the technique can be readily
applied to analyze dead or living beetles of any life stage
(Daglish and Collins 1999; Emery et al. 2011). Applica-
tion of both of these two CAPS markers could determine
the rph2 R-allele frequency of the pest populations of T.
castaneum that are known to carry them. Thus, our findings
of an additional molecular marker for phosphine resistance
provide important information for decision-making in man-
aging phosphine resistance in storage insect pests. A low
frequency of either or both markers suggests that a more
effective use of phosphine could manage resistance, while
a high frequency of resistance markers suggests that phos-
phine fumigation should be at least temporarily discontin-
ued and suitable resistance management strategies should be
adopted, such as use of an alternative fumigant or reduction
in pest populations through other means.
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