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ABSTRACT

The U.S. Food and Drug Administration utilizes the presence of filth and extraneous materials as one of the criteria for

implementing regulatory actions and assessing adulteration of food products of public health importance. Twenty-two prevalent

pest species (also known as the ‘‘Dirty 22’’ species) have been considered by this agency as possible vehicles for the spread of

foodborne diseases, and the presence of these species is considered an indicator of unsanitary conditions in food processing and

storage facilities. In a previous study, we further categorized the Dirty 22 species into four groups: group I includes four

cockroach species, group II includes two ant species, group III includes 12 fly species, and group IV includes four rodent species.

Here, we describe the development of three nested PCR primer sets and multilocus genetic characterization by amplifying the

small subunit rRNA, elongation factor 1-alpha, and wingless (WNT-1) genes of group II Dirty 22 ant species Monomorium
pharaonis and Solenopsis molesta. These novel group II Dirty 22 species-specific nested PCR primer sets can be used when the

specimens cannot be identified using conventional microscopic methods. These newly developed assays will provide correct

identification of group II Dirty 22 ant species, and the information can be used in the control of foodborne pathogens.

The primary mission of the U.S. Food and Drug

Administration (FDA) is to enforce the Food, Drug, and

Cosmetic Act (46). This act forbids the distribution of

adulterated food or food products, which includes those

products that are defective, unsafe, and filthy or are

produced under unsanitary conditions. The filth and other

extraneous materials are defined as adulterants under section

402 of the Act, and the FDA implements regulatory action

criteria for filth and extraneous materials to assess the

adulteration of food products. To accomplish this difficult

task, a series of reviews have been published to provide

additional guidelines, which include a list of common food

pest species (Table 1). These species are also called the

‘‘Dirty 22’’ species, and are deemed by the FDA to be a

contributory factor for the spread of foodborne diseases (2,
23–26).

In a recent study, we further categorized the Dirty 22

species into four groups: group I includes four cockroach

species, group II includes two ant species, group III includes

12 fly species, and group IV includes four rodent species

(37). We also described the development and validation of a

small subunit (SSU) rRNA gene–based PCR plus restriction

fragment length polymorphism protocol that can be used to

detect and differentiate the four group I Dirty 22 species. In

this follow-up to that previous study, we developed three

degenerate nested PCR primer sets based on PCR

amplification and nucleotide sequence characterizations of

the SSU rRNA, elongation factor 1-alpha (EF-1a), and

wingless (WNT-1) genes of the two group II Dirty 22 ant

species: Monomorium pharaonis (Pharaoh ant) and Sole-
nopsis molesta (Thief ant). These ant species are two of the

most common household pests of public health importance

responsible for contaminating food and spreading foodborne

pathogens. All three of these novel PCR assays can

differentiate the group II Dirty 22 ant species from other

species of food pests, which will further the FDA’s mission

of keeping the food supply chain safe and preventing

foodborne outbreaks.

MATERIALS AND METHODS

Group II Dirty 22 species and DNA extraction. Genomic

DNA was extracted from the two ant species belonging to group II

of the Dirty 22 species. In most cases, a single specimen (preserved

in 70% ethanol) was homogenized using a clean and autoclaved

mortar and pestle and liquid nitrogen. The homogenate was

purified with the DNeasy Blood & Tissue DNA Extraction Kit

(QIAGEN, Valencia, CA) following manufacturer’s protocol and
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recommendations for purification of total DNA from insects. The

concentration of purified DNA samples was measured at 260 nm

absorbance using a NanoDrop-1000 spectrophotometer (NanoDrop

Technology, Rockland, DE), and the samples were stored at

220uC until used.

Nested PCR amplification. To amplify the fragments of the

three SSU rRNA, EF-1a, and WNT-1 genes from M. pharaonis
and S. molesta, three novel nested PCR protocols were developed

using primers complementary to the conserved regions of the

nucleotide sequences of the three genes as published in GenBank:

SSU rRNA (GenBank DQ353430, EF012934, and EF012886),

EF-1a (GenBank EU204326, EU204417, EU204568, EF013348,

and EF013510), and WNT-1 (GenBank EU204173 and

EF013770). For the primary and secondary PCR amplification of

the SSU rRNA, EF-1a, and WNT-1 genes, six pairs of degenerate

primer sets were designed (Table 2). For the primary PCR, the 50-

ml reaction consisted of 25 ml of HotStarTaq Master Mix

(QIAGEN) and 25 ml of a solution containing 200 nM concen-

trations of each primer, 1.5 mM additional MgCl2 (Promega,

Madison, WI), and template DNA (50 ng) diluted in PCR grade

water. The QIAGEN HotStarTaq Master Mix is a premixed

solution containing HotStarTaq DNA polymerase, PCR buffer,

200 mM concentrations of deoxynucleoside triphosphates, and a

final concentration of 1.5 mM MgCl2. The reactions were run for

35 cycles (each cycle was 94uC for 45 s, 55uC for 45 s, and 72uC
for 60 s) in a GeneAmp PCR 9700 thermocycler (Applied

Biosystems, Foster City, CA), with an initial hot start (94uC for

15 min) and a final extension (72uC for 10 min). For the secondary

PCR, 2.5 ml of primary reaction was used as the template with the

nested forward and reverse primers. The conditions for the

secondary reaction were identical to those of the primary reaction.

The PCR products were analyzed by agarose gel electrophoresis,

and bands were visualized after ethidium bromide staining.

Nucleotide sequencing and data analyses. The SSU rRNA,

EF-1a, and WNT-1 gene-based nested PCR amplified products of

the two ant species (M. pharaonis and S. molesta) were sequenced

using Big-Dye 3.1 dye chemistry and 3500 XL automated DNA

sequencers (Applied Biosystems). Nucleotide sequence accuracy

was confirmed by two-directional sequencing. For each species,

overlapping primer sets were designed and utilized to obtain

complete coverage of the amplified fragment. Multiple alignments

of the nucleotide sequences were constructed using the BioEdit,

ClustalW, and Geneious programs with manual adjustments.

Nucleotide sequence accession numbers. The nucleotide

sequences generated for the SSU rRNA, EF-1a, and WNT-1 genes

of M. pharaonis and S. molesta were deposited in GenBank under

accession no. JQ695802 to JQ695807.

RESULTS

Twenty specimens belonging to the two group II Dirty

22 ant species (10 specimens each of M. pharaonis and S.
molesta) were used in the study. The three unique

degenerate nested PCR primer sets designed based on the

SSU rRNA, EF-1a, and WNT-1 genes were used to amplify

DNA from these ants. These primer sets were further tested

for sensitivity and robustness by performing PCR amplifi-

TABLE 1. List of Dirty 22 species as examples of pests that can contribute to the spread of foodborne pathogensa

Species no. Common name Scientific name

Group I Cockroaches

1 German cockroach Blattella germanica (L.) (Dicityoptera: Blattellidae)

2 Brownbanded cockroach Supella longipalpa (Fabriculus) (Dictyoptera: Blattellidae)

3 Oriental cockroach Blatta orientalis L. (Dictyoptera: Blattidae)

4 American cockroach Periplaneta americana (L.) (Dictyoptera: Blattidae)

Group II Ants

5 Pharaoh ant Monomorium pharaonis (L.) (Hymenoptera: Formicidae)

6 Thief ant Solenopsis molesta (Say) (Hymenoptera: Formicidae)

Group III Flies

7 House fly Musca domestica L. (Diptera: Muscidae)

8 Stable fly Stomoxys calcitrans (L.) (Diptera: Muscidae)

9 Little house fly Fannia canicularis (L.) (Diptera: Muscidae)

10 Latrine fly F. scalaris (Fabricius) (Diptera: Muscidae)

11 Cosmopolitan blue bottle fly Calliphora vicina Robineau-Desvoidy (Diptera: Calliphoridae)

12 Holarctic blue bottle fly C. vomitoria (L.) (Diptera: Calliphoridae)

13 Oriental latrine fly Chrysomya megacephala (Fabricius) (Diptera: Calliphoridae)

14 Secondary screwworm Cochliomyia macellaria (Fabricius) (Diptera: Calliphoridae)

15 Blue bottle fly Cynomyopsis cadaverina Robineau-Desvoidy (Diptera: Calliphoridae)

16 Green bottle fly Phaenicia sericata (Meigen) (Diptera: Calliphoridae)

17 Black blow fly Phormia regina (Meigen) (Diptera: Calliphoridae)

18 Redtailed flesh fly Sarcophaga haemorrhoidalis (Fallén) (Diptera: Sarcophagidae)

Group IV Rodents

19 House mouse Mus musculus (Mammalia: Muridae)

20 Polynesian rat Rattus exulans (Mammalia: Muridae)

21 Norway rat R. norvegicus (Mammalia: Muridae)

22 Roof rat R. rattus (Mammalia: Muridae)

a This list was originally published by Olsen et al. (26) and further categorized into four groups (I through IV) by Sulaiman et al. (37).
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cation at least three times with the genomic DNA of all 10

specimens of each species, followed by nucleotide sequenc-

ing of the amplified nested PCR products (Table 2).

Of the 60 nested PCR amplified products of these

specimens, 36 were subjected to sequencing to generate the

unique nucleotide sequences; 12 sequences each for the

SSU rRNA (,700 bp), EF-1a (,500 bp), and WNT-1

(,400 bp) secondary PCR fragments belonging to the six

specimens each of M. pharaonis and S. molesta, respec-

tively (Fig. 1).

The 18S rRNA gene exhibited significant interspecies

polymorphism among the 12 specimens of the two ant

species sequenced. However, genetic diversity at the

intraspecies level was not evident. To date, no SSU rRNA

nucleotide sequence has been reported for M. pharaonis;

thus, the sequences generated in this study are novel and

described here for the first time. However, these novel M.
pharaonis sequences had four-point and five-point differ-

ences compared with the two other published species of

Monomorium, respectively (Table 3). The SSU rRNA

sequences generated in this study for S. molesta were

identical to the published sequence (GenBank EF012934).

The EF-1a gene also displayed interspecies variation

for these two ant species, but intraspecies genetic diversity

was lacking. However, when these sequences were aligned

and compared with the published EF-1a nucleotide

sequences (GenBank EU204568 and EF013510), one-point

mutations were evident in M. pharaonis at position 105 (T

to C) and in S. molesta at position 387 (C to T).

The WNT-1 gene had diversity at both the inter- and

intraspecies level for the M. pharaonis and S. molesta
specimens, similar to that exhibited by the 18S rRNA and

EF-1a loci for these species. However, the WNT-1 M.
pharaonis sequences generated completely matched the

published sequence (GenBank EU204173), and the S.
molesta sequence had a two-point mutation (G to A at

position 114 and G to T at position 147) when compared

with the published sequence (GenBank EF013770).

DISCUSSION

The principal mission of the FDA as a regulatory

agency is to prohibit distribution of unsafe and deleterious

food, drug, and cosmetic products and to keep the supply

chain free of products that can pose a public health risk.

This task has become very challenging in recent years. The

global production of FDA-regulated goods has exploded

over the past decade, and the amount of imported material

and ingredients used for production of finished products in

U.S. manufacturing facilities has increased phenomenally.

Consequently, for efficient regulation several strategies have

been considered and developed, including the estimation of

hazardous and nonhazardous filth and extraneous materials

responsible for the adulteration of food products (2, 23–26).
The scientific basis for making a regulatory decision should

also be considered when analyzing a food sample for

common food pests that can contribute to the spread of

foodborne pathogens. The first published list of food pest

species included 22 insect and rodent species, (four

cockroaches, two ants, 12 flies, and four rodents (26)),
and these species have been called the Dirty 22 by FDA

entomologists. These Dirty 22 species have been further

TABLE 2. Degenerate nested primer sets designed in this study and used for multilocus sequence characterization

Gene Primer Sequence (59–39)

SSU rRNA IMS-GR2-SSU-F1 CATGCATGTCTCAGTGC
SSU rRNA IMS-GR2-SSU-R1 CGCGRGGCTAAGCCCACCGGTAG
SSU rRNA IMS-GR2-SSU-F2 TGTCTCAGTGCATGCCGAATTAAG
SSU rRNA IMS-GR2-SSU-R2 TAAGCCCACCGGTAGGACG
EF-1 IMS-GR2-EF-F1 TGGAARTTYGAAACVTC
EF-1 IMS-GR2-EF-R1 GCCTTRTCRGTSGGC
EF-1 IMS-GR2-EF-F2 AARTTYGAAACVTCBAARTAC
EF-1 IMS-GR2-EF-R2 TCRGTSGGCYTRGWVGG
WNT-1 IMS-GR2-WNT-F1 CCGAACTTCCGCGTGG
WNT-1 IMS-GR2-WNT-R1 GGTGCAGGAGCACCTCTC
WNT-1 IMS-GR2-WNT-F2 ACTTCCGCGTGGTCGGCGAC
WNT-1 IMS-GR2-WNT-R2 AGCACCTCTCGATTACCGTC

FIGURE 1. Multilocus PCR amplification of two group II Dirty
22 ant species by nested degenerate PCR primer sets. Lane 1, 100-
bp molecular weight marker; lanes 2 through 7, 18S rRNA
amplified products; lanes 8 through 13, EF-1a amplified products;
lanes 14 through 18, WNT-1 amplified products. Lanes 3, 6, 7, 11,
15, and 18, negative controls; lanes 2, 8 through 10, and 14, M.

pharaonis PCR amplified products; lanes 4, 5, 12, 13, 16, and 17,
S. molesta PCR amplified products.
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categorized into four groups based on their taxonomic and

molecular characteristics (37).
Molecular genetic characterization (partial and com-

plete gene or genome) of anthroponotic and zoonotic

pathogens and their vectors has led to the development of

rapid detection methods that include some protocols with

high-throughput capability (1, 14, 15, 17, 20, 42, 43). These

tools have helped researchers to ascertain the vector species

and transmission routes for infectious pathogens and to

conduct epidemiologic surveys of public health importance.

In recent years, these tools have been extremely useful for

controlling several emerging infectious diseases and pre-

venting foodborne and waterborne outbreaks worldwide (8,
38–41). In several human pathogens with very low natural

genetic diversity, the multilocus characterizations have been

valuable for determining the extent of genetic variation (19,
31, 32, 38–41). To date, molecular characterization of the

common food pests including the list of Dirty 22 species,

which are known to spread pathogens causing foodborne

disease, has been inadequate. Accurate molecular charac-

terization would facilitate the rapid detection and differen-

tiation of these pest species. These novel molecular tools

will help the FDA to accomplish one of its most important

mandates for food safety programs, i.e., the surveillance of

food storage areas, and to conduct molecular epidemiologic

investigations of foodborne outbreaks and the involvement

of a specific vector species.

Of the nonregulatory housekeeping genes, the SSU

RNA and EF-1a genes have been widely exploited for

describing genetic polymorphism across eukaryotic organ-

isms, including various ant species (3, 9, 12, 18, 36). The

SSU rRNA genes are the most highly conserved regions of

the eukaryotic genome, often with several copies, and are

thought to evolve at a relatively slower rate (1, 37). The

rRNA gene has been most extensively used as a

phylogenetic marker for exploring taxonomic and evolu-

tionary relationships among species and has been useful in

the development of diagnostic methods for detection and

differentiation of species at the molecular level (22, 44).
This gene also has been used successfully to assess the

genetic relationships among various insect species, includ-

ing the two group II Dirty 22 ant species M. pharaonis and

S. molesta (1, 4–7, 13, 29, 47, 50).
The EF-1a is another conserved gene that has been

recognized as a useful genetic marker for assessing higher

level phylogenetic relationships among insect species; this

gene also can occur as single or multiple copies (10, 11, 30).
The WNT-1 gene (wingless) also has been widely

characterized and used in molecular evolutionary analyses

and phylogenetic studies of several insect species (21, 33).
Mitochondrial genes such as cytochrome oxidase I,

cytochrome oxidase II, and the carbomoylphosphate

synthetase domain of CAD (a multienzyme-encoding gene)

also have been used as genetic markers for exploring species

relationships among insects (4, 7, 16, 29, 50).
Ants are social insects belonging to the family

Formicidae and are thought to have evolved from wasp-

like ancestors in the mid-Cretaceous period between 110

and 130 million years ago. Of the estimated 22,000 ant

species, only 12,500 species have been classified. Ants are

found on almost every continent and thrive in most

ecosystems, except in Antarctica and a few other inhospi-

table islands. Ants represent an estimated 15 to 25% of the

terrestrial animal biomass. Because of their natural survival

skills and social nature, ants have developed commensal,

mutualistic, and parasitic relationships with other species

during the course of coevolution. Although ants serve

several ecological functions valuable to humans, including

control of pest populations and soil aeration, some ant

species are considered pests (28, 34, 35, 48).
To explore the evolutionary and phylogenetic relation-

ships among various ant species and between ants and other

insects at various taxonomic levels, the SSU rRNA, EF-1a,

and WNT-1 loci have been widely used as genetic markers

(16, 27, 44, 45, 49). While characterizing the 18S rRNA,

EF-1a, and WNT-1 loci of several Pharaoh ant and Thief

ant specimens, we found that these three genes were very

useful for the detection of and differentiation between these

two ant species. Analyses of data revealed a significant

interspecies genetic polymorphism, and in some cases

intraspecies genetic variation also was obvious (Table 3).

Our study confirmed that PCR amplification followed by

nucleotide sequencing could differentiate between M.
pharaonis and S. molesta specimens. The newly designed

degenerate primer sets based on the SSU rRNA, EF-1a, and

WNT-1 loci were robust and could amplify successfully at a

range of PCR parameters (data not shown).

In the current FDA filth monitoring program, insects

and insect fragments are identified by conventional

macroscopic and microscopic morphological characteristics

described in insect keys (26, 37). However, the features

needed for identification often are lost or decayed to the

extent that a trained entomologist cannot identify the

specimen at the family level, which is a critical for the

analysis of an official regulatory sample. In food samples,

identification of the food pest (Dirty 22 species) to the

TABLE 3. Differences between the novel 18S rRNA sequence of
M. pharaonis generated in this study and the two published
Monomorium sequences

M. pharaonisa M. destructorb M. ergatogynac Position (nt)

Four-point mutations

A C A 82

C G C 191

G A G 192

C T C 655

Five-point mutations

T T A 195

C C T 196

C C T 198

G G C 200

T T G 218

a Representative sequences determined in this study have been

deposited in the GenBank, with accession no. JQ695802 to

JQ695807.
b From GenBank DQ353430.
c From GenBank EF012886.

1450 SULAIMAN ET AL. J. Food Prot., Vol. 75, No. 8



species level is necessary for violations to be documented so

corrective action can be taken. The presence of any of the

Dirty 22 species in food samples is considered hazardous to

human health (26). Thus, a rapid diagnostic method that can

detect and differentiate these pests in food and food

products is needed to accomplish the mission of the FDA.

In summary, in this study three degenerate nested PCR

primers sets were developed based on the SSU rRNA, EF-

1a, and WNT-1 genes and used to amplify the genomic

DNA of two violative ant species (M. pharaonis and S.
molesta) belonging to group II of the Dirty 22 species.

Nucleotide sequencing of the resultant secondary amplified

PCR products of all three genes characterized was used to

differentiate the two ant species at the molecular level. Thus,

this method will be useful when conventional morpholog-

ical methods fail to identify the specific group II Dirty 22

species in official regulatory food samples, especially when

recovery of these pests is a concern. Efforts are underway to

characterize the members of group III and group IV Dirty 22

species at the molecular level to elucidate their genetic

makeup and develop novel diagnostic tools for their

detection and regulation in official food samples.
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