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Abstract The red imported fire ant (RIFA) (Solenopsis

invicta Buren), an exotic insect pest in Texas, has become

well established throughout the eastern part of the state.

More aggressive than native ant species, RIFA gradually

have enlarged their range and spread north and west despite

intense efforts to stop them. Symbiotic bacteria have an

important relationship in the midgut of fourth instar RIFA

larvae. However, the presence of symbiotic bacteria in

hemolymph has not been explored. In this study, symbiotic

bacteria isolated from the hemolymph of fourth instar lar-

vae of RIFA were genetically identified in terms of genus

using a partial sequence of the 16S rRNA gene. Using three

different primer sets to amplify regions of the gyrA, gyrB,

and SG850 genes, multiple species of the genus Bacillus

were identified as inhabitants of fire ant hemolymph.

Analysis of gyrA gene identified Bacillus cereus with a

percentage match of 94.13–99.20% with DNA sequences

from GenBank BLAST (www.ncbi.nih.gov). Using the

gyrB gene, Bacillus species were identified with a per-

centage match of 95.48% to 100% using DNA sequences

from GenBank. Finally, analysis of the SG850 gene iden-

tified Bacillus cereus with a percentage match of 96.20% to

99.83% using DNA sequences from GenBank.

Introduction

The red imported fire ant (RIFA) (Solenopsis invicta

Buren) is an aggressive species that defends foraging

territories against neighboring RIFA colonies [15]. Red

imported fire ants have become especially well established

in the southeastern United States [6]. Management of these

pests is heavily dependent on insecticides, which usually

cost an estimated 6 to 12 billion dollars annually for the

treatment of all infested land. Insecticides are extremely

expensive and hazardous to human and animal health.

Therefore, the potential use of biologic control agents for

RIFA population management is a worthy prospect.

The microsporidia Thelohania solenopsae [8] and

Vairimorpha invictae [7] are effective self-sustaining bio-

logic control agents against RIFA [2]. Thelohania

solenopsae causes a decline in queen egg production and

queen weight as well as queen and worker ant survivorship.

The pathogen is transmitted from workers to the queen

through food exchange. Vairimorpha invictae is an obli-

gate, intracellular, dimorphic microorganism that produces

mononucleate microspores and binucleate spores in larvae,

pupae, workers, and queen RIFA.

Nonpathogenic relationships between RIFA and bacteria

also have been discovered. Relationships between symbi-

otic bacteria and fourth instar larvae of RIFA are common

but not well understood. Lactococcus garviae, Staphylo-

coccus saprophyticus, and Enterococcus avium are three

symbiotic Gram-positive bacteria found in the midgut of

fourth instar larvae of RIFA [11], with no Gram-negative

bacteria recovered. These bacteria, found inbound in the

lumen, were identified using fatty acid methyl ester and

genetic analysis.

A total of 10 different bacteria were isolated from the

midgut of fourth instar larvae of RIFA workers using

polymerase chain reaction (PCR) amplification, gene

sequence analysis of the 16S rRNA gene, and restriction

fragment length polymorphism (RFLP) analysis of 10

RIFA midgut bacterial isolates [9]. These bacteria were
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identified to be Enterococcus sp., Enterobacter sp., Kluy-

vera cryocrescens, Lactococcus garvieae, Pseudomonas

aeruginosa, Achromobacter xylosoxidans, Bacillus pumi-

lus, Listeria sp., Serratia marcescens, and another

unidentified bacterium. In these studies, exploration for

symbionts was confined to the gut. The presence of sym-

biotic bacteria in hemolymph (the blood analog of an

insect) was not investigated.

In our preliminary studies, several Bacillus species were

recovered from RIFA hemolymph samples. However, the

bacterium’s role in the hemolymph is unknown. Bacillus is

Gram-positive, rod shaped, either an obligate or a facul-

tative aerobe, and endospore forming. It tests positive for

enzyme catalase. This genus of bacteria generally is con-

sidered a benign soil microorganisms [12]. Bacillus cereus

and Bacillus species are associated with arthropods,

whereas B. cereus sensu lato was recovered from the

digestive tracts of sow bugs (Porcellio scaber) [13]. The

data suggest that B. cereus sensu lato is a natural resident

of terrestrial isopods, and a true commensal inhabitant of

sow bugs. High frequencies of B. cereus and Bacillus

species also were found in mosquito larvae guts [10]. This

implies that Bacillus has the ability to colonize larvae guts.

Furthermore, these bacteria can reside in larvae guts longer

than Escherichia coli, indicating that the relationship is

more than transient.

An unidentified Bacillus species was isolated from the

sterilized surface of adult whiteflies (Bemisia argentifolii)

[4]. A greater variety of bacteria were found in adult

whiteflies than in nymphs. However, no bacteria were

isolated from surface-sterilized eggs, which implies that a

strong correlation exists between insect life stage and the

type of bacteria isolated.

In this study, the presence of symbiotic bacteria in the

hemolymph of fourth instar larvae of RIFA was deter-

mined, and resulting symbionts were identified using PCR

amplification and DNA sequence analysis of degenerative

16S, gyrB, gyrA, and SG749 genes. Identification of

hemolymph-associated symbionts could open new ave-

nues for biologic control of RIFA, either as targets of a

control strategy or as a delivery mechanism for a control

strategy.

Materials and Methods

Fourth instar larvae of RIFA were collected from 10 colo-

nies in several locations on the University of Texas at Tyler

campus. Briefly, RIFA mounds were identified, and

approximately 30 cm of soil was removed with a shovel.

Fourth instar larvae were removed, washed with a 10%

bleach solution, and rinsed with distilled water to ensure

that soil-borne microbes would be removed. To recover the

hemolymph, each fourth instar larva was put on a micro-

scope slide, and an incision was made between the eventual

head and thorax region. A sterile cotton swab (Thermo

Fischer Scientific, Inc., Waltham, MA, USA) was used to

collect the larval hemolymph, which then was submerged in

tryptic soy broth and incubated at 37�C for 18 to 24 h. The

grown bacteria was Gram stained and streaked on tryptic

soy agar (TSA) plates, phenylethyl alcohol agar (PEA)

plates, TSA plates with 5% sheep’s blood, and McConkey

agar plates for 18 to 24 h. Individual pure bacterial colonies

were grown on TSA plates for 18 to 24 h. Individual RIFAs

were labeled with numbers (i.e., SGIRFA101), and if

multiple bacterial colonies were recovered, they were

labeled with a letter (i.e., SGIRFA101a).

From pure bacterial colonies, DNA was extracted using

the DNeasy tissue extraction kit (Qiagen Inc., Valencia, CA,

USA) following the standard manufacturer’s protocol. Each

PCR reaction (total volume of 20 ll) contained 10 ll of IQ

Supermix (Bio-Rad Laboratories, Hercules, CA), 6.4 ll of

auctoclaved nanopure water, 0.8 ll of forward and 0.8 of ll

reverse primers (Table 1), and 2 ll of DNA template.

The following protocol was used for the PCR reactions.

Using the 16S RNA primers, an initial denaturing step of

95�C for 3 min; an annealing step repeated 35 times at

95�C for 1 min, at 55�C for 1 min, and at 72�C for 2 min;

and a final extension cycle of 72�C for 10 min were per-

formed. Using the gyrA and gyrB primers, an initial

Table 1 Primer sequences used for DNA amplification and sequencing

Target gene Amplicon size Primer name Oligonucleotide sequence (50 to 30) Reference

16 s &800 FD2 AGAGTTTGATCATGGCTCAG [14]

RP1 ADGGTTACCTTGTTACGACTT [14]

gyrB 573 BAgyrB1 TTGGGAATAGTGAAGCGAGA [1]

BAgyrB2 GCTGTGCAATATAGATATAACCATG [1]

gyrA 442 BAgyrA1 CTGTGCATCGTAGGGTTTTA [1]

BagyrA2 ACTTCACCAAGTTGATGCGG [1]

SG850 749 SG-749f ACTGGCTAATTATGTAATG [3]

SG-749r ATAATTATCCATTGATTTCG [3]
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denaturing step of 94�C was run for 3 min; annealed at

94�C for 1 min, at 58�C for 1.5 min, and at 72�C for

2.5 min; and repeated 30 times with a final extension cycle

of 72�C for 7 min. The SG850 primers were run with an

initial denaturing step of 95�C for 3 min; annealed at 95�C

for 30 s, at 55�C for 30 s, and at 72�C for 90 s; and

repeated 35 times, with a final extension cycle of 72�C for

7 min. A nontemplate control was also run with each assay

as a negative control condition.

After the PCR reactions were completed, the presence of

the desired amplicon was determined by agarose DNA gel

electrophoresis. A sample was considered positive if the

correct DNA fragment size (according to the size of

primers used) was visualized using ultraviolet light.

The positive PCR products were purified using the

QIAquick PCR purification kit (Qiagen, Valencia, CA,

USA) according to the manufacturer’s protocol. A DNA-

sequencing PCR was performed in a 10-ll reaction con-

taining 4 ll of DTCS Quick Start Master Mix (Beckman

Coulter, Fullerton, CA, USA), 2 ll of either the forward or

reverse primer, 2 ll of autoclaved nanopure water, and

2 ll of a DNA template. The sequencing PCR (30 cycles)

was conducted under the following conditions: 95�C for

20 s, 50�C for 20 s, and 60�C for 4 min, with the product

then held at 4�C until removal from the machine. The DNA

product was purified using standard ethanol precipitation,

which resulted in samples resuspended in 40 ll of sample-

loading solution (Beckman Coulter).

The resuspended samples were transferred to the

appropriate Beckman Coulter 96-well microplates, centri-

fuged at 300 rpm at 2�C for 30 s, and then overlaid with

one drop of mineral oil. Samples then were sequenced in a

CEQ 8000 Genetic Analysis System (Beckman Coulter)

using the manufacturer’s protocol. Sequences were pro-

cessed using BioEdit (Ibis Biosciences, Carlsbad, CA,

USA) and matched to known sequences using basic local

alignment search tool (BLAST) (www.ncbi.nih.gov).

Results

Comparison and alignment of the DNA sequence samples

using GenBank DNA sequence data and the BioEdit soft-

ware program were used to determine which symbiotic

bacteria were located in the hemolymph of S. invicta fourth

instar larvae. Approximately 50 bacterial isolates were

recovered from about 30 individual ants collected from 10

different locations on the University of Texas at Tyler

campus. Although Gram staining identified the presence of

both Gram-positive and Gram-negative bacteria in the

initial cultures, no Gram-negative bacteria were recovered

when the cultures were subplated. Additionally, no bacteria

grew on McConkey agar plates.

Various types of Bacillus bacteria were identified by

DNA sequencing. Analysis of the 16S RNA gene was not

successful in identifying the specific species of Bacillus

because there is limited variability in the 16S rRNA gene.

The closest matches through the analysis of the 16S gene

were B. thuringiensis (87.95–99.37%), Bacillus sp. (91.35–

98.94%), B. borotolerans (89.75–98.40%), B. macroides

(89.75–98.40%), B. mycoides (91.30–99.31%), B. megate-

rium (91.35–98.94%), B. fusiformis (90.18–99.37%), and

B. cereus (87.95–99.37%). These strains then were ana-

lyzed using more variable gene loci (gyrA, gyrB, and

SG850) to determine species.

The results at the species level showed a contradiction

between the gyrA, gyrB, and SG850 genes. The specific

species of Bacillus were determined using a BLAST search

(www.ncbi.nih.gov), with the result that Bacillus species

and B. cereus were found to be the most prevalent sym-

biotic bacteria. Bacillus species had the highest percentage

match to sequences from the BLAST search when the gyrB

gene was used. However, B. cereus had the highest per-

centage match to sequences from the BLAST search when

the gyrA and SG850 genes were used. The BLAST search

that had the lowest E value with a high total score was

compared with the sequence from RIFA hemolymph

samples using BioEdit. Analysis of the gyrA gene identified

B. cereus with the DNA sequence from the GenBank at a

percentage match of 94.13% to 99.20% (Table 2). Analysis

of the gyrB gene identified Bacillus species with the DNA

sequence from the GenBank at a percentage match of

95.48% to 100% (Table 2). Analysis of the SG850 gene

identified B. cereus with the DNA sequences from the

GenBank at a percentage match of 96.20% to 99.83%

(Table 2).

Discussion

From the sequence results for the gyrA, gyrB, and SG850

genes, it was determined that fourth instar larvae of RIFA

have symbiotic bacteria associated with hemolymph. This

was not a surprising discovery because larvae of RIFA do

not filter particles smaller than 0.88 lg from ingested food

[5]. Bacteria are not prevented from entering the adult’s

gut, which allows absorption into the hemolymph. It was

not surprising to find Bacillus in the hemolymph of fourth

instar larvae of RIFA because Bacillus is a benign soil

bacterium. However, it was surprising to find these bacte-

ria, which were genetically similar, in almost all 50 ants

tested. This bacterium may have a commensal relationship

with RIFA fourth instar larvae and could help with survival

during this stage of development.

The DNA sequencing results from the 16S, gyrA, gyrB,

and SG850 genes were consistent at the genus level,
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matching the isolated bacterium from the hemolymph of

fourth instar larvae to Bacillus species. At the species level,

sequence data from gyrA, gyrB, and SG850 contradicted

each other. This contradiction may result from GenBank’s

database lack of information for the gyrA and SG850 genes

(sequence data for Bacillus species could not be found). This

means that specific species of Bacillus cannot be determined

with gyrA and SG850 genes at this time. As a result, the

specific species of Bacillus could not be determined accu-

rately using sequencing information from these genes. Other

methods such as fatty acid methyl ester or substrate use may

be helpful in clearly identifying these species.

The presence of the symbiotic bacterium Bacillus inside

the hemolymph of fourth instar larvae of RIFA is a possible

prospect to be used as a biologic control agent of RIFA

either as the target of a control strategy or as a delivery

vehicle for gene products to the hemolymph of the insect.

Therefore, the relationship between Bacillus species and

their ant host needs to be defined. An obligate relationship

(the bacterium is needed for the insect’s survival) would

indicate a good target for biologic control because removal

of the bacterium would cause mortality of the insect. If the

relationship were facultative, reduction of symbionts could

have an impact on the RIFA population by slightly

reducing their fitness. In either case, these symbionts could

be useful as a part of a biologic control strategy.
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