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In the United States, imported fire ants are often referred to as red imported fire ants, Solenopsis invicta Buren, black

imported fire ants, S. richteri Forel, and their hybrid (S. invicta × S. richteri). Due to their aggressive stings and toxic

venom, imported fire ants pose a significant threat to public health, agriculture, and ecosystem health.
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1. Venom Alkaloids

Extensive research has been conducted on the venom alkaloids of fire ants. Prior to the classification of red and black

imported fire ants as distinct species, the first piperidine alkaloid, trans-2-methyl-6-n-undecylpiperidine, was identified in

Solenopsis saevissima . Subsequently, a series of 2-methyl-6-alkyl or alkenyl piperidine alkaloids were discovered in

both S. invicta and S. richteri  (Figure 1). The alkyl or alkenyl side chains on position six of the piperidine ring can

consist of nine, 11, 13, 15, or 17 carbons. To simplify the nomenclature, the carbon numbers are typically used to denote

these alkaloids. For instance, C  represents an alkaloid with a saturated 13-carbon side chain, while C  represents an

alkaloid with an unsaturated 13-carbon side chain containing one double bond. The absolute configuration of all the

piperidine alkaloids in fire ants is consistently 2R,6R for trans-isomers and 2R,6S for cis-isomers . These piperidine

alkaloids were commonly named solenopsins, which were further categorized as solenopsin A, B, C, and D based on the

length of the alkyl side chain on position six of the piperidine ring (A: C , B: C , C: C , and D: C ).

Figure 1. The general structures of fire ant venom alkaloids. R: the alkyl or alkenyl side chain on position six of the

piperidine, piperidene, or pyridine ring, which can consist of 9, 11, 13, 15, or 17 carbons.

Each species of fire ant has its own distinct piperidine alkaloid profile. In S. invicta workers, the dominant piperidine

alkaloids are C , C , C , and C , while in S. richteri workers, the dominant alkaloids are C , C , C , and C .

Interestingly, the piperidine alkaloid profile in the venom of hybrid imported fire ant workers appears to be a mixture

resembling that of their parent species . The double bonds on the side chains of the alkaloids are predominantly in

the cis-configuration, but trans-isomers of 2-methyl-6-tridecenylpiperidine (C ) and 2-methyl-6-pentadecenylpiperidine

(C ) have also been identified in the venom of S. invicta workers . Both cis- and trans-isomers of piperidines are

present, but trans-isomers are typically more abundant in workers. The major alkaloids found in the venom of female

alates are cis- and trans-2-methyl-undecylpiperidine (cis- and trans-C ). The production of venom alkaloids in fire ants is

influenced by age, body size, and season . Workers of intermediate age produce more venom compared to old and

young workers, and the ratio of saturated and unsaturated C  and C  alkaloids differs between minor and major workers

. In reproductive individuals, older alates have higher proportions of both cis- and trans-C  piperidines than younger
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alates. After the mating flight, the newly mated queen exhibits a similar alkaloid profile to female alates, but the relative

abundance of trans-2-methyl-undecylpiperidine (trans-C ) decreases as the colony develops (Figure 2). The venom

alkaloid profile in S. invicta workers is also influenced by social form. Monogyne workers have higher C :C  and

C :C  ratios compared to polygyne workers. However, polygyne workers have higher levels of unsaturated alkaloids

regardless of the growth temperature, sampling seasons, or geographic location .

Figure 2. Chromatograms showing the major piperidine alkaloids in the venom of Solenopsis invicta female alates, the

queen in a matured colony, the minim workers in the incipient colony, and normal workers in a matured colony, including

1: cis-C , 2: trans-C , 3: trans-C , 4: trans-C , 5: trans-C , 6: trans-C , 7: trans-C , 8: trans-C .

Almost 40 years after the identification of the first piperidine alkaloids, a series of related alkaloids called 2-methyl-6-alkyl

(or alkenyl) piperidenes were characterized in the venom of both ant species and their hybrid  (Figure 1). These

alkaloids include both Δ  and Δ  isomers of 2-methyl-6-alkyl or alkenyl piperidenes. Similar to piperidine alkaloids, the

alkyl or alkenyl side chains on position six of the piperidene ring can have carbon chain lengths of 9, 11, 13, 15, and 17.

Piperidene alkaloids are found in workers, female alates, and queens, but only 2-methyl-6-undecylpiperidene (both Δ -

and Δ -C ) occurs in female alates and queens . These alkaloids were identified much later than piperidine alkaloids

likely due to their structural similarity, often co-eluting with piperidines on GC columns, and their lower abundance.

The nomenclature of piperidene alkaloids can be confusing. For instance, some compounds have been named

piperideines, while others are called piperidienes. Different methods have been employed to specify the location of the

double bond on the piperidine ring. For example, a compound such as 2-methyl-6-alkyl-6-piperidene may also be referred

to as 2-methyl-6-alkyl-Δ -piperidene, while 2-methyl-6-alkyl-1-piperidene could also be known as 2-methyl-6-alkyl-Δ -

piperidene. It is crucial to be aware of these different naming conventions when discussing and researching fire ant

venom alkaloids and their related compounds. Clarity and consistency in the nomenclature will aid in the accurate

understanding and communication of scientific information in this field.

The discovery of new alkaloid components in fire ant venom continues to this day. In 2019, pyridine alkaloids were

detected in the venom of imported fire ants, including S. invicta, S. richteri, and the hybrid  (Figure 1). This discovery

was made possible through the use of a unique technique called solid-phase microextraction (SPME) coupled with gas

chromatography–mass spectrometry (GC–MS) and a modified thermal desorption process. The SPME fiber was loaded

with venom secretion, and a series of consecutive GC–MS injections were performed, each with a partial desorption. This

approach allowed for the identification of hidden pyridine alkaloid peaks that were previously masked by overlapping

piperidine or piperidene alkaloid peaks. As a result, ten 2-methyl-6-alkyl (or alkenyl) pyridines were discovered for the first

time in the venom of imported fire ants.
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The role of minim workers in the establishment and development of a fire ant colony is important. However, the chemistry

of their venom has received limited attention. Previous studies have reported that the major component in the venom of

minim workers in S. invicta is the C  piperidine alkaloid (Figure 2), and the presence of a piperidene alkaloid has been

proposed . However, there is currently no available information regarding the venom chemistry of minim workers in S.
richteri and the hybrid imported fire ants. Furthermore, there is a lack of knowledge regarding the venom proteins in the

venom of minim workers for both species and their hybrid. Further research is needed to explore the venom chemistry of

minim workers in different fire ant species and gain a better understanding of their venom composition and potential

functions.

Indeed, the biosynthesis of fire ant venom alkaloids remains a relatively unexplored area of research. While extensive

studies have been conducted on the identification and characterization of venom alkaloids in fire ants, there is limited

knowledge about the biosynthetic pathways responsible for their production. Only one publication focused on the

biosynthesis of solenopsins in S. geminata has been reported thus far . It was hypothesized that both cis- and trans-

solenopsins are acetate derived, similar to other alkaloids found in insects, such as tetraponerine-8 and coccinelline.

Solenopsins are biosynthesized first by the formation of long chain acid from the linear combination of acetate units, then

followed by the loss of the carboxyl group, the introduction of an amino group, intramolecular cyclization, and a reduction

in the imino group. This pathway was believed to be similar to the biosynthesis of the hemlock alkaloid coniine. Similar to

how γ-coniceine serves as a precursor to coniine in hemlock, both Δ  and Δ  piperidenes are believed to serve as

precursors to piperidine alkaloids in fire ants. The identification of 2-methyl-6-alkyl (or alkenyl) pyridine alkaloids in fire

ants may add further complexity to the possible biosynthesis pathway of fire ant piperidine alkaloids, since the reduction

from pyridine alkaloids can be another possible route for the biosynthesis of piperidine alkaloids.

Investigating the biosynthesis of venom alkaloids in fire ants could provide valuable insights into how these compounds

are synthesized and regulated, shedding light on the mechanisms behind caste- and age-dependent profiles and social

form-dependent variations in alkaloid composition. Understanding the biosynthetic pathways may also uncover new

targets for intervention, offering potential new strategies for specific control measures in fire ants. Additionally, the genes

involved in venom alkaloid biosynthesis could be heterologously expressed in microorganisms, enabling the production of

alkaloids with a high yield and purity, which could facilitate further biological studies and introduce possibilities for their

potential application in various domains, including the development of pesticides and antibiotics .

2. Venom Proteins

Systemic allergic reactions to fire ant stings are observed in approximately 2% of victims . Extensive research has been

dedicated to identifying the allergenic components present in fire ant venom. Using techniques such as gel filtration and

high-performance cation exchange chromatography, four worker allergens have been isolated and characterized: Sol i 1,

Sol i 2, Sol i 3, and Sol i 4 . The properties and details of these allergens have been extensively investigated and

reviewed . Among the worker allergens, Sol i 2 and Sol i 3 are the major proteins found in S.
invicta venom, while Sol i 1 and Sol i 4 are present in smaller amounts . Sol i 2 and Sol i 4 are considered to be among

the most potent allergens . It is worth noting that workers and queens exhibit different sequence isoforms for these

venom proteins. For instance, the major protein in fire ant worker venom is referred to as Sol i 2w, while in fire ant queen

venom, it is denoted as Sol i 2q. These isoforms show a sequence identity of approximately 75.6% . Regarding Sol i 4,

several minor isoforms have been identified, including Sol i 4, Sol i 4.01, Sol i 4.02, and Sol i 4 q (Sol i 4 from the queen)

. These isoforms of Sol i 4 have been the subject of rigorous research and investigation. Two additional isoforms of

Sol i 2, namely Sol i 2X1 and Sol i 2X2, are listed in the National Center for Biotechnology Information (NCBI) sequence

database. These isoforms were derived from the genome sequence of S. invicta and can be identified by their respective

accession numbers, XP_011156049 and XP_011156057 . The study of fire ant venom allergens is crucial for

understanding the mechanisms underlying allergic reactions and developing diagnostic tools and potential therapies for

individuals who are hypersensitive to fire ant stings.

Since milked venom or whole abdomens were used for studying the venom proteins , the glandular origin of

these proteins has been questioned since fire ants release both the content of the poison sac and the Dufour’s gland

through the sting apparatus. The poison gland origin of these proteins was recently confirmed using imaging mass

spectrometry .

The understanding of fire ant venom protein components has significantly improved through the extensive proteomic

characterization conducted by dos Santos Pinto et al.  and Cai et al. . In the dos Santos et al. study, 46 proteins

were identified in the venom of S. invicta. These proteins included allergenic proteins, phospholipase A2, a growth factor,

myotoxins, the phospholipase A2 inhibitor, thioredoxin peroxidase, neurotoxins, and the anemone cytolytic toxin. The most
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abundant proteins included a pseudechetoxin (PsTx)-like protein, a Scolopendra toxin-like protein, three different forms of

venom Sol i 3, and venom Sol i 1. These 46 proteins were categorized into four groups: true venom components,

housekeeping proteins, body muscle proteins, and proteins involved in chemical communication. The active but non-toxic

venom components were further classified into three subgroups based on their potential functions: self-venom protection,

colony asepsis, and chemical communication. The true toxins were classified into five other subgroups, including proteins

influencing victim homeostasis, neurotoxins, proteins promoting venom diffusion, proteins causing tissue

damage/inflammation, and allergens. In a recent study comparing the uniprot toxin database, Cai et al.  screened a

total of 316 toxin-related unigenes and 47 proteins from a total of 33231 unigenes and 721 proteins and predicted the

structure of calglandulin, venom Sol i 3, and the venom prothrombin activator hopsarin-D. They also found that S. invicta
toxins contained phospholipase A2, one of the most prevalent proteins in bee toxins , which may have contributed to

the cross-reactivity shown in the Sol i 1 protein of S. invicta and bees. They found calglandulin for the first time in S.
invicta venom. This protein was associated with the secretion of toxins from the gland into the venom , indicating that

calglandulin may play a role in the production of venom in S. invicta. In addition, a total of seven putative sequences in the

transcriptome and three putative sequences in the proteome were identified as serine proteinase-like BMK-CBP in S.
invicta venom, which has only been reported in Chinese red scorpion (Buthus martensii Karsch) venom . They also

investigated the structure of the venom prothrombin activator hopsarin-D, which served a similar function as mammalian

coagulation Fxa .

The venom protein components in S. richteri can differ from those in S. invicta. While three homologous proteins were

identified in S. richteri venom as Sol r 1, Sol r 2, and Sol r 3 , there is no equivalent of Sol i 4 in S. richteri venom. The

hybrid imported fire ants possess unique venom proteins not found in their parent species. For instance, lateral flow

immunoassays on the venom proteins revealed that hybrid imported ants from Tennessee contained Sol i 2, Sol r 2, as

well as the proteins Solh2, Solh2Tr97, and Solr2A69 . Solh2 and Solh2Tr97 were believed to be unique to the hybrid

imported ants. Additionally, the venom proteins can have different sequence isoforms in different castes . For

example, Sol i 2 in worker venom and queen venom share only a 75.6% sequence identity, indicating potential caste-

dependent venom functions in fire ants. Therefore, an extensive caste-differentiated proteomic characterization of venom

in both species and their hybrid is necessary to fully comprehend the protein components in imported fire ant venoms.

3. Venom Peptides

With the significant advances in genomic, proteomics, and mass spectrometry techniques, numerous ant venom peptide

toxins have been characterized . However, the peptide components in fire ant venom have received

minimum attention, which is likely due to the difficulty in obtaining a sufficient amount of fire ant venom that is free of

alkaloids . The existence of peptides in fire ant venom was clearly demonstrated in the first attempt of the proteomic

characterization of fire ant venom. The MALDI-TOF MS spectrum of the whole fire ant venom showed a series of small

proteins, or large peptides, which occurred at molecular weights smaller than 10 kDa . More importantly, the presence

of the atrial natriuretic peptide (ANP) was demonstrated in S. invicta venom, the first report of the ANP in Hymenoptera

venom . The ANP is a cardiac hormone that regulates the salt–water balance and blood pressure by stimulating renal

salt, water excretion, and vasodilation .
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