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Abstract 

Foragers of many ant species deposit trail pheromones that guide nestmates to food 

resources. We identified 2-Methoxy-6-methylbenzoate (‘MMMB’) as the single-

component trail pheromone of the pavement ant, Tetramorium immigrans 

(Hymenoptera: Formicidae). MMMB was sensed by worker antennae, induced trail 

following in laboratory bioassays, and effectively recruited nestmates to food baits in 

field settings. We deduced that only groups, and not individuals, of the European fire ant, 

Myrmica rubra (Hymenoptera: Formicidae) respond to pheromone trails. Furthermore, 

we determined that a 3-component pheromone blend comprising 3-ethyl-2,5-

dimethylpyrazine (‘EDP’, the previously known trail pheromone component), (Z,E)-α-

farnesene, and (Z,E)-α-homofarnesene, was superior to EDP in prompting (i) sustained 

trail-following behavior in laboratory bioassays and (ii) relatively faster recruitments of 

foraging ants to apple baits in a field experiment. All data combined provide impetus to 

develop synthetic trail pheromones coupled with lethal food baits as a tactic for 

integrated control of pest ants. 

Keywords:  Myrmicinae; Tetramorium immigrans; Myrmica rubra; communication; trail 

pheromone; field testing 
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Chapter 1.  
 
The invasive pavement ant and European fire ant in 
British Columbia 

Ants stand tall as one of the most fascinating taxonomic families of insects, originating at 

least 100 million years ago (115–185 mya; Brady et al., 2006; Crozier et al., 1997; Lach 

et al., 2010; Moreau et al., 2006; Perrichot et al., 2008). More than 12,500 species have 

been described and over 200 of those have established invasive populations (McGlynn, 

1999; Hölldobler & Wilson, 1992; Holway et al., 2002).  Advances in genetic analyses 

and taxonomy have facilitated species assignments and provided insights into 

population dynamics and invasion patterns of many species (Cordonnier et al., 2019; 

Wagner et al., 2017; Zhang et al., 2019). Many ant species are considered invasive but 

the main research focus is on major pest species such as the red imported fire ant, 

Solenopsis invicta, Argentine ant, Linepithema humile, tawny crazy ant, Nylanderia fulva 

(Lowe et al., 2000), and the European fire ant, Myrmica rubra (Robinson et al., 2013). In 

contrast, nuisance pest ants in urban settings, such as the pavement ant, Tetramorium 

immigrans, have received little research attention. 

1.1. Tetramorium immigrans (Santschi) 

Tetramorium immigrans is considered a minor pest both in their native and invaded 

ranges. Native in the Western Palaearctic, it was introduced to North America most likely 

in the 1800s (Brown, 1957; Flucher et al., 2021). In North America, pavement ants were 

referred to as  T. caespitum, T. caespitum var. immigrans, T. caespitum E, and T. 

species E, exemplifying the difficulty in correct taxonomic assignment. Wagner et al. 

(2017) proposed a complete revision to the Tetramorium caespitum complex, ultimately 

showing that T. immigrans is the most common pavement ant in North America. It is 

present in British Columbia (BC; first specimen found in 2013 in Tsawwassen, with 

expansion to Vancouver Island and at least as far north as Kamloops; R.J. Higgins, pers. 

obs.), Ontario, and Quebec (Guénard, 2017), and in many areas of the USA (Zhang et 

al., 2019). The decryption of the Tetramorium caespitum complex has also provided 
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more information about the worldwide distribution of T. immigrans (Borowiec & Salata, 

2021; Castracani et al., 2020; Salata et al., 2020; Samin et al., 2020; Zhang et al., 2019).  

Tetramorium species thrive in urban environments and are aptly called pavement 

ants due to their habit of establishing colonies and tunnels under or between surfaces of 

stone and pavement. They also benefit from structural support and adequate shelter 

provided by plants (Cordonnier et al., 2019; Pećarević et al., 2010; Penick et al., 2015). 

Tetramorium immigrans, in particular, makes use of many types of habitat, such as rocky 

and sandy grasslands, rock walls, beaches (Wagner et al., 2017), urban pavement 

(Cordonnier et al., 2019), and inside homes (potentially nesting within wall cavities; R.J. 

Higgins, pers. obs.). When present, small debris mounds near nests make nest 

entrances clearly visible but they vary in size and location and may collapse after rain 

(Bruder & Gupta, 1972; Wagner et al., 2017). This variation and change in location 

between years make it difficult to determine whether multiple nest entrances in close 

proximity originate from a single colony. 

Colonies are separated  by territorial boundaries, as evident by massive battles 

that determine them (Cordonnier et al., 2021; Wheeler, 1927). Battles ensue from 

chance encounters of foragers from neighbouring colonies, with nestmates from both 

colonies being recruited until a swarm of ants blankets the boundary of a territory 

(Plowes, 2008). Nestmates are recruited through random walks of individuals, tandem 

running, or trail pheromones (Hoover et al., 2016; Planqué et al., 2010; Plowes, 2008). 

Initial costs associated with territorial battles could be recovered through sustained 

resources present in gained territory (Hoover et al., 2016; Plowes, 2008). Devoting 

efforts to ‘war’ may be optimal for established colonies with large numbers of workers 

but devoting efforts to increase colony size seems more appropriate for newly 

established colonies. 

Start-up colonies grow slowly due to a single queen allocating resources and 

maintaining the first generation of brood, which is prone to cannibalism by both the 

queen and older larvae (Bruder & Gupta, 1972). By focusing on rapid production of 

relatively few and comparatively small workers (“nanitics”), the queen can quickly pass 

on the ‘chores’ of caring for the colony and foraging for resources. With increasingly 

more workers that provide external resources and care for the brood, colony growth 

booms with reduced cannibalism and longer development time for brood, leading to 
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larger individual brood and more brood overall (Bruder & Gupta, 1972). Alates occur 

from March to September, and form new colonies after their nuptial flights, but swarming 

of T. immigrans is not well studied (Cordonnier et al., 2021; Wagner et al., 2017).  

As an urban nuisance pest, T. immigrans damages structural foundations and 

blemishes the aesthetics of pathways and driveways, the extent of which dependent 

upon ant colony size and the number of colonies in an area (Sano et al., 2018). When 

colonies establish near a house, foragers may enter the house in search of resources. 

Lacking a stinger that can pierce skin, worker ants do not pose a threat to humans. 

Tunneling is the most visible impact of T. immigrans but its myrmecochorous foraging 

also causes the spread of plant pests and can displace native ant species (Steiner et al., 

2008; J.C. Roth, pers. obs.). By tending aphids for honeydew, T. immigrans hinders 

biocontrol tactics such as the release of predators or parasitoids (Bruder & Gupta, 1972; 

Stadler & Dixon, 2005; Völkl et al., 1999). Foragers of T. immigrans aggregate at plant 

lesions (JMC pers. obs.), possibly to obtain nutrients from the xylem or phloem. Studying 

their use of floral or extra-floral nectar, and other nutrient resources, may help us 

understand their nutritional requirements and thus their role in urban arthropod 

communities. 

1.2. Myrmica rubra (Linnaeus) 

Myrmica rubra is native to Europe and central Asia where it is a nuisance but not a major 

pest.  Following its arrival in Massachusetts (USA) early in the 20th century (Groden et 

al., 2005), M. rubra has quickly spread, likely through plant material being shipped from 

Europe or from previously invaded regions in North America (Groden et al., 2005). 

Myrmica rubra has now been reported in Eastern and Western North America (USA: six 

northeastern states and Washington state; Canada: BC, Ontario and all provinces 

eastward) and is viewed as a major pest ant (Naumann & Higgins, 2015). The presence 

of M. rubra in Western North America is likely due to a separate introduction from 

Europe or Asia rather than the result of spreading from the East coast (Invasive Species 

Council of BC, 2013). In BC, M. rubra has likely been present since the late 20th 

century. Increased notice of M. rubra throughout North America may be due to increased 

public knowledge about this ant species or population growth supported by new 

adaptations or increasing global temperature (Groden et al., 2005; Invasive Species 

Council of BC, 2013; Naumann & Higgins, 2015).  
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With multiple reproductive queens and nests per colony, M. rubra is both 

polygynous and polydomous (Arevalo & Groden, 2007). On average, there are 15 

queens in each colony, but as many as 670 queens have been observed in a single 

colony (Groden et al., 2005). Eradication of colonies is difficult, because they are 

subterranean with only small entrance holes that may hidden under the base of trees, 

fallen logs, leaf litter, moss, raised garden beds, or paving blocks or rocks (Higgins, 

2015, Chalissery, pers. obvs.). Moreover, every single queen must be eliminated to 

eradicate a colony (Groden et al., 2005). As M. rubra prefers environments with high 

humidity, gardens are prime habitats but lawns, wetlands, deciduous forests, coniferous 

forests, golf courses, and other urban environments are also inhabited (Groden et al., 

2005; Higgins, 2015; Robinson et al., 2013). In its native range in Europe and central 

Asia, M. rubra disperses through both nuptial flights and ‘budding’. Nuptial flights usually 

take place in late summer, with alates (winged reproductive males and females) forming 

mating swarms. Mated queens then overwinter alone or in groups, whereas mated 

males die due to a lack of energy (Groden et al., 2005). Budding takes place throughout 

the foraging season, involving wingless queens (singly or in groups) leaving their ‘parent’ 

colony with a founding party (a group of workers and potentially some brood) and 

starting their own colony elsewhere or joining a pre-existing one. In its invaded North 

American range, M. rubra still produces winged queens and males (Groden et al., 2005) 

but only one nuptial flight has been recorded thus far, with no females present (Hicks, 

2012). This lack of nuptial flights leads to extremely high nest densities (Groden et al., 

2005; Robinson et al., 2013). 

In Europe (and possibly also in North America), both queens and workers of M. 

rubra produce different types of brood (eggs and subsequent larvae). The brood 

produced by queens in the summer  becomes worker ants within the same season, 

whereas the winter brood overwinters and becomes adult ants the following season due 

to larval and pupal development rates being slower and less dependent on temperature 

(Kipyatkov et al., 2005; Kipyatkov & Lopatina, 1997). Worker ants lay trophic eggs that 

feed larvae and queens, and they produce reproductive brood that yields male ants 

(Brian & Rigby, 1978).  

Worker ants of M. rubra seek a wide variety of food sources that provide 

carbohydrates, proteins, and lipids to the colony (Bologna & Detrain, 2019; Brian & 

Abbott, 1977), with foraging efforts and food preferences changing in accordance with 
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the presence of brood. As omnivores, these ants meet their dietary requirements by 

preying on invertebrates, exploiting (extra)floral nectar of plants, and scavenging on food 

discarded by humans or animals. Workers of M. rubra also tend hemipterans, like 

aphids, to obtain carbohydrate-rich honeydew, and they collect seed elaiosomes which 

are rich in proteins and lipids (Fischer et al., 2005; Stadler & Dixon, 2005; Völkl et al., 

1999). 

Due to its aggressive behaviour and extremely large populations, M. rubra has 

become the predominant ant species in infested areas, strongly affecting native 

arthropods. Across invaded habitats, M. rubra made up 99.99% of the ant fauna 

captured in pitfall traps, accounted for lower arthropod biodiversity, was 10- to 1300-fold 

more abundant than all other ants combined in non-infested sites (British Columbia; 

Naumann & Higgins, 2015), and colonized most food baits more quickly than native ant 

species (Maine; Garnas et al., 2014). The presence of M. rubra also impacted the 

reproductive success of the European herring gull, Larus argentatus (DeFisher & Bonter, 

2013). The presence of M. rubra disrupted nest site selection by these birds, caused 

erratic incubation behaviour, slowed chick growth rates, and increased predation on 

nestlings (DeFisher & Bonter, 2013). There are various other examples of ants, 

particularly fire ants, affecting bird species (Allen et al., 1995; Ridlehuber, 1982). As 

myrmecochorous foragers, M. rubra workers greatly contribute to plant seed dispersal 

(Detrain & Bologna, 2019) but their close association with invasive plants, such as 

Himalayan blackberry, Rubus armeniacus, promotes the spread of unwanted flora 

(Meadley-Dunphy et al., 2020, JMC, pers. obvs.). Moreover, aphid farming by M. rubra 

causes problems in botanical gardens and greenhouses as worker ants protect aphids 

from biocontrol agents (Stadler & Dixon, 2005; Völkl et al., 1999). 

The presence and aggressive behaviour of M. rubra are problematic in gardens 

and recreational areas. Workers of M. rubra sting anything that disrupts their foraging 

activity or their colony. Hundreds of nestmates that are recruited by alarm pheromone 

may swarm and sting the ‘perpetrator’. The pain inflicted by stings resembles that 

caused by mild wasp stings or stinging nettle (Higgins, pers. comm.), and the resulting 

itchiness persists for an hour up to several days (JMC, pers. obvs.). There is a risk of 

anaphylactic shock and potential hospitalization depending on a person’s sensitivity to 

the ant venom and the number of stings they received. Saltman (2016) reported BC’s 

first case of anaphylaxis from M. rubra stings. With human activities and trade being the 
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main modes of M. rubra dispersal, infestations are likely to occur in gardens and 

recreational areas due to deliveries of soil infested with M. rubra. Once established in a 

habitat, M. rubra colonies are exceedingly difficult to eradicate. New infestations of M. 

rubra are not candidly reported because of concerns about declining property values and 

fewer visitors to recreational parks (Higgins, pers. comm.). A 2012-assessment 

projected the annual economic loss caused by M. rubra in BC (if it were to spread across 

all inhabitable areas) to range between $100 – 160 million CAD (Robinson et al., 2013). 

1.3. Trail Pheromones  

Chemical signals (pheromones) are essential in ant communication (Morgan, 2009). Ant 

colonies use pheromonal communication to deploy their workforce effectively for specific 

tasks such as cooperative brood care, nest defense and foraging (Hölldobler & Wilson, 

1990). Pheromones broadcast information context-specifically. For example, when 

colonies are under attack, nestmates emit an alarm pheromone that mediates concerted 

colony defense (Blum, 1969). Trail pheromones, in contrast, serve in the context of 

foraging (Morgan, 2009).  

Like many other ants, Tetramorium and Myrmica colonies recruit nestmates to 

food sources via trail pheromones that foraging ants deposit as chemical orientation 

guidelines for nestmates (Beckers et al., 1990; Czaczkes et al., 2015; Morgan, 2009). To 

date, trail pheromones are known for four Tetramorium species which differ in the 

number of trail pheromone components and their molecular structure (Table 1.1). In all 

four Tetramorium species studied to date, the poison gland produces and secretes the 

trail pheromone (Attygalle & Morgan, 1983; Jackson et al., 1990; Morgan & Ollett, 1987; 

Nakamura et al., 2019), as has been shown for more than 30 myrmicine ant species 

(Cerdá et al., 2014; Morgan, 2009). Tetramorium immigrans has only recently been 

delineated from T. caespitum, and thus its trail pheromone has not yet been studied. My 

objectives for Chapter 2 were to identify the glandular source and chemical component 

of the trail pheromone of T. immigrans, and test trail following activity of a synthetic 

version for individual T. immigrans workers. 

At least eight Myrmica species share 3-ethyl-2,5-dimeythylpyrazine as a trail 

pheromone component (Table 1.1) and some of these species respond to poison gland 

extracts (containing trail pheromone components) from heterospecific ants (Cammaerts 
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et al., 1981; Evershed et al., 1982). In laboratory bioassays, groups of M. rubra worker 

ants, but not single ants, readily followed trails of 3-ethyl-2,5-dimethylpyrazine (Evershed 

et al., 1982; Chalissery et al., 2019, Hoefele et al., 2020, 2021), supporting the concept 

(Cammaerts-Tricot, 1978; Vander Meer et al., 1990) that physical activation or 

motivation by nestmates is required to induce trail following behavior in M. rubra. This 

concept, while applicable to M. rubra, contrasts reports of single-ant trail-following 

behavior observed in other species of ants (e.g., Chalissery et al., 2019, 2021; Renyard 

et al., 2019). Evidence that groups of M. rubra worker ants in field trials did not readily 

follow experimental trails of 3-ethyl-2,5-dimeythylpyrazine (Hoefele et al., pers. comm.) 

further implies that the M. rubra trail pheromone is complex, containing components 

other than just 3-ethyl-2,5-dimeythylpyrazine. These components may be produced in, 

and released from, the poison gland, the Dufour’s gland, or both (Cerdá et al., 2014). 

Poison or Dufour’s gland extracts of M. rubra indeed contain additional compounds 

(Attygalle, et al., 1983; Attygalle, et al., 1983; Morgan & Wadhams, 1972) but their 

potential functional role as trail pheromone components has not yet been tested. My 

objectives in Chapter 3 were to reanalyze poison and Dufour’s glands of M. rubra for the 

presence of additional candidate trail pheromone components, and to test these 

components for their ability to enhance the pheromonal activity of 3-ethyl-2,5-

dimeythylpyrazine in trail following bioassays with M. rubra workers tested singly or in 

groups. 
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1.5. Tables 

Table 1.1 List of trail pheromone components identified in Tetramorium and 
Myrmica ant species  

Ant species Chemical(s) References 

T. caespitum 2,5-dimethylpyrazine, 3-ethyl-2,5-dimethylpyrazine Attygalle & Morgan, 1983 

T. impurum methyl 2-hydroxy-6-methylbenzoate Morgan & Ollett, 1987 

T. meridionale indole, methylpyrazine, 2,5-dimethylpyrazine, 
trimethylpyrazine, 3-ethyl-2,5-dimethylpyrazine 

Jackson et al., 1990 

T. tsushimae methyl 2-hydroxy-6-methylbenzoate Nakamura et al., 2019 

 

M. rubra 3-ethyl-2,5-dimeythylpyrazine Evershed et al., 1982 

M. ruginodis 3-ethyl-2,5-dimeythylpyrazine Evershed et al., 1982 

M. sabuleti 3-ethyl-2,5-dimeythylpyrazine Evershed et al., 1982 

M. scabrinodis 3-ethyl-2,5-dimeythylpyrazine Evershed et al., 1982 

M. lobicornis 3-ethyl-2,5-dimeythylpyrazine Evershed et al., 1982 

M. sulcinodis 3-ethyl-2,5-dimeythylpyrazine Evershed et al., 1982 

M. rugulosa 3-ethyl-2,5-dimeythylpyrazine Evershed et al., 1982 

M. schencki 3-ethyl-2,5-dimeythylpyrazine Evershed et al., 1982 
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Chapter 2.  
 
Identification of the trail pheromone of the pavement 
ant Tetramorium immigrans (Hymenoptera: 
Formicidae)* 

*A near identical version of this chapter has been published: Chalissery, Jaime M., 
Regine Gries, Santosh K. Alamsetti, Madison J. Ardiel, and Gerhard Gries. Journal of 
Chemical Ecology, 48(3), 302-311 (2022). https://doi.org/10.1007/s10886-021-01317-3. 
JMC & GG conceived the study; RG & JMC ran electrophysiological recordings; SKA 
synthesized trail pheromones; RG prepared pheromone blends; JMC & MJA ran 
behavioral bioassays; JMC & MJA graphed and analyzed data; JMC & GG wrote the first 
draft; all authors reviewed and approved of the final draft for submission. 
 

2.1. Abstract 

Four species of Tetramorium pavement ants are known to guide foraging activities of 

nestmates via trail pheromones secreted from the poison gland of worker ants but the 

trail pheromone of T. immigrans is unknown. Our objectives were to (1) determine 

whether poison gland extract of T. immigrans workers induces trail-following behavior of 

nestmates, (2) identify the trail pheromone, and (3) test whether synthetic trail 

pheromone induces trail-following behavior of workers. In laboratory no-choice 

bioassays, ants followed poison-gland-extract trails farther than they followed whole-

body-extract trails or solvent-control trails. Gas chromatographic-electroantennographic 

detection (GC-EAD) analyses of poison gland extract revealed a single candidate 

pheromone component (CPC) that elicited responses from worker ant antennae. The 

CPC mass spectrum indicated, and an authentic standard confirmed, that the CPC was 

methyl 2-methoxy-6-methylbenzoate (MMMB). In further laboratory no-choice bioassays, 

ants followed poison-gland-extract trails (tested at 1 ant equivalent) and synthetic 

MMMB trails (tested at 0.35 ant equivalents) equally far, indicating that MMMB is the 

single-component trail pheromone of T. immigrans. Moreover, in laboratory two-choice 

bioassays, ants followed MMMB trails ~21-times farther than solvent-control trails. In 

field settings, when T. immigrans colonies were offered a choice between two paper 

strips treated with a synthetic MMMB trail or a solvent-control trail each leading to an 

apple bait, the MMMB trails efficiently recruited nestmates to baits.  

https://doi.org/10.1007/s10886-021-01317-3
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2.2. Introduction 

Except for polar regions, ants occupy every terrestrial habitat (Hölldobler & Wilson, 

1990). Pavement ants thrive in urban settings, where they nest beneath, and forage 

along, sidewalks and driveways (Buczkowski & Richmond, 2012; Penick et al., 2015; 

JMC, pers. obs.). Tetramorium immigrans is the most common pavement ant in North 

America (Flucher et al., 2021; Wagner et al., 2017). It is native to the western 

Palaearctic and was likely introduced to North America in the 1800s (Brown, 1957; 

Flucher et al., 2021). It is now found in British Columbia (BC), Ontario, and Quebec 

(Guénard, 2017), and in both urban and agricultural environments in the U.S.A. (Helms 

et al., 2021; Zhang et al., 2019).  

Like many other ants, Tetramorium colonies recruit nestmates to food sources 

via trail pheromones that foraging ants deposit as chemical orientation guidelines for 

nestmates (Beckers et al., 1990; Czaczkes et al., 2015; Morgan, 2009). To date, trail 

pheromones are known for four Tetramorium species: T. caespitum (3-ethyl-2,5-

dimethylpyrazine, 2,5-dimethylpyrazine; Attygalle & Morgan, 1983), T. impurum (methyl 

2-hydroxy-6-methylbenzoate; Morgan & Ollett, 1987), T. meridionale (indole, 

methylpyrazine, 2,5-dimethylpyrazine, trimethylpyrazine, 3-ethyl-2,5-dimethylpyrazine; 

Jackson et al., 1990), and T. tsushimae (2-hydroxy-6-methylbenzoate; Nakamura et al., 

2019). In all four Tetramorium species, it is the poison gland that produces and secretes 

the trail pheromone (Attygalle & Morgan, 1983; Jackson et al., 1990; Morgan & Ollett, 

1987; Nakamura et al., 2019), as has been shown for more than 30 myrmicine ant 

species (Cerdá et al., 2014; Morgan, 2009). 

Our objectives were to (1) determine whether poison gland extract of T. 

immigrans workers induces trail-following behavior of worker ants, (2) identify the trail 

pheromone, and (3) test whether synthetic trail pheromone induces trail-following 

behavior of worker ants in both laboratory and field settings. 
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2.3. Methods and Materials 

2.3.1. Experimental Insects 

Laboratory colonies of T. immigrans were established between July and September 

2019 from natural nests located within the Iona Island Causeway (Latitude: 49°12’41” N, 

Longitude: 123°12’08” W; Richmond, BC, CA). From various nest entrances that were 

separated by at least 1 m, > 200 worker ants were collected and placed in bins (41 × 29 

× 24 cm or 58 × 43 × 31 cm) that were housed in the Science Research Annex on the 

Burnaby campus (49°16′33″ N, 122°54′55″ W) of Simon Fraser University. The room 

temperature was set to 25 °C and the photoperiod to 12L:12D. The bins contained a 5–

10-cm thick layer of the same substrate (sand, rocks, wood) in which field nests resided 

from which ants were collected. Three times per week, each nest was provisioned with 

food consisting of ambrosia apples as well as euthanized mealworms, Tenebrio molitor, 

and German cockroaches, Blattella germanica. Water was provided in a test tube (10 

mL) fitted with a piece of cotton which was replaced when it became dry. Twice per 

week, the bins were sprayed with water to ensure adequate moisture in the nest 

substrate and foraging area. 

2.3.2. Preparation of Poison Gland Extract 

To obtain poison gland extract, each of 60 worker ants was cold-euthanized on dry ice 

and submerged in distilled water. Using fine hard-tipped forceps, the stinger – with the 

poison gland and the Dufour’s gland attached – was gently pulled and thereby dislodged 

so that it floated to the water surface. The two glands were identified by reference to 

figures from Hölldobler & Wilson (1992) and were separated using an insect pin, forceps, 

and dissection scissors. The poison gland of 30 workers was placed into a vial kept on 

dry ice and filled with 800 µL of dichloromethane (DCM; EMD Millipore Corp., Billerica, 

MA, U.S.A.). Gland tissues were macerated, using a glass stirring rod and a vortex mixer 

(Labnet International Inc., Edison, NJ, U.S.A.), and were then filtered through a ~10-mg 

glass wool plug (5 × 3 mm diam.) in a glass pipette to obtain ‘tissue-free’ poison gland 

extract. Two samples of 30 glands each that had been obtained on different days were 

combined in a single poison gland extract, and aliquots of 1 ant equivalent (1 AE) in 25 

µL of DCM were tested in trail-following experiments (see below). 
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2.3.3. Preparation of Whole-body Extract 

To account for the (unlikely) possibility that the trail pheromone of T. immingrans is 

produced by a gland other the poison gland, and not knowing the location of this gland, 

we also obtained a ‘whole-body extract’ of worker ants. To this end, the severed head, 

thorax, and abdomen of 30 cold-euthanized ants were placed in three separate (tagma-

specific) vials kept on dry ice and filled with 1 mL of DCM. After macerating body 

tagmata with a glass rod, syringe plunger, and a vortex mixer (Labnet International Inc., 

Edison, NJ, U.S.A.), each of the three samples was filtered through a glass wool plug in 

a glass pipette (see above) to obtain ‘tissue-free’ head, thorax, and abdomen extracts, 

respectively. After taking subsamples of these extracts for chemical analyses (not 

reported here), the extracts were combined in a single whole-body extract, and aliquots 

of 1 AE in 25 µL of DCM were tested in trail-following experiments (see below). 

2.3.4. Circular Trail-following Experiment 1 (Laboratory Setting) 

The experimental design was slightly modified from previous descriptions (Chalissery et 

al., 2019; Renyard et al., 2019). Briefly, to standardize visual cues during bioassays, all 

bioassays were run under a metal scaffold (123 × 57 × 36 cm) enclosed in black fabric, lit 

from above with two lights (one plant light and one daylight fluorescent light, each 48″ 32 

W F32T8; Phillips, Amsterdam, NL), and fitted with a video camera (Sony HDR CX210, 

Sony, Tokyo, JP) to record the ants’ behavior. Using a micro-syringe, a test stimulus was 

applied as a continuous 25-cm long trail 5 mm from the edge of a circular Whatman filter 

paper (90 mm diam.; Sigma-Aldrich), with the circumference marked with pencil in 1-cm 

intervals. This filter paper was then placed in a Pyrex glass Petri dish arena (150 mm 

diam.; Figure 2.1a). 

Bioassay ants were isolated singly in a 1.5-mL micro-tube (Axygen™ MaxyClear 

Snaplock; Thermo Fisher Scientific, Waltham, MA, U.S.A.) and allowed 5 min to 

acclimate in the scaffold enclosure (see above). To initiate a bioassay, a micro-tube was 

placed in the Petri dish arena so that its exit hole was ~1 cm away from the edge of the 

filter paper (Figure 2.1a) and the ant was given 5 min to leave the tube. Once an ant had 

exited the micro-tube, her behavior was video recorded 5 min. Video footage was 

analyzed using VLC Media Player (Version 2.2.6) or QuickTime Player (Version 10.4) to 

count the number of 1-cm intervals a trail-following ant had crossed during a bioassay, 
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allowing us to determine the total distance she had covered as a measure of orientation 

in response to the test stimulus (Chalissery et al., 2019; Morgan, 2009; Renyard et al., 

2019). Ants that did not exit the micro-tube within 5 min were considered non-

responders and were excluded from statistical analyses. For each replicate testing a 

single ant, a new filter paper was used. 

Experiment 1 (n = 10) tested three treatments: (1) poison gland extract (1 AE in 

25 μl DCM), (2) whole-body extract (1 AE in 25 μl DCM), and (3) a solvent control (25 μl 

DCM). The same number of replicates was run for each treatment on any bioassay day. 

Between bioassays, preparative surfaces and the Petri dish arenas were cleaned with 

70% ethanol and hexane, and the room was aired out for 5–10 min by opening an 

exterior door.  

2.3.5. Gas Chromatographic-Electroantennographic Detection (GC-
EAD) and GC-Mass Spectrometric (MS) Analyses of Poison 
Gland Extract  

With evidence that ants follow poison-gland-extract trails significantly farther than 

solvent-control trails (see Results), the poison gland extract was analyzed by GC-EAD 

and GC-MS in splitless mode (1-2 µL injection volume), using procedures and 

equipment modified from previous reports (Gries et al., 2002). Briefly, the GC-EAD setup 

employed a Hewlett-Packard (HP) 5890 gas chromatograph (GC) fitted with a DB-5 GC 

column (30 m × 0.32 mm I.D., film thickness 0.25 µm; J & W Scientific, Folsom, CA, 

U.S.A.). Helium served as carrier gas (35 cm · s-1) with the following oven program: 100 

°C for 1 min., then 20 °C · min-1 to 280 °C. The injector port and flame ionization 

detector (FID) were set at 260 °C. For GC-EAD recordings (N = 2), an antenna was 

carefully dislodged from the head of a worker ant and suspended between two glass 

capillary electrodes [1.0 mm outer diameter (0.58 mm inner diameter) × 100 mm; A-M 

Systems, Carlsborg, WA, U.S.A.] adapted to accommodate the ant antenna (~1 mm in 

length) and filled with saline (Staddon & Everton, 1980). Antennal responses to 

compounds in the column effluvium – that was directly released into a stream of medical 

air (250 mL/min flow) continuously passing over the electrode-suspended antenna – 

were amplified with a custom-built amplifier and recorded on an HP 3392A integrator. 

The compound in the poison gland extract that elicited a response from ant antennae 

(see Results) was considered a candidate pheromone component (CPC) and was 
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analyzed by GC-MS in full-scan electron ionization mode, using an Agilent 7890B GC 

coupled to a 5977A MSD (Agilent Technologies Inc., Santa Clara, CA, U.S.A.) and fitted 

with a DB-5 GC-MS column (30 m × 0.25 mm ID, film thickness 0.25 µm). The injector 

port was set to 250 °C, the MS source to 230 °C, and the MS Quad to 150 °C. Helium 

was used as a carrier gas at a flow rate of 35 cm s-1 with the following temperature 

program: 50 °C held for 5 min, 10 °C min-1 to 280 °C (held for 10 min).  

To determine the structure of the CPC, its mass spectrum and retention index 

(relative to aliphatic alkanes; Van Den Dool & Kratz, 1963) were compared with those of 

authentic standards that were synthesized in our laboratory (see below). To quantify the 

amount of CPC in the poison gland extract, its GC peak area was compared with that a 

synthetic standard prepared at 1 ng/μl.  

2.3.6. Syntheses of Candidate Pheromone Components 

Methyl 2-methoxy-6-methylbenzoate 

2-Hydroxy-6-methylbenzoic acid (1 mmol, 152 mg), iodomethane (6 mmol, 850 mg) and 

K2CO3 (7.5 mmol, 1036 mg) were suspended in 5 mL of dimethylformamide (DMF) and 

heated to 70 °C for 16 h. After cooling to room temperature (RT), the solution was 

diluted in water and extracted with ethyl acetate. After drying over Na2SO4, the organic 

phase was evaporated and the resulting oil was purified by flash chromatography (silica 

gel, hexane/ethyl acetate 3:1), affording methyl 2-methoxy-6-methylbenzoate (126 mg, 

70% yield) as a yellow oil. The nuclear magnetic resonance (NMR) spectroscopy data 

were in agreement with those previously reported (Baur et al., 2013). 

Methyl 2-hydroxy-4,6-dimethylbenzoate 

4,6-Dimethylsalicylic acid (1 mmol, 166 mg) in MeOH (5 mL) was treated at RT with 0.1 

mL of sulfuric acid (95%) and 0.1 g molecular sieves (0.4 nm). After heating the reaction 

mixture at reflux for 72 h, it was cooled to RT, filtered, and the residue was washed with 

MeOH. The filtrate was evaporated, and the residue was dissolved in CH2Cl2, poured 

into crushed ice, and extracted twice with CH2Cl2. The organic phases were washed with 

water, dried over magnesium sulfate, filtered, and concentrated. The residue was 

purified by flash column chromatography (hexane/EtOAc 4:1), affording methyl 2-
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hydroxy-4,6-dimethylbenzoate (72 mg, 40% yield) as a colorless solid. The NMR 

spectroscopy data were in agreement with those previously reported (Reim et al., 2009). 

2.3.7. Circular Trail-following Experiment 2 (Laboratory Setting)  

Following the identification of methyl 2-methoxy-6-methylbenzoate (MMMB) as the 

candidate trail pheromone component (see Results), experiment 2 (n = 20) compared 

trail-following behaviour of ants in response to (1) synthetic MMMB (2.5 ng; 0.35 AE in 

25 μl DCM), (2) poison gland extract (1 AE in 25 μl DCM), and (3) a solvent control 

stimulus (25 μl DCM). As we assumed that ants secrete only a portion of their poison 

gland pheromone reservoir when marking trails, we kept the amount of synthetic MMMB, 

conservatively, about 3-fold lower than that of ant-produced MMMB. The protocol of 

experiment 2 closely followed that of experiment 1 (see above).  

2.3.8. Choice-of-trail Experiment (Laboratory Setting) 

With data revealing, in circular trail-following experiment 2, that ants follow synthetic 

pheromone trails significantly farther than solvent-control trails (see Results), we wanted 

to ascertain that they did not just follow the edge of the circular filter paper. Therefore, 

we adopted the design of a ‘choice-of-trail’ experiment (n = 18) previously described 

(Renyard et al. 2019). Briefly, a plexiglass arena (64 × 44 × 10 cm) was fitted with a 

sheet of white printer paper (22 × 28 cm) marked with two pencil lines in V-shape (45° 

angle), with each line divided in 25 1-cm intervals (Figure 2.1b). For each replicate, the 

treatment stimulus (synthetic MMMB (2.5 ng) at 0.35 AE in 25 µL DCM) and the control 

stimulus (25 µL DCM) were randomly assigned to one of the two lines and applied with a 

micro-syringe. To initiate a bioassay replicate, the micro-tube containing a single ant was 

placed into the arena such that the exit hole of the tube pointed towards the intersection 

of the “V”. For each ant, we recorded the distance she walked along either line. Ants that 

did not exit the micro-tube within 5 min were considered non-responders and were 

excluded from statistical analyses. For each replicate testing a single ant, a new filter 

paper was used, and all surfaces were cleaned with 70% ethanol and hexane. 
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2.3.9. Choice-of-trail Experiment (Field Setting) 

To determine whether synthetic trail pheromone affects nestmate recruitment in field 

settings, a choice-of-trail experiment was run in Surrey (49°10'20"N 122°42'09"W), BC, 

CA in June 2020, and in Burnaby (49°12'29"N 122°59'22"W), BC, CA in June 2021 (n = 

11). Ant colonies with more than 20 ants near the nest entrance at the time of 

assessment, or with more than 50 foragers recruited within 30 min to an apple-slice bait 

placed 25 cm from the nest entrance, were deemed to have high foraging activity, 

whereas all others were considered colonies of low foraging activity.  

For each replicate, two strips of filter paper (25 × 2 cm each) were placed at 0º 

and 180º as close as possible to the entrance of a T. immigrans nest (Figure 2.1c), 

taking great care not to disrupt debris near the entrance. To minimize the likelihood of 

recruiting the same foragers in various replicates, only nests with entrances separated 

by at least 0.5 m were selected for testing. To prevent wind from moving strips, they 

were weighed down with several nails placed along the edges (but not center) of strips. 

The distant end of each strip was baited with a small cylinder (~ 0.5 × 2 cm) of an 

ambrosia apple presented on a piece of paper (4.5 × 4.5 cm) to prevent ant access from 

below. After placing apple baits, the treatment stimulus (synthetic MMMB (2.5 ng) at 

0.35 AE in 25 µL DCM) and the control stimulus (25 µL DCM) were randomly assigned 

to one of the two strips and applied with a micro syringe. To determine whether synthetic 

MMMB expedites recruitment of nestmates to baits, photos of ants at food baits were 

taken at 5-min intervals for 50 min. 

2.3.10. Statistical Analyses 

We analyzed all data with R 3.6.3 using packages “multcomp”, “plotrix”, “plyr”, “nlme”, 

and “emmeans”. Data (distance followed) of circular trail-following experiments were 

analyzed using a generalized linear model (GLM; quasi-Poisson distribution). The mean 

and standard error for distance followed by ants in response to test stimuli were 

analyzed by an analysis of variance (ANOVA) and Tukey’s honestly significant 

difference (HSD) tests. Data (proportional distance walked by ants on pheromone trails 

or solvent-control trails) of choice-of-trail experiments (laboratory setting) were 

compared against a theoretical 50:50 distribution using a χ2-test. The mean and 

standard error for distance walked by ants in response to test stimuli were analyzed by a 
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paired t-test. For the choice-of-trail experiments (field setting), we analyzed the number 

of foraging ants on food baits at the end of either a pheromone trail or solvent-control 

trail over 10 5-min time points using a linear mixed-effects model. The mean and 

standard error for number of foraging ants in response to treatment and time point (with 

colony and location as random variables) were analyzed by a repeated measures 

analysis of variance (ANOVA). 

2.4. Results 

2.4.1. Circular Trail-following Experiment 1 (Laboratory Setting) 

The distances worker ants followed trails of (i) poison gland extract, (ii) whole-body 

extract or (iii) a solvent control significantly differed (ANOVA, F(2, 27) = 11.6, P < 0.001; 

Figure 2.2a). Ants followed poison-gland-extract trails farther than whole-body-extract 

trails (z = 3.24, P = 0.00325) or solvent-control trails (z = 3.52, P = 0.00177) but followed 

whole-body-extract trails and solvent-control trails equally far (z = 0.669, P = 0.777). 

2.4.2. GC-EAD and GC-MS Analyses of Poison Gland Extract  

GC-EAD analyses of T. immigrans poison gland extract revealed a single candidate 

pheromone component (marked as ‘CPC’ in Figure 2.3a) that consistently elicited 

responses from worker ant antennae. The mass spectrum of CPC (Figure 2.3b) 

indicated a nominal mass of 180 u, and fragmentation ions indicative of an aromatic ring 

(m/z 77) and a methyl branch on the ring (m/z 91). Overall, the CPC mass spectrum 

resembled that of methyl 2-hydroxy-6-methylbenzoate (MW 166), but the CPC had one 

additional carbon. We hypothesized that the CPC has a second methyl branch on the 

aromatic ring or a methoxy group, instead a hydroxyl group, at C2. Keeping the methyl 

branch conservatively at C6, we first synthesized methyl 2-hydroxy-4,6-

dimethylbenzoate which eluted later than the CPC. We then prepared methyl 2-methoxy-

6-methylbenzoate (MMMB) which had a mass spectrum and a GC retention index 

consistent with those of the CPC. With this information in hand, we then determined that 

the poison gland of an individual ant contained about 7 ng of MMMB. 
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2.4.3. Circular Trail-following Experiment 2 (Laboratory Setting)  

The distances worker ants followed trails of (i) poison gland extract, (ii) synthetic MMMB, 

and (iii) a solvent control significantly differed (ANOVA, F(2, 57) =  19.8, P < 0.001; Figure 

2.2b). Ants followed poison-gland-extract trails and synthetic MMMB trails equally far (z 

= -0.647, P = 0.787) but followed trails of either stimulus farther than solvent-control 

trails (poison gland extract: z = 4.80, P < 0.001; synthetic MMMB: z = 4.42, P <0.001). 

2.4.4. Choice-of-trail Experiment (Laboratory Setting) 

When presented with a choice between two pencil lines drawn in V-shape and treated 

with either synthetic MMMB or a solvent control, the proportion of distance that ants 

followed either line differed from a theoretical 50:50 distribution (χ2 = 16.8, df = 1, P 

<0.001).  Ants followed along the pheromone trail ~21-times farther than the solvent-

control trail (Paired t-test: t = -8.70, df = 17, P < 0.001; Figure 2.4). 

2.4.5. Choice-of-trail Experiment (Field Setting) 

When T. immigrans colonies with low and high foraging activities of ants (random 

variable) were offered a choice between two paper strips placed at 0º and 180º from a 

nest entrance and treated with either a synthetic MMMB trail or a solvent-control trail 

each leading to an apple bait (Figure 3.1c), there was a significant effect of treatment 

(pheromone vs control) and time point (5–50 min in 5-min intervals) on the number of 

ants recruited to the apple bait (repeated measures ANOVA: treatment, F(1,17) = 48.4, P < 

0.001; time point, F(9,189) = 14.4, P < 0.001; Figure 2.5).  

2.5. Discussion 

Our data support the conclusion that (1) methyl 2-methoxy-6-methylbenzoate (MMMB) is 

the major and possibly only component of the T. immigrans trail pheromone, (2) MMMB 

originates from the poison gland, and (3) synthetic MMMB deployed in field settings 

expedites recruitment of nestmates to food sources. 

Drawing on the literature that trail pheromones of myrmicine ants often originate 

from the poison gland (Cerdá et al., 2014; Morgan, 2009), we excised the poison gland 
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from the abdomen of ants, extracted the glands in DCM, and bioassayed poison gland 

extract for trail-following behavior of ants (Figure 2.2a). To address the remote possibility 

that the trail pheromone of T. immigrans may originate from a gland other than the 

poison gland, but not knowing the location of this gland, we also prepared extracts of the 

abdomen, thorax and head, and combined aliquots of these three separate extracts in a 

whole-body extract for trail-following bioassays. As predicted, ants followed poison-

gland-extract trails tested at 1 ant equivalent significantly farther than they followed 

solvent-control trails (Figure 2.2a). Unexpectedly however, ants followed whole-body-

extract trails (which contained the trail pheromone) not farther than they followed 

solvent-control trails (Figure 2.2a). As poison gland extract and (recombined) whole-

body extract contained trail pheromone at similar amounts, it follows that the whole-body 

extract likely contained other pheromones that function in diverse contexts, and thus 

may have presented a “mixed” message to ants, prompting no trail-following response. 

For example, the whole-body extract could have contained an alarm pheromone that 

may originate from an exocrine gland in the head (Blum, 1969; Pasteels et al., 1980). 

Analyzing head, thorax and abdomen extracts separately by GC-EAD and GC-MS in a 

future study, and testing synthetic compounds in behavioral bioassays, should reveal the 

pheromone(s) that interfered with trail-following behavior by T. immigrans ants when 

they were presented in a whole-body extract. 

With convincing evidence that the trail pheromone of T. immigrans originates 

from the poison gland (Figure 2.2), we analyzed poison gland extract by GC-EAD and 

GC-MS. The single compound that consistently elicited responses from ant antennae 

(Figure 2.3a) had a mass spectrum which resembled that of methyl 2-hydroxy-6-

methylbenzoate [the trail pheromone of T. impurum (Morgan et al., 1990)] but indicated 

one additional carbon (Figure 2.3b). Of the two most likely structures, methyl 2-hydroxy-

4,6-dimethylbenzoate and methyl 2-methoxy-6-methylbenzoate (MMMB), that we 

prepared and analyzed in comparison to the natural product, only the latter had 

spectrometric and chromatographic characteristics entirely consistent with the ant-

produced compound. 

Based on this result, we prepared synthetic MMMB for circular trail-following 

bioassays (Figure 2.1A), testing it at 0.35 ant equivalents. Even at this low dose, ants 

followed MMMB trails for about the same distance as they followed poison-gland-extract 

trails tested at 1 ant equivalent (Figure 2.2b). These bioassay data, coupled with 



 

32 

electrophysiological data showing that ant antennae sense only MMMB as a single 

compound in poison gland extracts (Figure 2.3a), support the conclusion that MMMB is 

the major and possibly only component of the T. immigrans trail pheromone. MMMB is 

also a trace component in the poison gland of T. impurum and may enhance the effect of 

the major pheromone component methyl 2-hydroxy-6-methylbenzoate (Morgan et al., 

1990), but no quantitative data on component interactions have been reported.  

To address the possibility that T. immigrans ants followed MMMB trails, in part, 

because these trails were presented along the edge of a circular filter paper which may 

have served as a physical guide, we tested synthetic MMMB also in a choice-of-trail 

experiment, as previously described for trail pheromone testing with western carpenter 

ants, Camponotus modoc (Renyard et al., 2019). In this type of bioassay, single ants exit 

a holding tube and face a choice between two trails presented in V-shape without a 

physical edge in the center of plain paper (Figure 2.1b). When tested in this choice-of-

trail bioassay, worker ants of T. immigrans followed synthetic MMMB trails ~21-times 

farther than they followed solvent-control trails, indicating that a physical guide, such as 

the filter paper edge in circular trail-following bioassays, is not needed for trail-following 

responses of T. immigrans worker ants. In contrast, the amount of trail pheromone 

deployed could have a strong effect on trail-following behavior, but it is not necessarily 

the largest amount that elicits the strongest trail-following response (Renyard et al., 

2019; and references therein). The optimal dose of MMMB for trail-following of T. 

immigrans workers has yet to be determined. 

With convincing data that synthetic MMMB elicits trail-following behavior by T. 

immigrans in laboratory bioassays (Figures. 2.2, 2.4), there was incentive to test the 

effect of synthetic MMMB also in field settings. To this end, we ran a choice-of-trail 

experiment with multiple T. immigrans nests. For each nest, we placed two paper strips 

at 0° and 180° from the nest entrance (Figure 2.1c), baited the distant end of each strip 

with a piece of apple, and applied synthetic MMMB or a solvent-control stimulus to each 

strip. As trail pheromones serve to recruit nestmates to food sources (Beckers et al., 

1990; Czaczkes et al., 2015; Morgan, 2009), we recorded the number of nestmates 

recruited to apple baits, rather than distance followed, as the response criterion. Our 

field data show that trails of synthetic MMMB greatly expedite recruitment of nestmates 

to apple baits (Figure 2.5). The recruitment effect of synthetic MMMB was clearly 

apparent in settings of both low and high ant foraging activity but the effect was 
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particularly pronounced in low ant activity settings (Figure 2.5a). There, pheromone trails 

prompted expeditious recruitment of nestmates to apple baits, and thus led to their 

efficient exploitation. While workers in high ant activity settings quickly located the 

pheromone trails and apple baits, the number of ants recruited to baits plateaued early 

(Figure 2.5b), thereby preventing trail and resource ‘overcrowding’. Both data sets reflect 

an optimal foraging strategy, as reported for many ants (Czaczkes et al., 2015; Detrain & 

Deneubourg, 2008). 

Surprisingly, synthetic trail pheromone has been field-tested for trail-following 

behavior of ants in only one other study, dating back 40 years (Tumlinson et al., 1972). 

In this study, medium and large workers of the leaf-cutting ant, Atta texana, readily 

followed the trail pheromone component methyl 4-methylpyrrole-2-carboxylate when 

applied as a 2.7-pg/cm trail on a cardboard strip placed across an “erased” section of the 

natural pheromone trail. According to this study, the ants also responded to a synthetic 

pheromone trail that was dribbled on sand at a 45° angle from the natural trail. 

More recent field studies have tested synthetic trail pheromone (Z-9-

hexadecenal) of Argentine ants as a means of enhancing the attractiveness and 

consumption of lethal baits (Greenberg & Klotz, 2000; Welzel & Choe, 2016) or to 

disrupt foraging activities of ants (Nishisue et al., 2010, 2020; Sisk et al., 1996; Suckling 

et al., 2010, 2011; Sunamura et al., 2011). For example, permeating the environment 

with synthetic pheromone suppressed foraging activities of Argentine ants in pheromone 

treatment plots (Nishisue et al., 2020). There is no field study, however, that explored 

the ability of synthetic trail pheromone trails to guide foraging Argentine ants, or other 

ants, to a (lethal) food bait. The reasons for this are not known but may include (i) 

incomplete knowledge of the entire trail pheromone blend, (ii) lack of effective trail 

pheromone formulations, (iii) expectations that ants eventually find lethal food baits 

irrespective of trail pheromone deployment, and (iv) no prospect of commercializing 

synthetic trail pheromone lures for single species of ants. While further field studies are 

needed, our field data imply that the deployment of synthetic trail pheromone has 

potential to expeditiously guide ants to lethal food baits. This tactic may prove effective 

at early stages of new ant invasions when population densities are still low or 

immediately following population knockdowns through various control measures.  
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In conclusion, we show that methyl 2-methoxy-6-methylbenzoate (MMMB) is the 

major and possibly only component of the T. immigrans trail pheromone, and that 

synthetic MMMB deployed in field settings expedites the recruitment of nestmates to 

baits. Our field data provide incentive to the pest control industry to formulate synthetic 

trail pheromones as a means to promote ant foraging on lethal baits that quickly lead to 

the demise of nests (e.g., Hoefele et al., 2021). This type of control tactic, while it may 

be deemed not necessary for nuisance pests such as T. immigrans, might help control 

major invasive ant pests such as the red imported fire ant, Solenopsis invicta, and the 

tawny crazy ant, Nylanderia fulva. Commercial viability of this tactic may be achieved by 

combining pheromones of multiple species in a single formulation, with potential 

synergism and no antagonism between pheromone components (Chalissery et al., 

2019). 
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2.9. Figures 

 

Figure 2.1 Graphic and photographic illustrations of experimental designs 
(drawings not to scale). (a) Design components of circular trail-
following experiments, consisting of (i) a Pyrex petri dish arena fitted 
with a circular filter paper marked in 1-cm intervals along the edge; (ii) 
a holding tube from which a single ant enters the arena; and (iii) a 25-
cm long stimulus trail (dotted line). (b) Design components of the 
choice-of-trail laboratory experiment, consisting of (i) a Plexiglass 
arena fitted with a sheet of paper marked with pencil lines in V-shape 
(dotted lines), with each line being divided in 1-cm intervals and treated 
with a test stimulus; and (ii) a holding tube from which a single ant 
enters the arena. (c) Design components of the choice-of-trail field 
experiment, consisting of (i) two paper strips placed at 0° and 180° 
from the nest entrance (denoted by arrow) and treated with a test 
stimulus; (ii) nails securing the strips to the ground; and (iii) an apple 
bait at the distant end of strips. Note the number of ants on the apple 

bait with a pheromone trail leading to it 
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Figure 2.2 Distances that worker ants of Tetramorium immigrans followed trails in 
circular trail-following experiments (design in Figure 2.1a). Grey and 
black symbols show the distance that each ant, and 10 ants (a) or 20 
ants (b) on average (mean ± standard error), followed trails. Test stimuli 
consisted of (a) a solvent control (circles), whole-body extract (WBE, 1 
ant equivalent; squares) and poison gland extract (PGE, 1 ant 
equivalent; triangles) of T. immigrans workers, or (b) a solvent control 
(circles), poison gland extract (PGE, 1 ant equivalent; triangles) of T. 
immigrans workers, and synthetic methyl 2-methoxy-6-methylbenzoate 
(MMMB (2.5 ng), 0.35 ant equivalents; squares). In each subpanel, 
means associated with different letters are statistically different 
(Tukey’s HSD test, P < 0.01)  
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Figure 2.3 (a) Representative recording (one of two replicates) of the responses of 
a gas chromatographic flame ionization detector (FID) and an 
electroantennographic detector (EAD: antenna of a Tetramorium 
immigrans worker ant) to compounds present in poison gland extract of 
T. immigrans worker ants. CPC denotes methyl 2-methoxy-6-
methylbenzoate; the first large peak (eluting between 5.5 and 6.0 min) 
was pentadecane, the second large peak (eluting between 6.0 and 6.5 
min) is unknown. (b) Mass spectrum of methyl 2-methoxy-6-
methylbenzoate
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Figure 2.4 Distances worker ants of Tetramorium immigrans followed V-shaped 
trails in a choice-of-trail laboratory experiment (design in Figure 2.1b). 
Grey and black symbols show the distance that each ant and 18 ants on 
average (mean ± standard errors), followed trails. Test stimuli consisted 
of a solvent control (circles) and synthetic methyl 2-methoxy-6-
methylbenzoate (MMMB (2.5 ng), 0.35 ant equivalents; squares) of T. 
immigrans workers. Means associated with different letters are 
statistically different (Tukey’s HSD test, P < 0.01) 
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Figure 2.5 Mean numbers (solid and dotted lines; standard errors = shaded areas 
around lines) of Tetramorium immigrans worker ants recruited to 
apple baits when offered a choice between two paper strips placed 
at 0° and 180° from a nest entrance and treated with either a 
synthetic pheromone trail (methyl 2-methoxy-6-methylbenzoate (2.5 
ng); 0.35 ant equivalents) or a solvent-control trail (design in Figure 
2.1c). Analyses of all replicates (with activity level as a random 
variable) revealed a significant effect of treatment (pheromone vs 
control) and time point on the number of ants recruited to apple 
baits (repeated measures ANOVA: treatment, P < 0.001; time point, P 
< 0.001) 

Note: Pronounced effect of the trail pheromone on ant recruitment in settings of low ant foraging 
activity
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Chapter 3.  
 
Myrmica rubra foragers produce a 3-component trail 
pheromone that nestmates follow in groups  

3.1. Abstract 

In many ant species, successful foragers deposit trail pheromone that guides 

nestmates to food sources. Single workers of the European fire ant, Myrmica rubra, 

reportedly do not respond to their own trail pheromone (3-ethyl-2,5-dimethylpyrazine; 

‘EDP’) nor to a trail pheromone blend composed of EDP and trail pheromones of 

heterospecific ant community members of M. rubra. Here we tested the hypotheses that 

(1) the M. rubra trail pheromone comprises more components than EDP, (2) M. rubra 

workers respond to trail pheromone only in groups, (3) groups of M. rubra workers follow 

trail pheromones of heterospecific ant community members, and (4) synthetic trail 

pheromone expedites recruitment of foraging M. rubra ants in field settings. Coupled gas 

chromatographic-electroantennographic detection (GC-EAD) analyses of M. rubra 

abdominal extracts revealed three components that elicited responses from worker ant 

antennae. GC-mass spectrometry (MS) indicated, and GC-MS analyses of authentic 

standards confirmed, that they were EDP, (Z,E)-α-farnesene [(3Z,6E)-3,7,11-

trimethyldodeca-1,3,6,10-tetraene] and (Z,E)-α-homofarnesene [(3Z,6E)-7-ethyl-3,11-

dimethyldodeca-1,3,6,10-tetraene]. A synthetic blend of these three components proved 

superior to EDP in prompting (i) sustained trail-following behavior in laboratory 

bioassays, and (ii) relatively faster recruitment of foraging ants to apple baits in a field 

experiment. Only 5-ant groups of M. rubra workers, but not single workers, responded to 

trails of synthetic pheromone. Whether trail pheromones of heterospecific ant community 

members interfere with optimal trail-following behavior of M. rubra workers in response 

to their own (sensu conspecific) trail pheromone is still not clear. 

Keywords Myrmicinae · communication · gas chromatographic-

electroantennographic detection · trail-following · field testing  
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3.2. Introduction 

The communication system of ant colonies is highly complex and entails information flow 

between queens, workers, and brood (Vander Meer & Alonso, 1998). The mode of 

information transmission is based mainly on chemical signals (pheromones) but 

vibratory and tactile signals also play a role (Hölldobler & Wilson, 1990; Keeling et al., 

2004). Information conveyance among worker ants is critically important in the context of 

foraging. In many ant species, particularly those that form large colonies, trail 

pheromones help coordinate foraging efforts (Beckers et al., 1990; Billen & Morgan, 

1998; Planqué et al., 2010). When a foraging ant scout has located and fed on a food 

source, she returns to the nest and deposits trail pheromone along the route. This trail 

pheromone then becomes a guide to nestmates who – on their return trip to the nest – 

may also deposit pheromone and thus reinforce the information (Czaczkes et al., 2015; 

Lehue & Detrain, 2020; Morgan, 2009). Trail pheromone-guided foraging activities may 

be coupled with physical modes of recruitment, where one ant leads a single nestmate 

(tandem running) or a group of nestmates to a resource (Planqué et al., 2010). 

In their invaded North American range, European fire ants, Myrmica rubra 

(Linnaeus), are described as prolific scavengers that outcompete and aggressively 

displace native ant species (Garnas et al., 2014; Naumann & Higgins, 2015). Nuptial 

flights have rarely been observed, suggesting that introductions and long-range 

‘dispersal’ of M. rubra take place through movement of ant-infested soil (Hicks, 2012). 

Within infested areas, short-range dispersal occurs through ‘budding’, a process where 

queens that have mated with a nestmate leave the original colony together with a cohort 

of workers and found a new colony nearby. Budding leads to the formation of ‘super-

colonies’ comprising multiple nests, with near genetically identical nestmates that 

collaborate during foraging and defense of resources (Hicks & Marshall, 2018; Naumann 

et al., 2017). With no competition between colonies, and with no long-range dispersal, 

budding may lead to rapid expansions of M. rubra populations in infested locations, thus 

enabling M. rubra to become the dominant ant species in its invaded habitat and to 

monopolize food resources. 

Efficient foraging by M. rubra is mediated, in part, by the trail pheromone 3-ethyl-

2,5-dimethylpyrazine (‘EDP’), which is secreted by worker ants from their poison gland 

(Evershed et al., 1982). Groups of M. rubra workers readily follow trails of EDP in 
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laboratory bioassays (Evershed et al., 1982; Hoefele et al., 2021), confirming its 

functional role as a trail pheromone component. Evidence that M. rubra colonies in field 

bioassays did not readily recognize and follow experimental trails of EDP (Hoefele et al., 

pers. comm.) implies that the M. rubra trail pheromone could be more complex than 

previously thought, containing components other than just EDP. These components may 

be produced in, and secreted from, the poison gland, the Dufour’s gland, or both, as 

reported in many other myrmicine ants (Cerdá et al., 2014). Extracts of poison and 

Dufour’s glands contain many compounds (Cammaerts et al., 1978, 1981; Morgan & 

Wadhams, 1972), but their potential role as trail pheromone components have not yet 

been rigorously tested. 

Depositing trail pheromone that guides nestmates to fleeting or rapidly 

diminishing food sources is an effective foraging tactic by ants. Pheromone trails leading 

to sustained food sources are more permanent and well maintained, and may further be 

defined by visual landmarks and chemical ‘signposts’  that ants refer to during foraging 

(Czaczkes et al., 2015; Steck, 2012). Such established trails are subject to 

eavesdropping by (heterospecific) ant community members that seek to exploit 

resources (Adams et al., 2020). In a recent study (Chalissery et al., 2019), we 

specifically tested the hypotheses that ant community members (M. rubra; C. modoc; 

black garden ants, Lasius niger) sense, and follow, each other’s trail pheromones, and 

that they fail to recognize trail pheromones of allopatric ants (Argentine ants, 

Linepithema humilis; desert harvester ants, Novomessor albisetosus; pavement ants, 

Tetramorium caespitum). As M. rubra displaces many ant species (Naumann & Higgins, 

2015), we expected that M. rubra would exploit pheromone trails of community members 

and outcompete them for use of food resources. We prepared the trail pheromones 

currently known for these six species of ants in a synthetic blend (‘6SPB’) and tested this 

blend for olfactory perception and trail-following responses by ants. All sympatric 

workers (M. rubra, C. modoc, La. niger) were able to antennally sense con- and 

heterospecific trail pheromones within the 6SPB. In trail-following bioassays, singly-

tested workers of C. modoc and La. niger followed the 6SPB trail for a similar distance 

(C. modoc), and a farther distance (La. niger), than they followed their own trail 

pheromone. These data indicate that con- and heterospecific pheromones have no 

adverse effects on trail-following by C. modoc and have additive effects on trail-following 

by La. niger. Yet, M. rubra workers did not follow trails of their own trail pheromone 
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(EDP) nor trails of the 6SPB, thereby not revealing whether they follow pheromone trails 

of ant community members. While these results contrast reports that single workers of 

many ant species readily follow (synthetic) pheromone trails (Chalissery et al., 2019, 

2022; Muscedere et al., 2012; Renyard et al., 2019), they could support the concept that 

physical activation or recruitment by nestmates (see above) is required to induce trail-

following in M. rubra (Fedoseeva, 2015). Whether super-colony nestmates of M. rubra in 

North America (Naumann et al., 2017) exclusively engage in group foraging could 

experimentally be investigated by bioassaying groups of ants, or individual ants, for their 

trail-following responses. 

Here, we tested the hypotheses that (1) the M. rubra trail pheromone comprises 

a blend of several components, (2) groups of M. rubra workers, but not individual ants, 

follow pheromone trails, (3) groups of M. rubra workers follow pheromone trails of ant 

community members farther than their own trail pheromone, and (4) trail pheromone 

expedites recruitments of foraging M. rubra ants in field settings. 

3.3. Methods and Materials 

3.3.1. Experimental Insects 

Laboratory colonies of M. rubra were established in Spring – Fall of 2019 and 2020 from 

natural colonies located at Inter River Park (Latitude: 49°19’12” N, Longitude: 123°01’42” 

W; North Vancouver, BC, CA). Colonies were excavated and placed into plastic totes 

(41 × 29 × 24 cm; 58 × 43 × 31 cm) or glass aquaria (26 × 21 × 40.6 cm; 30.5 × 26 × 

50.8 cm) that were housed in the Science Research Annex on the Burnaby campus 

(49°16′33′′ N, 122°54′55′′ W) of Simon Fraser University. The room temperature was set 

to 25 °C and the photoperiod to 12L:12D. The same substrate (sand, rocks, wood) in 

which field colonies resided was placed into totes or aquaria, serving as material within 

which to nest. The surface of this substrate served as the foraging area for the ants 

which were provisioned with food [apples; insect prey (German and American 

cockroaches, Blattella germanica and Periplaneta americana; mealworms, Tenebrio 

molitor; superworms, Zophobas morio)] three times per week. Water reservoir test tubes 

(10 – 40 mL) in the foraging area were replaced when they were empty or had any signs 

of fungal growth on the cotton plug. To sustain the moist microclimate that M. rubra 

prefers to inhabit, nest substrate was regularly sprayed with water. 
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3.3.2. Extractions of the ants’ abdomen, poison gland, and Dufour’s 
gland 

To analyze chemical constituents present in abdominal glands, 1000 worker ants were 

cold-euthanized on dry ice, their abdomens severed and placed in a vial containing 1 mL 

of dichloromethane (DCM; EMD Millipore Corp., Billerica, MA, USA). After macerating 

the abdomens with a glass rod, syringe plunger, and a vortex mixer (Labnet International 

Inc., Edison, NJ, USA), the sample was filtered through a ~10-mg glass wool plug (5 × 3 

mm diam.) in a glass pipette to obtain ‘tissue-free’ abdomen extract.  

To determine chemical constituents specifically of the poison gland and the 

Dufour’s gland, 10 glands of each type were processed as previously described 

(Chalissery et al., 2022), Briefly, using forceps, the stinger – with the poison gland and 

the Dufour’s gland attached – was gently pulled and thereby dislodged so that it floated 

to the water surface. The two glands were identified by reference to figures from 

Hölldobler and Wilson (1990), and were separated using an insect pin, forceps, and 

dissection scissors. Poison and Dufour’s glands were placed into separate vials filled 

with 500–1000 µL of DCM and kept on dry ice. Gland tissues were macerated with a 

glass stirring rod and a vortex mixer, extracts were then filtered (see above) and 

concentrated to 100 µL. 

3.3.3. Gas chromatographic-electroantennographic detection (GC-
EAD) analysis of abdominal extracts  

Aliquots (1 ant equivalent (1 AE)) of abdominal extracts were analyzed by GC-EAD and 

GC-mass spectrometry (MS) (see below). Samples were injected in splitless mode (1-2 

µL injection volume), using procedures and equipment modified from previous reports 

(Gries et al., 2002). Briefly, the GC-EAD system employed a Hewlett-Packard (HP) 5890 

gas chromatograph (GC) fitted with a DB-5 GC column (30 m × 0.32 mm I.D., film 

thickness 0.25 µm; J & W Scientific, Folsom, CA, USA). Helium served as carrier gas 

(35 cm · s-1) with the following temperature program: 100 °C for 1 min., then 20 °C · min-

1 to 280 °C. The injector port and flame ionization detector (FID) were set to 260 °C. For 

GC-EAD recordings (N = 2), an antenna was carefully dislodged from the head of a 

worker ant and suspended between two glass capillary electrodes (1.0 mm outer 

diameter (0.58 mm inner diameter) × 100 mm; A-M Systems, Carlsborg, WA, USA) 
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adapted to accommodate the ant antenna (~1 mm in length) and filled with saline 

(Staddon & Everton, 1980). Antennal responses to compounds in the column effluvium – 

that was directly released into a stream of medical air (250 mL/min flow) continuously 

passing over the electrode-suspended antenna – were amplified with a custom-built 

amplifier and recorded on an HP 3392A integrator. 

3.3.4. GC-MS analysis of abdominal, poison gland, and Dufour’s 
gland extracts 

The compounds in abdominal extracts that elicited a response from ant antennae (see 

Results) were considered candidate pheromone components (CPCs) and were analyzed 

by GC-MS in full-scan electron ionization mode, using an Agilent 7890B GC coupled to a 

5977A MSD (Agilent Technologies Inc., Santa Clara, CA, USA) and fitted with a DB-5 

GC-MS column (30 m × 0.25 mm ID, film thickness 0.25 µm). The injector port was set 

to 250 °C, the MS source to 230 °C, and the MS Quad to 150 °C. Helium was used as a 

carrier gas at a flow rate of 35 cm s-1 with the following temperature program: 50 °C 

(held for 5 min), 10 °C min-1 to 280 °C (held for 10 min). To determine the structure of 

the CPCs, their mass spectra and retention indices (relative to aliphatic alkanes; Van 

Den Dool & Kratz, 1963) were compared with those of authentic standards that were 

synthesized in our laboratory. To quantify the amounts of CPCs in any of the extracts, 

their GC peak area was compared with that a synthetic standard prepared at 1 ng/μl. To 

trace the origin of the antennally-active compounds, poison gland extracts and Dufour’s 

gland extract were analyzed separately. 

3.3.5. Sources of 3-ethyl-2,5-dimethylpyrazine and (Z,E)-α-farnesene, 
and synthesis of (Z,E)-α-homofarnesene 

3-Ethyl-2,5-dimethylpyrazine (EDP) was purchased (Acros Organics, part of Thermo 

Fisher Scientific, New Jersey, USA) and bioassayed as an isomeric mixture (1:1) of 3-

ethyl-2,5-dimethylpyrazine and 3-ethyl-2,6-dimethylpyrazine (a non-natural isomer), 

drawing on reports that 3-ethyl-2,6-dimethylpyrazine has no adverse effects on trail-

following responses of M. rubra (Hoefele et al., 2020). (Z,E)-α-Farnesene [(3Z,6E)-

3,7,11-trimethyldodeca-1,3,6,10-tetraene] was synthesized following reported 

procedures (Ramaiah et al., 1995) and was available from a recent project (Gries et al., 
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2022). (Z,E)-α-Homofarnesene [(3Z,6E)-7-ethyl-3,11-dimethyldodeca-1,3,6,10-tetraene] 

was synthesized as described below.  

3.3.6. General synthetic procedures 

All anhydrous reactions were performed under nitrogen atmosphere using flame-dried 

glassware. Normal-phase column chromatography was carried out with 230-400 mesh 

silica gel (Silicycle, 22SiliaFlash® P60). Trace solvents were concentrated and removed 

with a Büchi rotary evaporator. All reagents and starting materials were purchased from 

Sigma Aldrich, and were used without further purification. All solvents were purchased 

from Sigma Aldrich and EMD Millipore Corp., and were used without further purification, 

unless otherwise specified. Tetrahydrofuran (THF) was freshly distilled over Na 

metal/benzophenone. A temperature of -78 °C was obtained through an acetone-dry ice 

bath.  

Specific syntheses 

 

Scheme for the synthesis of (Z,E)-α-homofarnesene 

Ethyl 5-methyl-2-propionylhex-4-enoate (3)  

Prenyl bromide (716 mg, 4.71 mmol, 0.55 mL) and potassium carbonate (1.94 g, 14.1 

mmol) were added to a 0.5 M solution of ethyl 3-oxopentanoate (700 mg, 4.71 mmol, 

0.69 mL) in acetone After the reaction mixture was stirred 20 h at room temperature, it 

was quenched with 2 N hydrochloric acid. The organic layer was extracted with diethyl 

ether (2 × 25 mL), washed with brine, and dried over MgSO4. Following solvent removal 

under reduced pressure, the residue was purified via silica gel flash column 

chromatography to obtain ethyl 5-methyl-2-propionylhex-4-enoate (3) as a light yellow oil 
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(797 mg; 80% yield). The spectral data of 3 matched those reported in the literature 

(Ondet et al., 2016). 

7-Methyl-6-octen-3-one (4) 

Potassium hydroxide (263 mg, 4,7 mmol) was added at room temperature to a stirred 

solution of ethyl 5-methyl-2-propionylhex-4-enoate (797 mg, 3.76 mmol) in ethanol/water 

(1:1). After stirring the mixture 3 h at reflux (100 °C), it was cooled to room temperature 

and extracted with diethyl ether (2 × 25 mL). Organic extracts were washed with water 

and brine and dried over MgSO4. Following solvent removal under reduced pressure, the 

residue was purified via silica gel flash column chromatography to obtain 7-methyloct-6-

en-3-one (4) as a yellow oil (447 mg; 85% yield). The spectral data of 4 matched those 

reported in the literature (Ondet et al., 2016).  

Ethyl (E)-3-ethyl-7-methylocta-2,6-dienoate (5) 

Ethyl 2-(diethoxyphosphoryl)acetate (0.86 mL, 3.8 mmol) was added to a suspension of 

NaH (84 mg, 3.5 mmol) in toluene (5 mL) at 0 oC. After 30 min, 7-methyl-6-octen-3-one 

(4; 447 mg, 3.19 mmol) was added dropwise. After stirring the reaction mixture 1 h under 

argon at room temperature, it was diluted with diethyl ether and water. The organic layer 

was separated and the aqueous phase extracted with diethyl ether (2 × 25 mL). The 

combined organic extracts were washed with brine and then dried over MgSO4. 

Following solvent removal under reduced pressure, the residue was purified via silica gel 

flash column chromatography to obtain ethyl (E)-3-ethyl-7-methylocta-2,6-dienoate (5) 

as a yellow oil (335 mg; 51% yield). The spectral data of 5 matched those reported in the 

literature (Rawat & Gibbs, 2002).   

Ethyl (E)-3-ethyl-7-methylocta-2,6-dien-1-ol (6) 

Diisobutylaluminum hydride (1.5 M in toluene, 3.1 ml, 4.78 mmol) was added to a cooled 

(-78 °C) solution of ethyl (E)-3-ethyl-7-methylocta-2,6-dienoate (335 mg, 1.59 mmol) in 

toluene (5 mL). After keeping the reaction mixture 1 h at -78 °C it was quenched with a 

40-mL aqueous solution of potassium sodium tartrate and the aqueous phase was 

extracted with ethyl acetate (3 × 30 mL). The combined organic layers were washed with 

brine (35 mL) and dried over MgSO4. Following solvent removal under reduced 

pressure, the residue was purified via silica gel flash column chromatography to obtain 
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ethyl (E)-3-ethyl-7-methylocta-2,6-dien-1-ol (6) as a yellow oil (187 mg; 70% yield). The 

spectral data of 6 matched those reported in the literature (Rawat & Gibbs, 2002). 

(E)-1-bromo-3-ethyl-7-methylocta-2,6-diene (7) 

CBr4 (630 mg, 1.9 mmol) and Ph3P (360 mg, 1.37 mmol) were added to a stirred solution 

of ethyl (E)-3-ethyl-7-methylocta-2,6-dien-1-ol (187 mg, 1.11 mmol) in 30 mL 

dichloromethane.   After stirring the reaction mixture 4 h at room temperature, the 

solvent was removed and the resulting oil/solid taken up in hexanes. The suspension 

was cooled to and kept 30 min at -50 °C, following which it was filtered, concentrated, 

and resuspended. After repeating this procedure, the resulting oil was sufficiently pure 

for use in the next synthetic step. (E)-1-bromo-3-ethyl-7-methylocta-2,6-diene (7) was 

obtained as a brown oil (164 mg; 65% yield). The spectral data of 7 matched those 

reported in the literature (Rawat & Gibbs, 2002). 

(Z,E)-α-Homofarnesene (8) 

nBuLi (0.24 mL, 0.6 mmol, 2.5 M solution in hexanes) was added to a stirred solution of 

(Z)-1-iodo-2-methyl-1,3-butadiene (0.11 g, 0.55 mmol) in THF (2 mL) which was cooled 

to -78 °C. After stirring the resultant mixture 15 min at -78 °C, a solution of (E)-1-bromo-

3-ethyl-7-methylocta-2,6-diene (115 mg, 0.5 mmol) in dry THF (2 mL) was added and 

the mixture was stirred 1 h at 23 °C. Then it was quenched with water, extracted with 

ether (2 × 25 mL), washed successively with brine, dried over MgSO4, filtered, and 

concentrated. Flash chromatography on silica gel (with hexanes as eluent) afforded 

(Z,E)-α-homefarnesene as a colourless oil (49 mg; 45% yield). 

3.3.7. Circular trail-following experiment (laboratory setting) 

Following a previously reported experimental design (Chalissery et al., 2019, 2022; 

Renyard et al., 2019), experiments were run from July to August 2020. Briefly, all 

bioassays were performed below a metal scaffold (123 × 57 × 36 cm) enclosed in black 

fabric and lit from above with two lights (one plant light and one daylight fluorescent light, 

each 48″ 32 W F32T8; Phillips, Amsterdam, NL) to standardize visual cues during 

bioassays. Behavioral responses of ants were recorded using a phone video camera 

(Samsung S10e, Samsung Electronics, Suwon-si, South Korea) mounted above the 

arena. Using a micro-syringe, a test stimulus was applied as a continuous 25-cm long 
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trail 5 mm from the edge of a circular Whatman filter paper (90 mm diam.; Sigma-

Aldrich), with the circumference marked with pencil in 1-cm intervals. This filter paper 

was then placed in a Pyrex glass Petri dish arena (150 mm diam.; Figure 3.1a). 

In preparation for bioassays, a single ant or a group of five ants was isolated in a 

1.5-mL micro-tube (Axygen™ MaxyClear Snaplock; Thermo Fisher Scientific, Waltham, 

MA, USA) and allowed 5 min to acclimate in the scaffold enclosure (see above). Five 

ants were deemed sufficient to generate a group effect while keeping the workload to 

analyze the behaviour of each ant within groups at a manageable level. To initiate a 

bioassay, a micro-tube was placed in the Petri dish arena so that its exit hole was ~1 cm 

away from the edge of the filter paper (Figure 3.1a) and the single ant, or group of ants, 

was given 10 min to leave the tube. Once the first ant had exited the micro-tube, the 

ants’ behavior was video recorded 10 min. Video footage was analyzed using VLC 

Media Player (Version 2.2.6) to count the number of 1-cm intervals a trail-following 

single ant, or group of ants, had crossed during a bioassay, allowing us to determine the 

total distance ants had covered as a measure of orientation in response to the test 

stimulus (Chalissery et al., 2019; Morgan, 2009; Renyard et al., 2019). Ants that did not 

exit the micro-tube within 10 min were considered non-responders and were excluded 

from statistical analyses. For groups of ants, the mean distance covered by all 

responding ants (typically five or four out of five) was used to determine the trail-

following response. For each replicate, a new filter paper was used, test stimuli were 

presented at 1 ant equivalent (1 AE) in 25 µl of pentane unless otherwise noted, and a 

new ant, or group of ants, was bioassayed. 

Circular trail-following experiments (n = 10 each) tested the responses of single 

ants, and groups of ants, to one of four test stimuli (Table 1): (1) a 25-µl pentane control; 

(2) 3-ethyl-2,5-dimethylpyrazine (‘EDP’, 5 ng), the known trail pheromone component of 

M. rubra; (3) a 3-component trail pheromone blend (‘3CPB’) consisting of the EDP (5 

ng), (Z,E)-α-farnesene (50 ng), and (Z,E)-α-homofarnesene (50 ng) (as quantified in 1 

AE of poison and Dufour’s gland extracts; and (4) a 6-species trail pheromone blend 

(‘6SPB’), comprising trail pheromone components of M. rubra (EDP, 1 ng), C. modoc 

((2S,4R,5S)-2,4-dimethyl-5-hexanolide, 7.5 ng; 2 AEs), La. niger (3,4-dihydro-8-hydroxy-

3-7-trimethylisocoumarin, 0.5 ng), T. caespitum (2,5-dimethylpyrazine, 1 ng), N. 

cockerelli (4-methyl-3-heptanone, 10 ng), and Li. humile ((Z)-9-hexadecenal, 10 ng). The 

same number of replicates was run for each treatment on any bioassay day. Between 
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bioassays, preparative surfaces and the Petri dish arenas were cleaned with 70% 

ethanol and hexane, and the room was aired out for 5–10 min by opening an exterior 

door. 

3.3.8. Choice-of-trail experiment (field setting) 

To determine whether synthetic trail pheromone components of M. rubra affect nestmate 

recruitment in field settings, a choice-of-trail experiment (n = 10) was run in Inter River 

Park (Latitude: 49°19’12” N, Longitude: 123°01’42” W; North Vancouver, BC, CA) in 

September 2021. Not knowing the entrance to subterranean ant colonies and attempting 

to minimize the likelihood of recruiting the same foragers in sequential replicates, we (i) 

placed replicates in locations with significant ant activity, and (ii) spaced replicates at 

least 1.5 m apart along the forested edge of the field site (Figure 3.1b). 

For each replicate, three strips of filter paper (25 × 2 cm each) were placed at 0º, 

120º, and 240º (or at 60º, 180º, and 300º for every other replicate; Figure 3.1b) from a 

central point, taking care not to disturb the ants in the area. To prevent wind from moving 

strips, they were weighed down with several nails placed along the edges of strips. The 

distant end of each strip was baited with a small cylinder (~ 0.5 × 2 cm) of an ambrosia 

apple presented on a piece of paper (4.5 × 4.5 cm), to prevent ant access from below, 

and was protected from direct sun by a lid (16.2 cm diam.) of a Unitrap (Forestry 

Distributing, Boulder, CO, USA;  Hoefele et al., 2021). After placing apple baits, the three 

test stimuli ((1) pentane (25 µL); (2) EDP (see above); (3) 3CPB (see above)) were 

randomly assigned to one of the three strips and applied with a micro syringe. To 

determine whether the EDP and the 3CPB expedite recruitment of nestmates to baits, 

photos of ants at food baits were taken at 10-min intervals for 50 min. 

3.3.9. Statistical analyses 

We analyzed all data with R 3.6.3 using packages “multcomp”, “plotrix”, “plyr”, “nlme”, 

“afex”, and “emmeans”. Data (counts of 1-cm increments followed along trails as a 

measure of “distance followed”) in the circular trail-following experiment were analyzed 

using a generalized linear model (GLM; quasi-Poisson distribution). The mean and 

standard error for distance followed by ants were analyzed by an analysis of variance 

(ANOVA), with Tukey’s honestly significant difference (HSD) tests for pairwise 
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comparisons of means run within ant cohort (single ants or 5-ant groups) across test 

stimuli (EDP, 3CPB, 6SPB, solvent control), and run within test stimuli across ant cohort. 

Data (number of foraging ants on food baits) in the choice-of-trail experiment (field 

setting) were analyzed using a linear mixed-effects (LME) model. The mean and 

standard error for number of foraging ants present at baits in response to test stimuli 

(EDP, 3CPB, solvent control) and time points (10-min intervals) were analyzed by a 

repeated measures ANOVA (with colony and location as random variables using the 

LME), with Tukey’s HSD tests run within time points (across test stimuli). 

3.4. Results 

3.4.1. GC-EAD and GC-MS analyses of abdominal, poison gland, and 
Dufour’s gland extracts 

GC-EAD analyses of abdominal extracts revealed three compounds (1, 2 and 3 in Figure 

3.2) that elicited responses from ant antennae. Their mass spectra suggested, and 

comparative GC-MS analyses with authentic standards confirmed, that they were EDP 

(1), (Z,E)-α-farnesene (2), and (Z,E)-α-homofarnesene (3). GC-MS analyses of poison 

gland and Dufour’s gland extracts revealed that the EDP was present in the poison 

gland (at 5 ng per 1 AE), and (Z,E)-α-farnesene and (Z,E)-α-homofarnesene (each at 50 

ng per 1 AE) were present in Dufour’s gland (Figure 3.3). 

3.4.2. Circular trail-following experiment (laboratory setting) 

There was a significant effect of ant cohort and test stimuli on trail-following responses of 

worker ants (ANOVA; ant cohort, F1 = 18.99, P < 0.001; test stimuli, F3 = 10.89, P < 

0.001; ant cohort × test stimuli, F3 = 0.7535, P = 0.52; Figure 3.4). 

Effect of test stimuli on trail-following responses of ant cohorts (singly-
tested ants; 5-ant groups) 

Based on Tukey’s HSD tests, there was no significant difference in the distances that 

singly-tested ants followed trails of the solvent control (8.22 ± 2.15 cm), the EDP (18.40 

± 4.56 cm), the 3CPB (17.13 ± 6.41 cm), and the 6SPB (9.67 ± 4.49 cm) (EDP vs. 

3CPB: P = 1.00; EDP vs. 6SPB: P = 0.39; EDP vs. solvent control: P = 0.25; 3CPB vs. 
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6SPB: P = 0.55; 3CPB vs. solvent control: P = 0.37; 6SPB vs. solvent control: P = 0.99; 

Figure 3.4). 

Based on Tukey’s HSD tests, there were significant differences in the distances 

that 5-ant groups followed trails of the solvent control (9.84 ± 1.49 cm), the EDP (34.32 ± 

5.61 cm), the 3CPB (47.13 ± 4.31 cm), and the 6SPB (20.53 ± 4.89 cm). Distances 

followed by 5-ant groups differed between the solvent control and (i) the EDP (P = 

0.0029) and (ii) the 3CPB (P = 0.0001). Distances followed also differed between the 

3CPB and the 6SPB (P = 0.01). Other pairwise comparisons revealed no statistical 

differences (EDP vs. 3CPB: P = 0.51; EDP vs. 6SPB: P = 0.25; 6SPB vs. solvent 

control: P = 0.23; Figure 3.4). 

Effect of ant cohort (singly-tested ants; 5-ant groups) on responses to test 
stimuli  

Based on Tukey’s HSD tests, five-ant groups followed trails of the EDP and the 3CPB 

farther (EDP: 34.32 ± 5.61 cm; 3CPB: 47.13 ± 4.31 cm) than singly-tested ants (EDP: 

18.40 ± 4.56 cm; 3CPB: 17.13 ± 6.41 cm) (EDP: P = 0.0300; 3CPB: P = 0.0010; 6SPB: 

P = 0.06; solvent control P = 0.71; Figure 3.4).  

3.4.3. Choice-of-trail experiment (field setting) 

When M. rubra colonies in a field setting were offered choices between three paper 

strips treated with a trail of the EDP, the 3CPB, or the solvent control, with each trail 

leading to an apple bait (Figure 3.1b), there was a significant effect of test stimulus 

(pheromone vs control), and time point (10–50 min in 10-min intervals), on the number of 

ants recruited to apple baits (repeated measures ANOVA: test stimulus, F(3,27) = 41.12, P 

< 0.001; time point, F(4,109) = 15.82, P < 0.001; test stimulus × time point, F(8,109) = 3.62, P 

< 0.001; Figure 3.5). 

Ten minutes after experiment initiation, there were significant differences in the 

number of ants recruited to apple baits by the EDP (23.9 ± 4.40 recruits, the 3CPB (30.4 

± 5.87 recruits), and the solvent control (9.1 ± 2.58 recruits). Based on Tukey’s HSD 

tests, numbers of ants at baits differed statistically between the 3CPB and the solvent 

control (P = 0.0191), but not between (i) the EDP and the solvent control (P = 0.13) and 

(ii) the EDP and the 3CPB (P = 0.65). 
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Similarly, 20 min after experiment initiation, there were significant differences in 

the number of ants recruited to apple baits by the EDP (28.3 ± 4.42 recruits), the 3CPB 

(39.7 ± 6.89 recruits) and the solvent control (14.7 ± 3.70 recruits). Based on Tukey’s 

HSD tests, numbers of ants at baits differed statistically between the 3CPB and the 

solvent control (P = 0.0056), but not between (i) the EDP and the solvent control (P = 

0.17) and (ii) the EDP and the 3CPB (P = 0.28).  

At 30-, 40- and 50-min time intervals, there were no significant differences in the 

number of ants recruited to food baits by the EDP, the 3CPB, and the solvent control 

(30-min Tukey’s HSD: EDP vs. 3CPB: P = 0.87; EDP vs. solvent control: P = 0.35; 3CPB 

vs. solvent control: P = 0.16; 40-min Tukey’s HSD: EDP vs. 3CPB: P = 0.82; EDP vs. 

solvent control: P = 0.85; 3CPB vs. solvent control: P = 0.50; 50-min Tukey’s HSD: EDP 

vs. 3CPB: P = 0.99; EDP vs. solvent control: P = 0.92; 3CPB vs. solvent control: P = 

0.87). 

3.5. Discussion 

Our data support the conclusion that: (1) the trail pheromone of M. rubra consists of 

three components: 3-ethyl-2,5-dimethylpyrazine (‘EDP’), (Z,E)-α-farnesene and (Z,E)-α-

homofarnesene, with the two farnesenes modestly contributing to the pheromonal 

activity of this 3-component pheromone blend (‘3CPB’); (2) groups of M. rubra worker 

ants, but not single ants, follow lines of trail pheromone; (3) worker ants follow 3CPB 

trails farther than they follow a trail pheromone blend (‘6SPB’) containing trail 

pheromone components of (i) M. rubra, (ii) community members of M. rubra (La. niger 

and C. modoc), and (iii) allopatric ant species; and (4) synthetic trails of the EDP and the 

3CPB deployed in field settings expedite recruitment of M. rubra workers to food 

sources. 

We have shown that the trail pheromone of M. rubra is more complex than 

previously reported. Findings in preliminary field bioassays that EDP trails did not elicit 

strong recruitment of nestmates to food baits (Hoefele et al., pers. comm.) made us 

hypothesize that the M. rubra trail pheromone contains components other than just the 

EDP. These additional components could be produced in, and secreted from, the poison 

gland, the Dufour’s gland, or both (Cerdá et al., 2014). As these glands are difficult and 

time-consuming to collect, we opted first to prepare abdominal extracts of ants which 
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would contain all the constituents from these two glands. In GC-EAD analyses of 

abdominal gland extracts, not only EDP – the previously reported trail pheromone 

component of M. rubra (Evershed et al., 1982) – but also (Z,E)-α-farnesene and (Z,E)-α-

homofarnesene elicited responses from worker ant antennae (Figure 3.2). 

To determine the origin of the EDP and the two farnesenses in abdominal 

extracts, we prepared separate extracts of the poison gland and the Dufour’s gland and 

analyzed them by GC-MS. These analyses demonstrated that the EDP originates from 

the poison gland, and the two farnesenes originate from the Dufour’s gland (Figure 3.3), 

indicating that constituents from two different glands contribute to the composition of the 

M. rubra trail pheromone blend. While the secretion of EDP from the poison gland and 

its role as a trail pheromone component have been well documented (Evershed et al., 

1982; Hoefele et al., 2021), no pheromonal activity had yet been assigned to the two 

farnesenes. The presence of α-farnesene and tentative identification of homofarnesene, 

as constituents of the M. rubra Dufour’s gland, were previously reported (Morgan & 

Wadhams, 1972), but the specific isomer of α-farnesene was not yet known and 

unambiguous identification of homofarnesene as a gland constituent was still not 

complete. Here we report that (Z,E)-α-farnesene and (Z,E)-α-homofarnesene (i) 

originate from the Dufour’s gland of M. rubra (Figure 3.3), (ii) elicit responses from 

worker ant antennae (Figure 3.2), and (iii) modestly contribute to the effectiveness of the 

trail pheromone blend (Figures 3.4, 3.5). 

With evidence that groups of M. rubra workers readily follow EDP trails in 

laboratory settings (Evershed et al., 1982; Hoefele et al., 2021), but singly-tested 

workers did not (Chalissery et al., 2019), we hypothesized that that group recruitment of 

nestmates is essential for trail-following behavior in M. rubra. To rigorously test this 

hypothesis, we used a circular trail-following bioassay design (Figure 3.1a) and recorded 

the distance that 5-ant groups, or singly-tested ants, followed a test stimulus such as the 

EDP, the 3CPB, and the 6SPB. The data revealed that 5-ant groups, but not singly-

tested ants, followed synthetic blends of trail pheromone components (Figure 3.4), 

supporting the concept that group recruitment or physical activation of nestmates by a 

forager is important for trail-following of M. rubra workers (Fedoseeva, 2015; Planqué et 

al., 2010). 
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Five-ant groups followed both EDP and 3CPB trails about 2-times farther than 

solvent control trails (Figure 3.4). However, only 3CPB trails prompted 5-ant groups to 

follow trails significantly farther than 6SPB trails, which were as ineffective as solvent 

control trails in eliciting trail-following responses (Figure 3.4). These data not only 

support the conclusion that (Z,E)-α-farnesene and (Z,E)-α-homofarnesene have a 

pheromonal function in the 3CPB and contribute to trail-following responses of ants, but 

they also indicate that the 6SPB contained constituents that interfered with trail-following 

responses of M. rubra workers. In addition to EDP, M. rubra antennae sense only three 

other components in the 6SPB (Chalissery et al., 2019): 3,4-dihydro-8-hydroxy-3-7-

trimethylisocoumarin (‘isocoumarin’), the trail pheromone of La. niger, (2S,4R,5S)-2,4-

dimethyl-5-hexanolide (‘hexanolide’), the trail pheromone of C. modoc, and 2,5-

dimethylpyrazine, the trail pheromone of T. caespitum. That M. rubra antennae sensed 

the pyrazine pheromone of T. caespitum (allopatric species) is likely due to its structural 

similarity with the pyrazine pheromone component of M. rubra. It follows that it is the 

isocoumarin, hexanolide, or both that interfered with trail-following behavior of M. rubra 

workers in response to the 6SPB (Figure 3.4). While our data support the concept that 

ant community members (M. rubra, La. niger, C. modoc) sense, and respond to, each 

other’s trail pheromones (Chalissery et al., 2019), the data did not support our prediction 

that the 6SPB would elicit trail-following responses by M. rubra workers as strong as, or 

stronger than, the EDP or the 3CPB. Our assumption that M. rubra workers would follow 

6SPB trails (including pheromone components of sympatric La. niger and C. modoc) to 

learn about the location of rich food sources and then to exploit them may have been 

erroneous in that the foraging range of M. rubra colonies in North America is rather small 

(Higgins, pers. comm.), and eavesdropping on pheromone trails of ant community 

members may not accrue significant benefits. Alternatively, the presence of pheromone 

components in the 6SPB other than the EDP may simply have masked or ‘diluted’ the 

pheromonal message of the EDP. 

Encouraged by our positive laboratory bioassay data (Figure 3.4), we also 

compared trail-following responses of M. rubra in a field setting, offering worker ants a 

choice between EDP, 3CPB, and solvent control trails, all leading to a food bait (Figure 

3.1b). As trail pheromones serve to recruit nestmates to food sources (Czaczkes et al., 

2015; Morgan, 2009), we scored the number of ants recruited to apple baits, rather than 

the distance ants followed trails (as in laboratory experiments), as the response criterion. 
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In this field experiment, both the 3CPB trail and the EDP trail recruited ants to apple 

baits significantly faster than the solvent control trail, but this differential recruitment 

effect quickly subsided over time (Figure 3.5). At both the 10-min and the 20-min 

timepoints, the 3CPB trail was superior to the EDP trail in that the numbers of ants at 

baits differed statistically between the 3CPB and the solvent control but not between the 

EDP and the solvent control (although the number of ants recruited by 3CPB and EDP 

trails did not differ statistically). Over time (30-min – 50-min timepoints), the number of 

ant recruits at control food baits increased, possibly because foragers avoided the 

crowded 3CPB and EDP trails, eventually found the food baits associated with the 

solvent control trails, and then deployed their own pheromone trails that recruited 

nestmates. That the recruitment effect of the 3CPB trail did not differ statistically from 

that of the EDP trail was likely due to the high ant activity in our field site. In sites of high 

ant activity, any food source – even without guiding trail pheromone – is quickly located 

by foraging ants that leave their nest from multiple exit points and then randomly 

encounter food sources like our experimental apple baits. Ultimately, this foraging 

strategy leads to concurrent exploitation of multiple food sources rather than a single 

established food source (Lehue et al., 2020; Lehue & Detrain, 2020). Our data 

interpretation is supported by findings in a field study with the pavement ant, 

Tetramorium immigrans, where the nestmate recruitment effect of synthetic trail 

pheromone was much more apparent in low- than in high-ant activity settings 

(Chalissery et al., 2022). Further testing in sites with low M. rubra infestation is needed 

to clearly reveal the differential recruitment effect afforded by EDP and 3CPB trails. 

The chemical ecology of ant foraging behavior can be exploited for pest ant 

control. To this end, trail pheromone-based foraging behavior of ants could be used to 

guide pest ants to insecticide-laced food baits, where workers pick up the poisoned food, 

carry it to the nest, and share it – through trophallaxis – with nestmates, ultimately 

causing nest demise. Previous evidence that ant community members exploit each 

other’s trail pheromone (Chalissery et al., 2019), provide added incentive to consider 

commercial development of trail pheromones for pest ant control. Trail pheromones of 

multiple species (such as the 6SPB) formulated in a single lure, with no antagonism and 

potential synergism between pheromone components, would make lure development 

commercially viable. In our study site, though, the population density of M. rubra was too 

high to demonstrate the profound effect of synthetic trail pheromone for expeditious 
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recruitment of nestmates. However, at early stages of new ant invasions when 

population densities are still low or immediately following population knockdowns 

through various control measures, deployment of synthetic trail pheromone to guide pest 

ants to lethal food baits may be very effective. To determine whether the deployment of 

multiple-species trail pheromone lures coupled with lethal food baits is a viable tactic for 

pest ant control, more studies of this concept are needed that target M. rubra and other 

major invasive ant pests such as the red imported fire ant, Solenopsis invicta, and the 

Argentine ant, L. humile. 

In conclusion, the trail pheromone of M. rubra comprises not only 3-ethyl-2,5-

dimethylpyrazine (EDP) (Evershed et al., 1982; Hoefele et al., 2021) but also (Z,E)-α-

farnesene, and (Z,E)-α-homofarnesene, with EDP originating from the poison gland and 

the two farnesenes from the Dufour’s gland. In the context of trail pheromone-guided 

foraging, M. rubra workers respond in groups. Only groups of workers, but not single 

workers, followed lines of synthetic trail pheromones. These data add to a growing body 

of literature on group-foraging (Fedoseeva, 2015; Kolay et al., 2020; Orlova & Amsalem, 

2019) and pheromone eavesdropping (Adams et al., 2020; Chalissery et al., 2019). More 

studies are needed to quantify the extent by which the two farnesenses enhance the 

pheromonal activity of the EDP, and by which heterospecific trail pheromones interfere, 

or not, with optimal trail-following behavior of M. rubra workers in response to their own 

trail pheromone.   
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3.9. Tables 

Table 3.1 Names of test stimuli, components and amounts present in test stimuli, and ant species producing 
stimulus components 

Test stimulus Stimulus components (amount tested; Ant Equivalents (AEs)) Species Reference 

EDP1 3-Ethyl-2,5-dimethylpyrazine (5 ng; 1 AE) M. rubra Evershed et al., 1982 

3CPB2  3-Ethyl-2,5-dimethylpyrazine (5 ng; 1 AE) M. rubra Evershed et al., 1982 

(3Z,6E)-3,7,11-trimethyldodeca-1,3,6,10-tetraene [‘(Z,E)-α-Farnesene’; 50 ng; 1 AE];  

(3Z,6E)-7-ethyl-3,11-dimethyldodeca-1,3,6,10-tetraene [‘(Z,E)-α-Homofarnesene’; 50 
ng; 1 AE]) 

6SPB3 3-Ethyl-2,5-dimethylpyrazine (5 ng; 1 AE) M. rubra Evershed et al., 1982 

 (2S,4R,5S)-2,4-Dimethyl-5-hexanolide (7.5 ng; 2 AEs) (‘Hexanolide’) C. modoc Renyard et al., 2019 

 3,4-Dihydro-8-hydroxy-3-7-trimethylisocoumarin (0.5 ng; 1 AE) (‘Isocoumarin’) La. niger Bestmann et al., 1992 

 4-Methyl-3-heptanone (10 ng; 1 AE) N. cockerelli Hölldobler et al., 1995 

 2,5-Dimethylpyrazine (1 ng; 1 AE) T. caespitum Attygalle & Morgan, 1983 

 (Z)-9-Hexadecenal (10 ng; 1AE) Li. humile Van Vorhis Key & Baker, 
1982 

1EDP = 3-Ethyl-2,5-dimethylpyrazine; 23CPB = 3-component pheromone blend; 36SPB = 6-species pheromone blend
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3.10. Figures 

 

Figure 3.1 Graphic illustrations (not to scale) of the experimental design used for (a) laboratory-based circular trail-
following experiments, and (b) a field-based choice-of-trail experiment. Design components for the 
circular trail-following experiments consisted of a Pyrex petri dish arena (1) fitted with a circular filter 
paper (2) marked in 1-cm intervals along the edge, a holding tube (3) from which a single ant, or a 
group of 5 ants, enters the arena, and a 25-cm long stimulus trail (4; dotted line). Design components 
of the choice-of-trail field experiment consisted of three paper strips ( ;    ×   cm each) treated with a 
test stimulus and placed at 0°, 120°, and 240° (or at 60º, 180º, and 300º for every other replicate) from a 
central point (6), nails (7) securing the strips to the ground, and apple baits (8) at the distant end of 

strips 
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Figure 3.2 Representative recordings (n = 2) of the responses of a gas 
chromatographic flame ionization detector (FID) and an 
electroantennographic detector (EAD: antenna of a Myrmica rubra 
worker ant) to candidate trail pheromone components in abdomen 
extracts of M. rubra worker ants. FID peaks marked by arrows and 
numbers were identified as 3-ethyl-2,5-dimethylpyrazine (1), (Z,E)-α-
farnesene (2), and (Z,E)-α-homofarnesene (3) 
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Figure 3.3 Total ion chromatograms of extracts of Myrmica rubra abdominal glands, revealing the presence of (a) 3-
ethyl-2,5-dimethylpyrazine (1) in the poison gland, and (b) both (Z,E)-α-farnesene (2) and (Z,E)-α-

homofarnesene ( ) in the Dufour’s gland 

    

 

 

 

 

 

 

 

                                                    

    

 

   

   

   

   

 

   

                                 
                                                            

    

 

   

   

   

   

   

   

                                 
                                                    

 

1 2
3

N

N

1

3
2

(a) (b) 



 

71 

 

Figure 3.4 Distances worker ants of Myrmica rubra followed trails in circular trail-
following experiments (design in Figure 3.1a). Grey and black 
symbols show the distance that singly-tested ants (left subpanel), 
and 5-ant groups (right subpanel), on average (mean ± standard 
error) followed trails. Test stimuli consisted of (1) a 25-µl pentane 
control (‘Control’); ( ) 3-ethyl-2,5-dimethylpyrazine (‘EDP’,   ng); ( ) 
a 3-component trail pheromone blend (‘ CPB’) including EDP (5 ng), 
(Z,E)-α-farnesene (50 ng) and (Z,E)-α-homofarnesene (50 ng); and (4) 
a 6-species trail pheromone blend (‘ SPB’), comprising trail 
pheromone components of M. rubra (EDP; 5 ng), Camponotus 
modoc ((2S,4R,5S)-2,4-dimethyl-5-hexanolide, 7.5 ng), Lasius niger 
(3,4-dihydro-8-hydroxy-3-7-trimethylisocoumarin, 0.5 ng), 
Tetramorium caespitum (2,5-dimethylpyrazine, 1 ng), Novomessor 
cockerelli (4-methyl-3-heptanone, 10 ng), and Linepithema humile 
((Z)-9-hexadecenal, 10 ng). Within singly-tested ants (left subpanel), 
and within 5-ant groups (right subpanel), means associated with the 
same letter are not statistically different (Tukey’s HSD tests, P < 
0.01). Overarching, asterisk-marked lines indicate statistically 
significant differences in the responses of singly-tested ants and 5-
ant groups to the same test stimulus (Tukey’s HSD tests, * = P < 
0.05, **= P < 0.01) 

Note: (1) in each replicate of 5-ant group bioassays, the total distance travelled by all ants was 
divided by the number of travelling ants (those that left the holding tube); (2) stimuli were tested at 
1 ant equivalent (AE; amount found within one worker ant) except for the hexanolide produced by 
C. modoc which was tested at 2 ant equivalents; (3) individual compounds, and blends of 
compounds, were presented in 25 µL of pentane applied to filter paper. 
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Figure 3.5 Mean numbers (solid and dotted lines) and standard errors (shaded 
areas around lines) of Myrmica rubra worker ants recruited by test 
stimuli to apple baits in a field experiment (design in Figure 3.1b). 
Test stimuli were applied to three paper strips radiating out from a 
central point. Test stimuli consisted of (1) a 25-µl pentane control 
(‘Control’); ( ) 3-ethyl-2,5-dimethylpyrazine (‘EDP’,   ng); and (3) a 3-
component trail pheromone blend (‘ CPB’) including EDP (5 ng), 
(Z,E)-α-farnesene (50 ng) and (Z,E)-α-homofarnesene (50 ng). Data 
analyses revealed a significant effect of test stimulus (Control; EDP; 
3CPB) and time point (10-min intervals between 10–50 min) on the 
number of ants recruited to apple baits (repeated measures ANOVA: 
treatment, P < 0.001; time point, P < 0.001; test stimulus × time point, 

P < 0.001) 
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