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ABSTRACT 

Overwintering strategies are important in the survival of insects, and one such 

strategy involves the regulation of temperatures at which they freeze. Although all insects 

exhibit some degree of cold tolerance, they can generally be classified as either freeze 

tolerant or intolerant. Many freeze-intolerant insects seasonally depress their supercooling 

points, thereby increasing their cold-hardiness in preparation for winter. This study was 

conducted to assess the influence of cold acclimation on the supercoohng ability of the red 

imported fire ant, Solenopsis invicta Buren. Colonies were consecutively exposed for 

seven days to decreasing temperatures of 10°, 5°, and O^C (treatments). At the end of 

each seven-day interval, a thermocouple probe was used to determine whole body 

supercooling points of randomly selected worker ants from each colony. In addition, head 

capsule widths and whole body weights were measured. Analysis of variance indicated a 

significant difference among supercoohng points and acclimation temperatures (£ < 0.05). 

In the 1970's, ice-nucleating active bacteria, a new category of biological ice-

nucleators, were discovered among other epiphytic bacteria hving on the surface of plants. 

These ice-nucleating bacteria have the capacity to catalyze ice formation at - P to -T" C. I 

therefore studied the effects of topical mist application of the ice-nucleating active 

bacteria Pseudomonas syringae (American Type Culture Collection 39254) on the 

freezing point of minor and media worker ants. My results showed that treatment with 

P. syringae increased the temperature at which the red imported fire ant froze, thus 

decreasing its supercoohng ability (NOVA; P < 0.05). 
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CHAPTER I 

INTRODUCTION AND LITERATURE REVIEW 

Although temperate and polar insects spend a large portion of their life cycle 

overwintering, advantages of their winter habits have only recently been recognized 

(Leather et al., 1993). Insect cryobiology, the study of insects at low temperature, is a 

relatively new field. This research emphasizes well-defined topics such as supercooling, 

ice nucleating agents, protein antifreezes, and environmental triggers for cold-hardiness. 

Most research on insect pests focuses on life stages prevalent during the summer months 

only, because populations are larger and more pestiferous during that season (Leather et 

al., 1993). Insect overwintering is a remarkable process involving physiological, 

biochemical, and behavioral changes, and knowledge of the overwintering process can 

offer insights into survival and prediction patterns of pests (Leather et al., 1993). 

As early as 1936, Salt theorized that low temperatures were frequently the limiting 

factor in the spread of native and introduced insects. Recognition of this basic fact was 

important because the response of insects to low temperatures is crucial in understanding 

the biology of insects in seasonally diverse habitats (Lee and Denlinger, 1991). In 

addition. Salt also posed insightful questions regarding chilling and freeze injury, 

supercoohng and ice nucleation, cryoprotectant activation, environmental regulation of 

cold-hardening, and the relationship between cold tolerance and the conu-ol of insect pests 

(Lee and Denlinger, 1991). 



The defining of cold temperature with regard to insects is not easy because it covers a 

wide variety of issues. For a particular species, the cold temperature range is dependant 

on maintenance of normal activity at low temperatures, tolerance of chilling, survival 

during prolonged periods of cold, and the synthesis of cryopreservatives (Lee and 

Denlinger, 1991). 

Insects exposed to low temperatures display a range of responses including migration, 

diapause, polymorphism, and dormancy. In addition, insects detect both abiotic factors, 

such as photoperiod, temperature, and moisture, and biotic factors, such as nutrition and 

crowding, that signify the onset of winter (Leather et al., 1993). Of these cues, the most 

widely used are photoperiod and temperature. However, many insects respond to harsh 

conditions more rehably by using more than one cue. In some social insects, all 

individuals need not be exposed to such cues, because information may be transmitted 

between members within the colony (Leather et al., 1993). 

Cold-hardiness is the most documented aspect of insect overwintering and is the abihty 

of an organism to survive at low temperatures. Salt's review of insect cold-hardiness 

(1961) recognized cold acclimation, freeze tolerance, and freeze avoidance as the three 

main components of winter survival. However, all insects are either freeze-tolerant or 

freeze-intolerant. Freeze-tolerance is the ability of an organism to survive ice formation 

in body fluids and tissues; whereas, species that are freeze-intolerant are unable to survive 

ice formation. The main strategy of freeze-intolerant species for surviving low 

temperatures is supercoohng. Supercooling is the phenomenon by which water and other 

aqueous solutions remain unfrozen below their melting points (the temperature at which 



the last ice crystal disappears when a frozen sample is warmed). The supercoohng point 

or crystalhzation temperature is the temperature at which spontaneous freezing occurs m a 

supercooled hquid and is the lowest lethal temperature of an insect. 

Freeze-intolerant species must rely on supercooling to avoid lethal freezing. The body 

of an insect may be viewed as a liquid container in which conditions are favorable for 

supercooling to occur (Somme, 1982). However, the supercoohng point is not a fixed 

temperature and is affected by many variables. One illustration of supercooling is that the 

melting point of ice is 0°C; yet a small sample of water will not normally freeze at that 

temperature, but will remain unfrozen at lower temperatures. MacKenzenie (1977) 

demonstrated that small volumes of highly purified water will supercool to approximately 

-40° C. In fact, Angell (1982) demonstrated that the capacity for supercoohng is inversely 

related to the volume of the sample. With respect to insects, smaller arthropods supercool 

to lower temperatures than do larger arthropods (Somme, 1982). 

Insects must supercool below the temperature of their "hibercula" to survive (Moore 

and Lee, 1991). Danks (1978) demonstrated that the lowest supercooling values of 

freeze-susceptible insects approximate the minimum climatic temperature occurring in an 

insect's geographical range. Supercooling points are measurements of the latent heat 

released by crystallization which often ranges from -10 to -30° C in insects. In some 

Arctic species, however, the supercooling points may be as low as -60° C (Miller, 1982). 

In most freeze-intolerant species the supercooled state is initiated by behavioral and 

physiological adaptations, and ice-nucleating agents provide the initial seed that catalyzes 

ice formation. Within an insect ice-nucleating agents may be the primary factors in 



controlling supercooling capacity (Lee and Denlinger, 1991). Studies indicate that 

feeding usually ceases, and the digestive system is purged of particles such as food and 

bacteria that may act as nucleators (Salt, 1961). Other nucleators that cannot be removed 

are inactivated or masked to allow for greater supercoohng (Baust and Zachariassen, 

1983). Also, in the flesh fly, Sarcophaga crassipalpis Macquart, supercooling ability is 

dependent on developmental stage and feeding state (Lee and Denlinger, 1985). Non-

feeding larvae and pupae had lower supercooling points than did feeding larvae. 

As the season progresses antifreeze agents such as polyols and proteins increase, and 

consequently, the supercoohng abilities of insects increases (Bale, 1987; Baust and Rojas, 

1985; Duman and Horwath, 1983; Storey and Storey, 1988; Zachariassen, 1985). In 

freeze-intolerant insects, antifreeze proteins enhance overwintering survival by reducing 

both the whole-body supercooling point ar^l the hemolymph freezing point (Lee and 

Denlinger, 1991). These proteins may adsorb to the surface of "embryonic" ice crystals, 

thereby inhibiting further growth (Zachariassen and Husby, 1982). Antifreeze proteins 

may also inhibit recrystallization, a form of ice crystal formation within frozen tissues 

(Knight and Duman, 1986). 

Overwintering insects may accumulate high concentrations of low-molecular weight 

polyols and sugars consisting of glycerol, sorbitol, mannitol, ethylene glycol, ribitol, 

erythritol, inositol, fructose, trehalose, and glucose (Lee and Denlinger, 1991). These 

carbohydrates are referred to as low-molecular-weight antifreezes or cryoprotectants. 

Similar to antifreeze used in automobiles, antifreeze refers to the coUigative action of these 



compounds in depressing the melting point and supercooling point of freeze-intolerant 

insects (Lee and Denhnger, 1991). 

A progressional increase in cold-hardiness of insects from summer to winter that 

results in the avoidance of cryoinjury or death is termed cold acclimation. Salt (1961) 

stated that "as temperatures fall, the needs of the insect change from those of activity, 

growth, reproduction, etc., to those of survival" (p. 56). 

In overwintering strategies, photoperiod is regarded as the most reliable indicator of 

changing seasons. However, Baust (1982) argued that temperature provides a more 

reliable cue because of its indicative rather than predictive nature. Temperature reduction 

may lead to an increase in cold-hardiness, and some investigators identified optimum 

temperamres for accHmation. Ring (1980) concluded that accHmation at 3-5° C was more 

effective than temperatures higher or at subzero temperatures. The beech weevil, 

Rhynchaenus fagi L., showed a decrease in supercooling points by more than 4°C when 

maintained at 5°C for two weeks (Bale and Smith, 1981). Aphids accHmated at 10 and 5° 

C were more cold-hardy and were able to survive at 0° C, whereas non-accHmated aphids 

died at that temperature (Bale et al., 1988). Also, Atwal (1960) demonstrated that cold 

accHmation in pupae of the Mediterranean flower moth, Anagasta kuhniella (Zeller), is 

rapid. In about four hours, acclimation was maximized with exposure to 10° C. 

The influence of low temperature acclimation on cold hardiness was also studied using 

the beetle, Pterostichus brevicornis (Baust and Miller, 1972). Five thousand specimens 

were acclimated at 5°C for one to three weeks. Subsequently, specimens were acclimated 

stepwise in 5°C increments over 5-day intervals. Results indicated that as acclimation 



temperatures decreased, haemolymph glycerol levels increased, and freezing and 

supercooling points were consequently depressed. The most pronounced results were 

observed at 0° C, which showed an increase in glycerol after only two days. Freezing 

points at 0°C mirrored changes in glycerol levels, with the supercooling points decreasing 

during the first week. 

Baust and Lee (1981) studied the divergent mechanisms of frost-hardiness in two 

freeze-tolerant populations of the gaU fly, Eurosta solidaginsis (Fitch). Northern 

populations were exposed to relatively non-fluctuating, low temperatures (-40° C). 

Consequently, supercooling points rose from -10.2°C to -6.2° C foUowing exposure to 

temperatures below freezing, and these supercooling points were maintained throughout 

winter, thus ensuring frequent and prolonged periods of frozen tissues conducive to 

survival of freeze-tolerant populations. The southern population, however, initially 

depressed its supercooling points following first frost, thus avoiding internal ice formation. 

With the onset of winter, this population was subjected to rapid and extreme temperature 

fluctuations (-5 to -10°C) which were generally infrequent and of short duration. 

Therefore, initial depression of the supercooling point was necessary to avoid detrimental 

refreezing and rethawing of the tissues. However, once cold temperatures 

stabilized, supercooling points increased similar to that of the northern population, 

resulting in prolonged freezing of the tissues with subsequent survival. 

The cryobiology of the house fly, Musca domestica L., was studied by determining the 

supercoohng capacity and low-temperature tolerance (Strong-Gunderson and Leopold, 

1989). Supercooling capacity was measured using a laboratory-reared strain of the house 



fly. Two-hour old embryos had the greatest supercoohng capacity (-34° C), followed by 

two-day old pupae (-24°C), adults (-16°C), one-day old larvae (-15°C), and prepupae 

(-14°C). Low-temperature tolerance was measured by exposing the five developmental 

stages to 10, 5, 0, and -5°C. Below 0°C pupae were the most cold-tolerant, followed by 

adults, larvae, prepupae, and embryos. However, at -5°C, twelve-hour old embryos were 

able to tolerate the longest exposure period. 

Rapid cold-hardening processes in insects were described by Lee et al. (1987) m non-

diapausing larvae and pharate adults of the flesh fly, Sarcophaga crassipalpis Macquart, 

non-diapausing adults of the elm leaf beetle, Xanthogaleruca luteoola (Muller), and the 

large milkweed bug, Oncopeltus fasciatus (Dallas). Most non-diapausing larvae and 

pharate adults of Sarcophaga did not survive a 2-hour exposure to -10°C. In contrast, a 

brief exposure (30 minutes) to 0°C doubled the survival rate at -10°C. A similar 

response was noted in diapausing pupae of the flesh fly; exposure to -17° C for one day 

caused 100% mortality, whereas a 2-hour cold pulse (0°C) before subzero exposure 

resulted in a survival rate of 91%. This research indicates that a very rapid cold-

hardening response confers protection against injury from cold shock at temperatures 

above the supercooling point. 

The regulation of supercooling was studied in the freeze-intolerant yellow mealworm, 

Tenebrio molitor L. Johnston and Lee (1990) found that larvae accHmated at 5°C had 

sHghtly lower supercoohng points, and that supercooling points were significandy 

correlated with body weight; smaller larvae having a greater capacity for supercooling. 

Investigators tried to identify that portion of the body in which nucleation occurred by 
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determining the supercooling points of hemolymph, fat body, and gut contents. 

Hemolymph and fat body samples removed from larvae generally supercooled to -15°C; 

whereas, whole body supercooling points were -5°C or higher. Also, the supercooling 

point of the gut was higher 18% of the time than that of the whole body (Johnston and 

Lee, 1990). 

Other investigators examined the protective response resulting from brief exposure to 

low temperatures in the flesh fly, Sarcophaga crassipalpis Macquart (Chen et al., 1991). 

Pharate adults were exposed to various temperatures for two hours before subjecting the 

flies to -10°C for two hours. Cold tolerance increased markedly with a 30-minute 

exposure to 0°C. Chen et al. (1991) concluded that brief exposures to a mildly low 

temperature stimulated flies to undergo a rapid physiological response that enabled them 

to survive severe temperatures that would otherwise be lethal. A rapid cold-hardening 

was also studied in the adult stages of the biting midge, Culicoides variipennis sonorensis 

Wirth & Jones (Nunamaker, 1993). No adults could withstand direct transfer from 20° C 

to -10°C for two hours; whereas, after an accHmation period of 1 hour at 5°C, a 96% 

survival rate was achieved at -10°C. 

Freezing occurs with continued cooling despite the initial tendency to supercool (Lee 

and Denlinger, 1991). For ice crystals to form, an initial nucleus must be present about 

which water molecules aggregate and accumulate until a critical size is reached (Lee and 

Denlinger, 1991). Homogeneous nucleation occurs when the nucleus of crystaHization is 

composed only of water molecules. However, nucleation in most biological systems 



occurs by a heterogenous mechanism (Franks, 1985). The ability of insects to supercool 

indicates the lack of efficient ice nucleators. 

Food or dust within the insect gut may function as ice-nucleating agents (Cannon and 

Block, 1988). Also, the evacuation of food from within the gut was correlated with a 

lowering of the supercooling point (Cannon and Block, 1988; Somme, 1982). Shimada 

(1989) identified the gut as the site of nucleation in the hymenopteran Trichiocampus 

populi using cryomicroscopy. He also observed that after initial ice nucleation in the gut, 

the gut waU is penetrated and ice nucleation is triggered in the hemolymph. Also, Salt 

(1966) identified isolated appendages as sites for nucleation. In addition, ice nucleation is 

associated with the cell matrix (Baust and Zachariassen, 1983). 

Baust and Zachariassen (1983) identified an endogenous ice-nucleating agent located 

in tissues that is masked or inactivated during cold-hardening. Also, bacteria in the insect 

gut may affect the supercoohng ability (Baust and Rojas, 1985; Cannon and Block, 1988; 

Somme, 1982). Thus, the supercoohng capacity of insects can be Hmited by nucleating 

agents. Therefore, the presence of these agents may be lethal to freeze-intolerant insects. 

A few inorganic compounds such as silver iodide were described as possessing ice-

nucleating activity (Vonnegut, 1949). In addition, organic compounds, including some 

amino acids and steroids, also demonstrated ice-nucleating activity (Head, 1961; Power 

and Power, 1962; Barthakur and Maybank, 1963). Furthermore, certain proteins and 

Hpoproteins found in insect hemolymph have ice-nucleating activity (Duman and Horwath, 

1983; Duman et al., 1984). Although these substances exhibit ice-nucleating activity. 
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they are relatively inefficient nucleators and are only capable of inducing nucleation at low, 

subzero temperatures (-8°C or below). 

A unique category of biological nucleators, ice-nucleating active bacteria, was 

identified in the eariy 1970's (Maki et al., 1974; Vali et al., 1976). Bacteria, belonging to 

the genera Pseudomonas (Schnell, 1976 ), Xanthomonas (Maki et al., 1974 ), and Erwinia 

(Lindow et al., 1978) grow epiphytically (Vali et al., 1976; Schnell, 1976) and catalyze ice 

formation at -1 to -2°C (Lee and Denlinger, 1991). These bacteria cause significant 

amounts of frost-related crop losses throughout the world (Lindow, 1987; Warren, 1987) 

because they are capable of freezing both water and plant tissue. Lindow (1983) observed 

that in the absence of ice-nucleating active bacteria many plants supercooled to -8 to -10° 

C before spontaneously freezing. 

Three classes of ice-nucleating structures are recognized in ice-nucleating active 

bacteria (Turner et al., 1990). In general, class C structures are the least active and 

nucleate at -8.0° C or colder. Class B structures nucleate between -6.0 and -7.0° C; 

whereas, the most active structures, class A, nucleate at -4.5° C or warmer. Ice-

nucleating active bacteria synthesize large outer membrane proteins which aggregate 

within the membrane and function as templates for the formation of smaU ice crystal seeds 

called "ice nuclei" (Warren et al., 1986; Wolber and Warren, 1989; Mueller et al., 1990). 

Genes responsible for ice-nucleating activity have been isolated and sequenced. The 

gene responsible for nucleation was isolated from Pseudomonas syringae and 

Pseudomonas fluorescence (Warren et al.,1986; Green and Warren, 1985). Also, the ice-

nucleating active genes was examined and completely sequenced from Erwinia ananas 
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IN-10 (Abe et al., 1989). The lipid phosphatidyhnositol was identified as a component of 

the ice-nucleation site. Phosphatidyhnositol is synthesized by the enzyme 

phoshatidylinositol synthetase, a product of the ice-nucleating gene (Kozloff et al., 1984). 

Kozloff et al , (1991) found that all ice-nucleating active bacteria contain some levels of 

phosphatidyhnositol, and these levels are directiy proportional to die ice-nucleating 

activity. 

Ice-nucleating abilities were identified in certain species of lichens. Kieft (1988) 

discovered that many species of lichens are capable of nucleating ice at relatively warm 

temperatures. Field-collected lichens having ice-nucleation activity at temperatures above 

-5°C include the genera Rhizoplaca, Xanthoparmelia, and Xanthoria. Kieft (1988) also 

attempted to determine the chemical nature of Hchen ice nuclei. Biological ice nuclei were 

extracted from cells of the lichen Rhizoplaca chrysoleuca by sonication. Because of 

sensitivity to proteases, Hchen nucleation sites appear to be proteinaceous. Ice-nucleating 

Hchens are also very temperature stable and are active over a wide pH range (Kieft, 1988). 

Strong-Gunderson et al., (1989) demonsti-ated that ice-nucleating active bacteria may 

be important in the regulation of insect supercooling points. In the convergent lady beetle, 

Hippodamia convergens Guerin-MeneviHe, ingestion of both Pseudomonas syringae 

(sti-ain cit 7) and Erwinia herbicola (strain 265G-2) caused a dramatic increase in 

supercoohng points from -16 to approximately -3.5° C. Also, topical application of these 

bacteria caused a similar increase in supercooling points (Strong-Gunderson et al., 1989; 

Strong-Gunderson et al., 1992). Again in the lady beetle, H. convergens, topical 

apphcation of P. syringae increased the supercooling point to temperatures as high as 
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-3.0° C. This reduction in cold tolerance was maintained for three days (Strong-

Gunderson et al., 1992). 

In 1994, Lee et al. reduced the cold-hardiness of the freeze-intolerant Colorado 

potato beetle, Leptinotarsa decemlineata (Say), with ice-nucleating active bacteria. Field-

collected, diapausing beetles were exposed to a concentrated, freeze-dried and killed 

preparation of Pseudomonas syringae (strain cit 7). Application (1,000 ppm) increased 

the supercooling points from -7.6 ± 0.2° C (untreated) to -3.7 ± O.TC, with diminished 

effectiveness after two weeks. 

Lee et al. (1992) studied the effects of the ice-nucleating active bacteria P. syringae on 

stored grain pests. A freeze-dried, concentrated form of P. syringae was applied to wheat 

and com infested with insect pests. After treatment with 100 ppm of P. syringae, the 

mean supercooling points of five insect species increased from 4.7 to 11.9°C above 

untieated controls (Lee et al., 1992). In addition, treatments also reduced insect survival 

to a 24-hour subzero exposure. 

Ice-nucleating active bacteria have been isolated from the gut of field-coUected insects 

(Lee et a l , 1991). Two species of ice-nucleating active bacteria, Enterobacter 

agglomerans and Enterobacter taylorae, were isolated from two species of beetles, 

Ceratoma trifurcata (Forster) and Hippodamia convergens Guerin-MeneviUe. 

Enterobacter taylorae was previously not known to have ice-nucleating activity (Lee et 

al., 1991). Lee's study is the first to substantiate that ice-nucleating active bacteria may be 

a normal component of the insect gut. By retaining ice-nucleating active bacteria in the 

gut or on the body surface, thus reducing the supercooling ability, freeze-tolerant insects 
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may enhance extraceHular freezing of body fluids at high subzero temperamres, thereby 

increasing the chance of overwintering survival (Lee and Denlinger, 1991). 

Since its accidental introduction over 50 years ago, the red imported fire ant, 

Solenopsis invicta Buren, has become a major pest in the U.S.A. The northern limits of 

disti-ibution of the ant in the United States has been linked to cold-hardiness (Buren et al., 

1974; Hung and Vmson, 1978; Pimm and Bartell, 1980). Also, winter-kill is cited as an 

important factor limiting its northward spread (Moody etal., 1981). In the temperate 

United States three native species of fire ants, Solenopsis aurea Wheeler, Solenopsis 

geminata (Fabricius), and Solenopsis xyloni McCook, are found at latitudes as far north as 

38°(FranckeetaL, 1986). 

Supercooling studies on ant species seem, for the most part, to be limited. Erpenbeck 

and Kirchner (1983) determined the supercoohng points and acclimation abihty of 

Formica phlyctena Foerster, and found that acclimation does not occur within this 

species. In fact, freeze-tolerance has not been demonstrated in any ant species. 

Camponotus obscuripes Mayr from Japan does not tolerate freezing for 24 hours (Tanno, 

1962), and Somme (1964) described the holarctic Camponotus herculeanus (Linnaeus) as 

being freeze-intolerant. 

The red imported fire ant is also known to be freeze-intolerant and is common in 

southern North Carolina, South Carolina, Georgia, Florida, Alabama, Mississippi, 

southern Arkansas, Louisiana, and eastern Texas (Krombein et al., 1979; Francke et al., 

1983), with a somewhat sporadic presence in Tennessee (United States Department of 

Agriculture, 1981). Solenopsis invicta is not known to occur north of the 
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-12.2°C January isotherm (exceptions: A small area in exti-eme northern Alabama and a 

smaH area in norUi-central Texas; Francke et al., 1986). Field observations indicate that in 

addition to S. invicta (MorriH et al., 1978), the black imported fire ant, Solenopsis richteri 

Forel, is unable to tolerate freezing for more than a few minutes (Green, 1959). 

Francke et al. (1986) determined the supercoohng points of worker larvae, worker 

pupae, minor workers, medium workers, major workers, reproductive caste larvae, male 

and female pupae, and male and female adults of the fire ants S. aurea, S. invicta, S. 

geminata, S. richteri and S. xyloni. They determined that worker castes had a slightly 

lower supercooling point than the reproductive castes, and that within each species, adults 

had a higher mean supercooling temperature (-7°C to -12°C) than did immatures. Larvae 

had a higher supercooling temperature (-8° C to -16° C) than did the pupae (-16°C to -24° 

C). Francke et al. (1986) also studied the influence of acclimation on the supercoohng 

ability of S. aurea, S. geminata, and S. invicta workers. Comparisons were made between 

supercooling points of 10 major, 10 medium, and 10 minor worker ants acclimated at 

different temperatures (treatments). No significant difference was found in supercoohng 

points ofS. aurea workers maintained at 12° C and 22° C. They also found no significant 

difference between treatments for worker ants of .S. geminata maintained at 22° C and 32° 

C. Finally, they compared the supercooling points of S. invicta maintained at 12°, 22°, 

and 32° C. Analysis of variance indicated significant differences among castes but not 

between treatments. 

Cokendolpher and PhilHps (1990) determined the critical thermal maxima (CTMAX) 

and the critical thermal minima (CTMIN) using minor caste workers of S. invicta. Ants 
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were maintained at decreasing temperatures, with weekly measurements of CTMAX and 

CTMIN. The overaU CTMAX mean was 40.7° C, with the CTMIN values exhibiting a 

greater range of 1.1 to 6.6° C, with a mean of 3.6° C. A significant interaction between 

temperature regime and colony was detected. Results indicate that prior diermal history 

affects critical thermal values, thus suggesting that the red imported fire ant has the abihty 

adapt to lower temperatures as winter approaches (Cokendolpher and Phillips, 1990). 

These studies have shown that insects are able to adapt to cold temperature by both 

physiological and behavioral means. Migration and dormancy are both possible adaptive 

features, but neither are known to occur in S. invicta. Because S. invicta has exhibited a 

patchy distribution in northern areas, I propose to examine acclimation ability in relation to 

supercooling points. I also propose to examine the effects of ice-nucleating active bacteria 

on the freezing point of the red imported fire ant for possible use as a winter biological 

control tactic. Therefore, the objectives of this study are to determine the cold 

acclimation ability of the red imported fire ant, Solenopsis invicta Buren and to determine 

the ability of Pseudomonas syringae, an ice-nucleating active bacteria, to reduce the 

freezing point of the ant. 



CHAPTER II 

MATERIALS AND METHODS 

Colony Collection and Maintenance 

Nineteen red imported fire ant colonies, randomly collected during the summer 

months of August 1993, May 1994, and May 1995, were collected from Abilene, Taylor 

Co., Texas (southeastern edge of Lake Kirby), and individually placed in five-gallon 

containers for transportation. Ants were removed from the soil using the water 

saturation technique of Banks et al. (1981). During separation, colonies were maintained 

in the laboratory at 22° C. After removal from the soil, colonies were housed in 23 x 36 x 

14 cm plastic containers, the sides of which were coated with Fluon (Northern Products, 

Inc. Woonsocket, RI) to prevent escape. A smaller container, ( 1 1 x 1 1 x 4 cm) which 

served as the nest, was placed in the center of the larger container. Approximately 3 cm 

of plaster of Paris (Humco, Inc. Texarkana, TX) was placed in the bottom of the smaller 

container to help maintain higher moisture levels in the nest to which water was added as 

necessary. Colonies had access to water and were fed sterilized dog food (Alpo canned 

beef flavored) every 5 days. Colonies were maintained in the laboratory for approximately 

one month before trials began 

Supercooling Point Determination 

Supercooling points from ten randomly selected minor and media workers (0.27-

0.87 mm, head capsule widths) were determined from each of fourteen colonies (140 total 

16 
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specimens). Caste determination using head widths was confirmed by comparison to 

Wilson's (1978) description (minor workers < 0.73 mm; media workers > 0.73 < 0.92; 

major workers > 0.92 mm). Supercooling point values were determined by positioning 

each ant in contact beneath the abdomen with 0.59 mm diameter microprobe 

thermocouple (Cole-Parmer Instrument Company, Niles, IL). Petroleum jelly was used to 

facilitate contact between the thermocouple and the ant. Subsequently, the ant-

thermocouple assembly was placed in a 1.5 ml polypropylene micro-centrifuge tube. The 

tube containing the ant-thermocouple assembly was suspended in a rack and placed in a 

freezer. Air temperature of the freezer was -17° C, resulting in a decrease of 0.6° C per 

minute for each sample. A Bailey sensor (Model BAT-12, Bailey Instruments, Inc., 

Saddlebrook, NJ) was used to measure temperatures. The lowest temperature reached 

prior to the release of latent heat of crystalhzation was recorded as the supercoohng point. 

Whole body weights of each specimen were measured using a Cahn 29 automatic electro 

balance (Cahn Instruments, Inc., Cerritos, CA), and head capsule widths were measured 

using a dissecting scope fitted with an ocular micrometer. 

Cold Acclimation 

Once the base-Hne supercoohng points were determined, ten of the same colonies 

were maintained in an incubator for three weeks, with stepwise, weekly reductions in 

temperature from 22° C to 10° C to 5°C to 0°C (treatments). Water and food were 

provided throughout the study. In addition, four colonies of the original fourteen were 

maintained at a constant temperature of 10° C (controls) for the duration of the study. 
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At the end of each weekly temperature regime, supercoohng points, head capsule 

widths, and whole body weights were taken from 10 randomly selected minor and media 

worker ants using the previously described methods (cold ti-eatment: 100 specimens per 

week; control: 40 specimens per week). 

Application of Ice-Nucleating Active Bacteria 

Bacterial Cultiires 

A strain of Pseudomonas syringae (ATCC 39254), an ice-nucleating active 

bacterium, was provided by R. E. Lee, Jr. (Miami University, Oxford, OH). A culture of a 

non-ice-nucleating active bacterium, Escherichia coli ( DHR5a ), was provided by M. J. 

San Francisco (Texas Tech University, Lubbock, TX) and served as one of the controls. 

Bacterial culmres were maintained at 22 ± O.TC in a mixmre of 2.5% glycerol Bacto 

Nutrient Broth (Difco). Glycerol was added to the mixture to enhance ice-nucleating 

activity (Strong-Gunderson et al., 1992). Erienmeyer flasks (250 ml) containing 100 ml of 

the mixture and bacteria were placed on a rotating shaker for two to five days to increase 

aeration until maximum ice nucleating expression was obtained. Ice-nucleating expression 

was assessed daily by determining freezing points of samples of the suspensions. Short-

term stock cultures of P. syringae and E. coli were maintained on Bacto Nutrient Agar 

(Difco) slants at 10° C. Frozen cultures for long-term storage were maintained at -80° C 

in a 20% glycerol nutrient broth mixture. 
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Freezing Point Determination of Bacterial Suspensions 

Freezing points of bacterial suspensions of P. syringae were taken at 2, 3, 4, and 5 

days of growth to determine maximum ice-nucleating expression. Bacterial suspensions 

of E. coli were measured to determine the freezing point prior to the onset of the trial. 

Freezing points were determined by placing 10 pi of suspension into a 1.5 ml 

polypropylene micro-centrifuge tube. A 30-gauge copper-constantan thermocouple was 

inserted through a smaH hole in the cap of the micro-centrifuge tube, and the 

thermocouple-tube assembly was subsequently placed in the freezer. The suspension was 

cooled approximately 0.6° C per min. The lowest temperature reached prior to the release 

of the latent heat of crystallization was recorded as the freezing point. Samples were 

subsequently removed from the freezer and visually inspected to verify that freezing had 

occurred. 

Topical Apphcation of Bacteria 

Topical application of the bacterial suspensions consisted of diree treatments: 

treatment A: P. syringae; treatment B: E. coli; and treatment C: no bacteria. 

Treatment A was a mixture of 100 ml of bacterial suspension (broth and P. syringae; 

10 *̂ ) identified as Type A structures, 5 ml of Tween 80, and 5 ml of vegetable oil 

(Shurfine). Tween 80 was used to dissolve the ant cuticular wax, and the vegetable oil 

was used to enhance bacterial cell adhesion to the ants. Treatment B consisted of 100 ml 

of bacterial suspension (broth and E. coli; 10*̂ ), 5 ml of Tween 80, and 5 ml of vegetable 

oil. The control treatment (C) consisted of a mixture of 100 ml of nutrient broth (no 
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bacterial cells), Tween 80, and vegetable oil. All treatments were thoroughly mixed in 

flasks before application using an alcohol-sterilized stir-rod on a magnetic stir plate for 

approximately 5 minutes. After mixing, freezing points were again determined for all 

tieatments using previously described methods. Serial dilutions of each bacterial culmre 

were used to determine total bacterial counts of all cultures used in the study. 

An ant colony was separated into three separate plastic boxes lined with Ruon to 

prevent escape, and maintained at 22° C. Individual boxes containing ants received one 

treatment each day for 5 consecutive days. Treatments consisted of topicaUy misting the 

entire population using a 300 ml mist bottle. Supercooling points were determined from 

10 randomly selected minor and media workers (0.35-0.77 mm, head capsule widths) 

within the container per treatment for first trial and 15 randomly selected minor and media 

workers (0.20-0.92 mm, head capsule widths) per treatment for the second trial. Head 

capsule widths and whole body weights were also recorded for each specimen. 

Moisture content of each specimen was recorded during the second trial. 

Subsequent to taking the previously stated measurements, ants were placed in 

microcentrifuge tubes (one specimen per tube). Whole racks of microcentrifuge tubes 

were placed in an oven and air-dried at 50° C for 24 hours. Whole body weights were 

determined from the dried samples. Dry weights were subti-acted from wet weights to 

obtain total moisture content. 
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Topical Bacterial Application to Queens 

The P. syringae treatinent was topically applied to 16 queens, and 15 queens were 

misted with the control (no bacterial cells). Supercooling points were immediately 

determined. 

Ingestion of Ice-Nucleating Active Bacteria 

A series of mixtures was used to initiate ingestion of P. syringae by the ants, 

whereas they readily consumed E. coli. Bacterial suspensions of P. syringae and E.coli 

were centrifuged at 1500 rpms for 25 minutes, and supematants were pipetted from cell 

pellets. Cells were then rediluted with 10 ml of autoclaved, reverse osmosis water. 

Aqueous suspensions were placed in ant colonies as a water source. Ant colonies received 

suspensions continuously for the duration of the study, and supercooling points were 

measured after three days of initial exposure and continued daily for up to seven days. 

Bacterial cells removed from broth were presented to ant colonies and monitored for 

ingestion. Because worker ants showed httle or no interest in P. syringae, it was mixed 

with: (1) uncooked chicken egg whites, (2) cooked chicken egg whites, (3) cooked whole 

chicken eggs, and (4) vegetable oil (Shurfine) and uncooked chicken egg whites. In 

addition, a liquid suspension of bacterial cells and three grams of sucrose dissolved in 100 

ml of sterilized water was also introduced to the ant colonies. The final tactic was to 

mject cockroaches and mealworms, {Tenebrio molitor L.) with Hquid suspensions of P. 

syringae and E. coli and subsequently fed to ants. 
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During ingestion trials, supercooling points were determined on randomly selected 

ants that showed some feeding activity toward the various mixtures. Ants were surface 

sterilized for 5 minutes in 70% eUiyl alcohol, washed in 10% Chlorox bleach, and rinsed in 

sterile, reverse osmosis water three times. Specimens were placed in sterile, glass petii 

dishes, and the guts were removed. Gut contents were streaked on eosin methylene blue 

agar (Difco), a differential plating medium used for isolation of Gram-negative bacteria. 

Growth was monitored for 2 days, and bacterial colonies were tested for oxidase 

production an indicator of P. syringae. Bacterial colonies were re-isolated by streaking 

onto nutrient broth agar plates. Gram staining was performed on 24-hour cultures from 

nutrient agar plates to verify that bacteria were indeed gram-negative. 

Data Analyses 

Data were analyzed using Statworks (Cricket Software, 1985). Because individual 

tieatment supercooling points were not normally distributed, analyses were calculated 

using transformed data. Data were transformed by adding 20 to each original 

supercoohng point and subsequently determining the natural log of that number, ln(t + 20° 

C). A one-way analysis of variance was used (E < 0.05; df = 9) to determine if differences 

initially existed among colonies with regard to supercooling points (n = 100: 10 per 

colony; 10 colonies) when held at 22° C (treatment). Subsequently, a two-way analysis of 

variance was performed to determine if differences (E < 0.05; df = 9, 3) existed in 

supercooling points ( n = 400: 10 per colony; 100 per treatment) among four acclimation 

temperamre regimes (ti-eatments), and also to determine if differences were dependent 
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upon colony tested (interaction). Fisher's least significant difference (LSD) was used to 

identify those ti-eatments which were different (E < 0.05). A one-way analysis of variance 

(E < 0.05; df = 2) was used to determine if supercooling points of colonies held at 

constant temperature (10° C) changed through time (three weeks). 

Simple hnear regression was used to determine if supercooling points of the initial 19 

colonies (dependent variable: n = 190: 10 per colony) were dependent on whole body 

weights (independent variable). In addition, the relationship was described between 

supercooling points (dependant variable: n = 100) of the ten colonies and their 

acclimation temperatures (independent variable: four ti-eatments). Multiple linear 

regression was also used to determine the relationship between supercooling points 

(dependent variable: n = 400: 100 per tieatment: 10 per colony) and acclimation 

temperature, whole body weight, and head capsule width (independent variables). 

Data for topical application experiments were transformed by adding 10 to each 

original supercooling point and subsequently determining the natural log of that number. 

A one-way analysis of variance (E < 0.05; df = 2) was used to determine if differences 

existed among supercooling points within both first and second trials (Trial 1: n = 90; 30 

per treatment; 10 per day: Trial 2: n = 225; 45 per tieatment; 15 per day) among the 

three tieatments. Fisher's LSD was used to identify those treatinents of both first and 

second trials which were different (E < 0.05; P < 0.01). Subsequently, a two-way analysis 

of variance (Trial 1: E < 0.05; df = 2, 2: Trial 2: E < 0.05; df = 4, 2) was performed to 

determine if differences existed in supercooling points among the three treatments, and 

also to determine if differences were dependent on day (interaction). Consequently, three. 
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one-way analyses of variance (E < 0.05; df = 4) were performed to determine if differences 

existed among supercoohng points (n = 75: 15 per day) of individual treatments of Trial 2 

and day. In addition, five, one-way analyses of variance (E < 0.05; df = 2) were used to 

determine if differences existed among supercooling points (n = 45: 15 per treatment: 3 

tieatments) and treatments for individual days. One-way analysis of variance (E < 0.05; n 

= 1) was performed on supercooling points of queens (n = 32: 16 per treatment) to 

determine if differences existed between treatments. 

Three, simple Hnear regressions were used to determine if supercooling points of 

individual treatments (dependent variable: n = 75) were dependent on water weight 

(independent variable). 



CHAPTER III 

RESULTS 

Cold Acclimation 

Means of supercooling points ± SD at the acclimation temperatures are as 

follows: 22° C = -6.35 ± 2.00; 10° C = -6.04 ± 1.33; 5° C = -6.16 ± 1.77; 0°C = -6.95 

± 2.55. A one-way analysis of vaiiance (E > 0.05; F = 0.568; df = 9) indicated no 

significant difference in supercooling points of ants among the 10 colonies maintained at 

22° C. Subsequently, a two-way analysis of variance was significant (E < 0.05; F = 5.65; 

df = 3) comparing supercooling points among the four acclimation temperatures (Fig. 

3.1), but was not (P > 0.05; F = 0.719; df = 9) dependant on which colonies were tested. 

However, Fisher's LSD indicated no significant differences among individual treatments (E 

> 0.05; df = 3). Mean supercooling points ± SD of ants maintained at a constant 

temperature are as follows: week 1 = -6.45 ± 0.65; week 2 = -6.15 ± 1.02; week 3 = 

-6.15 ± 0.98; week 4 = -6.16 ± 0.84. A one-way analysis of variance showed no 

significant differences among supercooling points of ants maintained at a constant 

temperature (10°C) and time (P > 0.05; F = 0.488; df = 2). 

Simple linear regression (Fig. 3.2) identified no significant relationship between 

supercooling points of the original 19 colonies and mean whole body weights (E > 0.05; r 

= 0.002). However, the relationship between supercooling points and acclimation 

temperatures was significant (simple linear regression: P < 0.05; r = 0.108). With 

multiple linear regression no significant relationship was detected between supercooling 
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points (dependent variable) and (1) head capsule widths and (2) whole body weights 

(independent variables: E > 0.05; R = 0.133). 

Topical Application of Ice-nucleating Active Bacteria 

Mean supercooling points of the red imported fire ant after misting with P. 

syringae, E. coli, and no bacteria, are shown in Figs. 3.3 and 3.4. One-way analyses of 

variance indicated differences among treatments (supercooling points) for both Trial 1 (E 

< 0.01; F = 103.00; df = 2) and Trial 2 (E < 0.01; F = 410.69; df = 2). Fisher's LSD 

showed a significant difference between P. syringae and both E. coli and no bacteria (E < 

0.01; df = 2) for both trials. However, no difference was detected between the treatments 

E. coli and no bacteria (E > 0.05; df = 2; Tables 3.1 and 3.2, respectively). Two-way 

analyses of variance indicated no significant difference between days (E > 0.05; F = 1.04; 

df = 2), and no interaction between days and treatments for Trial 1 (E > 0.05; F = 1.99; df 

= 2,4). A significant difference was detected among days for Trial 2 (E < 0.01; F = 8.41; 

df = 4), but no interaction between days and treatments (E > 0.05; F = 1.34; df = 4, 8). In 

Trial 2, a one-way analyses of variance indicated significant differences between the P. 

syringae treatment and day (P < 0.05; F = 3.19; df = 4) and between E. coli and day (E < 

0.01; F = 6.69; df = 4). No significant relationship between the no-bacteria treatment and 

day (P > 0.05; F = 1.26; df = 4) was detected. One-way analyses of variance showed a 

significant difference among treatment supercooling points for each of the five days (E < 

0.01; df= 2). 
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A one-way analysis of variance for queen application indicated significant 

differences among supercooling points of tieatments (E < 0.01; F = 253.37; df = 1; Fig. 

3.5). No relationship between supercooling points and water weight was observed among 

the three treatments ( simple linear regression: E > 0.05; df = 1; Figs. 3.6 - 3.8). 

Ingestion of Ice-nucleating Active Bacteria 

Numerous attempts to stimulate ingestion of bacterial suspension of P. syringae 

were unsuccessful. No increase in freezing points was noted on any of the preliminary 

testing. Also, gut content cultures were negative for P. syringae. 
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Figure 3.1 Mean supercooling points of the red imported fire ant at each acclimation 
temperature (n = 100). 
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Figure 3.2 Simple linear regression. Mean supercooling points of the red imported fire 
ant and mean whole body weights at 22° C (n = 10). 
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Figure 3.3 Mean supercooling points of the red imported fire ant immediately after misting 
with Pseudomonas syringae, Ecsherchia coli, and no bacteria (n = 30). 
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Figure 3.4 Mean supercooling points of the red imported fire ant immediately after misting 
with Pseudomonas syringae, Ecsherchia coli, and no bacteria (n = 75). 
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Table 3.1 Mean supercooling points of the red imported fire ant after topical application 
of three treatments during three consecutive days.' 

Mean SCP° C ± SD' 

Treatment Day 1 D a ^ Day 3 

P. syringae 
E.coli 
No bacteria 

-4.08 ± 0.91a 
-6.67 ± 0.42 b 
-7.90 ± 0.59 b 

-3.66 ± 0.67 a 
-7.33 ± 0.70 b 
-7.27 ±0.41 b 

-3.99 ± 1.01 a 
-6.84 ± 0.49 b 
-7.76 ± 1.51 b 

* Trial l , n = 10 
^ Protected LSD: Means followed by different letters within columns are 

significantly different (P < 0.01). 
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Table 3.2 Mean supercooling points of the red imported fire ant after topical application 
of three treatments during five consecutive days.* 

Mean S.C.P. ° C ± SD^ 

Treatment Day 1 Day 2 Day 3 Day 4 Day 5 

P. syringae -2.84±0.68a -2.96±0.55a -3.26±0.87a -3.56±0.60a -3.44±0.37a 
E.coli -5.90±0.31b -6.16±0.43b -6.51±0.62b -6.68±0.68b -6.85±0.63b 
No bacteria -6.38±0.44b -6.64±0.60b -6.50±0.47b -6.72±0.57b -6.80±0.64b 

*Trial 2, n = 15 
^Protected LSD: Means foUowed by different letters within columns are significantly 
different (P < 0.01). 
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Figure 3.5 Mean supercoohng points of the red imported fire ant queens immediately after 
topical application of Pseudomonas syringae and no bacteria (n = 16). 
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Figure 3.6 Simple linear regression. Mean supercooling points of the red imported fire ant 
and mean water weight for topical application of no bacteria 
treatment (n = 15). 
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Figure 3.7 Simple linear regression. Mean supercoohng points of the red imported fire ant 
and mean water weight for topical application with Escherchia coli (n = 15). 
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Figure 3.8 Simple linear regression. Mean supercooling points of the red imported fire ant 
and mean water weight with topical application of Pseudomonas 

syringae (n = 15). 



CHAPTER IV 

DISCUSSION 

The limiting factor in the spread of native and introduced insects is thought to be 

low temperature (Salt, 1936). This basic idea is crucial to understanding the biology of 

insects in seasonally diverse habitats (Lee and Denlinger, 1991). Freeze-intolerant insects 

are incapable of tolerating ice crystal formation and, therefore, avoid freezing by their 

ability to supercool. Because supercooling is the phenomenon by which water and other 

aqueous solutions remain unfrozen below their melting points, the supercooling point is 

the lowest lethal temperature of an insect. However, the supercooling point is affected by 

many variables, and is thus not a fixed point. Therefore, I examined the supercoohng 

point of Solenopsis invicta Buren, the red imported fire ant, as affected by temperature 

reduction as an indication of its cold acclimation ability. 

Francke et al., (1986) studied the supercooling points of invicta and attempted to 

determine its acclimation abihty. Comparisons were made between worker ants 

maintained at different temperatures. No significant difference between supercoohng 

points of workers maintained at different temperatures were found. My study, however, 

detected significant differences between supercooling points and acclimation temperatures 

(Fig. 3.1). One obvious reason for the discrepancy between my study and Francke et al. 

(1986) is the difference in acclimation temperature regimes. Francke et al. (1986) 

accHmated S. invicta at 12°, 22°, and 32° C; whereas, the acclimation temperatures I used 

were much lower, consisting of 22° 10°, 5°, and 0° C. Also, I am uncertain from their 
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publication as to whether the same colonies were maintained throughout these 

temperatures and whether the temperature regimes were reduced or increased. These two 

factors could also account for the differences in our conclusions. The fact that thermal 

history influences critical temperatures of the red imported fire ant (Cokendolpher and 

Phihips, 1990) vahdates my decision to use the same colonies throughout the experiment. 

Although not as great a reduction in supercooling points was observed, my results were 

similar to those of numerous acclimation studies involving other insects (Baust and MiUer, 

1972; Atwal, 1960; Ring, 1980; Baust and Lee, 1981; Strong-Gunderson and Leopold, 

1989). 

Insects must supercool below the temperature of their "hibercula" to survive (Moore 

and Lee, 1991), and the lowest supercooling point of freeze-intolerant insects 

approximates the minimum cHmatic temperature occurring in an insect's geographical 

range (Danks, 1978). Solenopsis invicta is capable, to some extent, of increasing its 

supercoohng ability and conceivably, that small reduction in their supercooling point, was 

sufficient to maintain an unfrozen state. Also, because the normal habitat of the red 

imported fire ant is within an insulated mound, the lowest temperature reached will be 

somewhat higher than the actual air temperamre. 

In overwintering strategies, temperature, as a trigger for cold-hardening, is a rehable 

cue that provides indicative rather than predictive information for upcoming temperatures 

(Baust, 1982). Also, temperature reduction leads to an increase in cold-hardiness in 

insects. In addition to temperature, insects are able to detect both abiotic and biotic 

factors that signify the onset of winter (Leather et al, 1993). Although temperature does 
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acts as a significant cue in the prediction of winter, conceivably other factors such as 

photoperiod, moisture, nutrition, and crowding may be employed by the red imported fire 

ant as cues for cold-hardening. Consequently, further investigation is necessary to 

determine what cues S. invicta is capable of utilizing. 

The capacity to supercool is inversely related to the volume of the sample (Angell, 

1982), and with respect to insects, smaller arthropods supercool to lower temperatures 

than do larger arthropods (S0mme, 1982). Another purpose of my study was to 

determine what effect, if any, weight of the ant had on supercooling point. With regard to 

the red imported fire ant, I found no relationship between whole body weights and 

supercooling points of ants maintained at 22° C. One reason for not detecting a 

relationship may be the lack of sufficient variation between the largest and smaUest 

individuals tested (Fig. 3.2). 

Ice-nucleating agents are needed to provide the initial seed to cause freezing, and 

within insects, these ice-nucleating agents are thought to be the primary factors in 

controlling supercooling capacity (Lee and Denlinger, 1991). Food and dust within the 

insect gut may function as ice-nucleating agents (Cannon and Block, 1988), and also, the 

evacuation of food within the gut has been correlated with the lowering of supercooling 

points. Because nucleation in biological systems occurs by a heterogenous mechanism 

(Franks, 1985), the ability of insects to supercool indicates the lack of efficient ice 

nucleators. Strong-Gunderson et al. (1989) demonstrated that ice-nucleating active 

bacteria may be important in the regulation of insect supercooling points. Both ingestion 

and topical application of P. syringae dramatically increased the supercooling points of the 
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convergent lady beetle. I found similar results for both trials with topical application of P. 

syringae (Figs. 3.3 and 3.4), but was unable to initiate ingestion of the bacterium by the 

ants. The significance between day and supercooling point for P. syringae and E.coli may 

simply be the result of a buildup of cells on the cuticle of the ant, which in the case of E. 

coli, may have acted as a mild nucleus for ice crystal formation. Topical application of P. 

syringae also dramatically increased the supercooling points of queens, and results were 

similar to those obtained using worker ants, which suggests that size was not a limiting 

factor. 

I also investigated the relationship between the amount of water in the ant and the 

supercooling point. Although water levels may play an important role in supercoohng 

abihty (Lee and Denlinger, 1991), I found no significant relationship in the red imported 

fire ant between amount of water and supercooling points within the three tieatments. 

However, under different conditions with temperature reductions, water may ultimately 

influence cold acclimation and freeze avoidance in the red imported fire ant. 

The findings presented herein are consistent with my idea of using ice-nucleating 

active bacteria as a winter management tactic for the red imported fire ant. Although my 

data are promising, further investigation is necessary to fully understand the exact 

relationship between the ant and P. syringae. Also, field testing and identification of an 

application technique are necessary to evaluate the cost effectiveness of ice-nucleating 

active bacteria as a biological control agent for the red imported fire ant. 
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Table A.l. Analysis of variance. Comparison of colony number and supercooling points 
of colonies 1-10 at 22° C. 

Source 

Between 
colony # 

Error 
Total 

Sum of 
Squares 

0.2154 

3.4824 
3.6978 

Deg. of 

Freedom 

9 

90 99 

Mean 
Squares 

0.0239 

0.0387 

F-Ratio 

0.6187 

Prob > F 

0.778 

Table A.2. Two-way analysis of variance performed on supercooling points to 
acclimation temperatures and colony number. 

Sum of Degree of Mean 
Source Squares Freedom Squares F-Ratio Prob>F 

Between 
Colony # 0.2238 9 0.0249 0.7192 0.691 

Between 

Temperature 0.5853 3 0.1951 5.6429 0.001 

Interaction 0.9962 27 0.0369 1.0671 0.377 

Error 12.1016 350 0.0346 Total 13.9069 389 
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Table A.3. Analysis of variance perfomed on tiansformed supercoohng points at 
constant temperature to week number. 

Source 
Between 
Week# 

Error 
Total 

0.0043 

0.6865 
0.6908 

157 
159 

0.0021 0.4887 

0.0044 

Sum of Deg. of Mean 
Squares Freedom Squares F-Ratio Prob > F 

0.614 

Table A.4. Simple linear regression performed on transformed supercoohng points at 
22°C of all colonies to whole body weights. 

Source 
Sum of Deg. of Mean 
Squares Freedom Squares F-Ratio Prob > F 

Model 

Error 
Total 

0.0000 

4.3374 
4.3375 

1 

188 

0.0000 

0.0231 

0.0007 0.980 

189 

Coefficient of Determination (R^2) 0.0000 
Adjusted Coefficient (R'̂ 2) -0.0053 
Coefficient of Correlation (R) 0.0019 
Standard Error of Estimate 0.1519 
Durbin-Watson Statistic 1.4872 
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Table A.5. Simple Hnear regression performed on transformed supercoohng points and 
treatment (acclimation temperature). 

Sum of Degree of Mean 
Source Squares Freedom Squares F-Ratio Prob>F 

Model 0.1630 1 0.1630 4.6021 0.035 

Error 13.7439 386 0.0354 

Total 13.9069 389 

Coefficient of Determination (R'̂ 2) 0.0117 
Adjusted Coefficient (R'̂ 2) 0.0092 
Coefficient of Correlation (R) 0.1083 
Standard Error of Estimate 0.1882 
Durbin-Watson Statistic 1.4364 
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Table A.6. Multiple linear regression performed on supercooling points of acclimation 
temperatures and whole body weights, and head capsule widths. 

Sum of 
Source Squares 

Model 0.2489 

Degree of Mean 
Freedom Squares F-Ratio Prob>F 

0.0830 2.3445 0.072 

Error 13.6580 386 0.0354 

Total 13.9069 389 

Coefficient of Determination (R'̂ 2) 0.0179 
Adjusted Coefficient (R'̂ 2) 0.0103 
Coefficient of Correlation (R) 0.1338 
Standard Error of Estimate 0.1881 
Durbin-Watson Statistic 1.4597 

Variable 
Name Coefficient 

Std. Err. 
Estimate 

t 
Statistic Prob > t 

Constant 
Temperature 
Weight 
Head width 

2.6555 
-0.0208 
0.0368 
-0.0729 

0.0607 
0.0088 
0.0288 
0.1438 

43.7608 
-2.3708 
1.2755 

-0.5073 

0.000 
0.018 
0.203 
0.612 
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Table A.7. One-way analysis of variance performed on tiansformed supercoohng points 
to topical application of three treatments during three consecutive days. 

Error 
Total 

Sums of 
Source Squares 

Between 
treatinents 2.5137 

1.0615 
3.5752 

87 
89 

Deg. of Mean 
Freedom Squares F-Ratio Prob>F 

1.2568 

0.0122 

103.007 0.0000 

Table A.8. One-way analysis of variance performed on transformed supercooling points 
to topical application of three treatment during five consecutive days. 

Sums of 
Source Squares 

Between 
treatments 23.1495 

Error 6.2567 
Total 29.4063 

Deg. of 
Freedom 

2 

222 
224 

Means 
Squares 

11.5748 

0.0282 

F-Ratio 

410.6929 

Prob > F 

0.0000 
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Table A. 9. Two-way analysis of variance performed on transformed supercoohng 
points after topical application of three treatments to treatment and day. 
(Trial I). 

Source 
Sum of 
Squares 

Deg. of 
Freedom 

Means 
Squares F-Ratio Prob > F 

Between 
treatment 2.5137 1.2568 107.8088 0.000 

Between 
day# 0.0245 

Interaction 0.0928 

0.0122 

0.0232 

1.0492 

1.9893 

0.355 

0.104 

Error 0.9443 81 0.0117 
Total 3.5752 89 

Table A. 10. Two-way analysis of variance performed on transformed supercooling 
points of topical apphcation to treatments, and days, during five days 
(Trial 2). 

Source 
Sum of 
Squares 

Between 
days 

Between 
treatment 

0.8271 

23.1495 

Deg. of 
Freedom 

Means 
Squares F-Ratio 

0.2068 

11.5748 

8.4068 

470.6055 

Prob>F 

0.000 

0.000 

Interaction 0.2646 8 0.0331 1.3448 0.223 

Error 
Total 

5.1650 
29.4063 

210 
224 

0.0246 
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Table A.l 1. One-way analysis of variance performed on transformed supercooling 
points for P. syringae to day. 

Source 
Sums of 
Squares 

Between 
day# 0.1260 

Deg. of Means 
Freedom Squares F-Ratio Prob > F 

0.0315 3.1867 0.0018 

Error 
Total 

0.6921 
0.8181 

70 
74 

0.0099 

Table A. 12. One-way analysis of variance performed on transformed supercooling 
points of E. coli to day. 

Source 
Sums of 
Squares 

Deg. of Means 
Freedom Squares F-Ratio Prob > F 

Between 
days 0.7924 0.1981 6.6940 0.0000 

Error 
Total 

2.0716 
2.8640 

70 
74 

0.0296 
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Table A. 13. One-way analysis of variance performed on transformed supercooling 
points of no bacteria treatment to day. 

Source 
Sums of 
Squares 

Between 
days 0.1733 

Deg. of Means 
Freedom Squares F-Ratio Prob>F 

0.0433 1.2626 0.293 

Error 
Total 

2.4014 
2.5747 

70 
74 

0.0343 

Table A. 14. One-way analysis of variance performed on transformed supercooling 
points of all three treatments for day 1. 

Source 

Between 
treatments 

Error 
Total 

Sums of 
Squares 

3.9974 

0.5137 
4.5111 

Deg. of 
Freedom 

2 

42 
44 

Means 
Squares 

1.9987 

0.0122 

F-Ratio 

163.4196 

Prob > F 

0.000 
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Table A. 15. One-way analysis of variance performed on transformed supercooling 
points of all three treatments for day 2. 

Sums of Deg. of Means 
Source Squares Freedom Squares F-Ratio Prob > F 

Between 
ti-eatinents 4.8251 2 2.4126 110.9445 0.000 

Error 0.9133 42 0.0217 
Total 5.7384 44 

Table A. 16. One-way analysis of variance performed on transformed supercooling 
points of all three treatments for day 3. 

Sums of Deg. of Means 
Source Squares Freedom Squares F-Ratio Prob > F 

Between 
treatments 4.4027 2 2.2013 81.7106 0.000 

Error 1.1315 42 0.0269 
Total 5.5342 44 
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Table A. 17. One-way analysis of variance performed on transformed supercooling 
points of all three treatments for day 4. 

Sums of Deg. of Means 
Source Squares Freedom Squares F-Ratio Prob > F 

Between 
treatments 4.6454 2 2.3227 72.7900 0.000 

Error 1.3402 42 0.0319 
Total 5.9855 44 

Table A. 18. One-way analysis of variance performed on transformed supercooling 
points of all three treatments for day 5. 

Sums of Deg. of Means 
Source Squares Freedom Squares F-Ratio Prob > F 

Between 
treatments 5.5435 2 2.7718 91.9293 0.000 

Error 1.2663 42 0.0302 
Total 6.8099 44 
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Table A. 19. One-way analysis of variance performed on tiansformed supercooling points 
of queens topically applied with two treatments. 

Source 

Model 

Sums of 
Squares 

11.0257 1 

Deg. of Means 
Freedom Squares F-Ratio Prob > F 

11.0257 253.3794 0.000 

Error 
Total 

1.3054 
12.3312 

30 
31 

0.0435 

Table A.20. Simple linear regression performed on transformed supercooling points of 
no bacteria treatment to water weight for five days. 

Source 
Sums of 
Squares 

Deg. of Means 
Freedom Squares F-Ratio Prob > F 

Model 0.0125 1 0.0125 0.3564 0.552 

Error 
Total 

2.5622 
2.5747 

73 
74 

0.0351 

Coefficient of Determination (R'̂ 2) 0.0049 
Adjusted Coefficient (R^2) -0.0088 
Coefficient of Correlation (R) 0.0697 
Standard Error of Estimate 0.1873 
Durbin-Watson Statistic 2.2843 
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Table A. 21. Simple linear regression performed on transformed supercooling points of 
E. coli to water weight for five days. 

Sums of Deg. of Means 
Source Squares Freedom Squares F-Ratio Prob>F 

Model 0.0106 1 0.0106 0.2723 0.603 

Error 2.8533 73 0.0391 
Total 2.8640 74 

Coefficient of Determination (R'̂ 2) 0.0037 
Adjusted Coefficient (R'̂ 2) -0.0099 
Coefficient of Correlation (R) 0.0610 
Standard Error of Estimate 0.1977 
Durbin-Watson Statistic 1.4924 

Table A.22. Simple linear regression performed on transfoiined supercooling points of 
P. syringae to water weight for five days. 

Sums of Deg. of Means 
Source Squares Freedom Squares F-Ratio Prob > F 

Model 0.0082 1 0.0082 0.7369 0.393 

Error 0.8099 73 0.0111 
Total 0.8181 74 

Coefficient of Determination (R^2) 0.0100 
Adjusted Coefficient (R^2) -0.0036 
Coefficient of Correlation (R) 0.1000 
Standard Error of Estimate 0.1053 
Durbin-Watson Statistic 1.8169 
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Table B.l. Mean supercooling points (° C) for the red imported fire ant colonies' 
acclimated for one-weeks periods to decreasing temperatures 

Colony 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

Mean S.C.P. 
at 22° C 
±SD 

-9.19 ±3.26 
-7.37 ± 3.55 
-6.59 ± 1.41 
-5.58 ± 0.87 
-6.10 ±1.07 
-5.50 ± 0.94 
-5.65 ±0.48 
-5.94 ±0.80 
-5.69 ± 1.05 
-5.97 ± 1.01 

Mean S.C.P. 
at 10° C 

±SD 
-4.27 ± 1.37 
-5.89 ± 0.44 
-6.00 ±0.18 
-6.47 ±1.91 
-5.75 ± 0.83 
-5.88 ± 0.44 
-5.80 ± 0.66 
-5.80 ± 0.42 
-6.05 ±0.71 
-7.13 ±2.90 

Mean S.C.P. 
at5°C 
±SD 

-5.27 ± 0.66 
-6.31 ±0.83 
-5.20 ± 0.76 
-5.24 ± 0.68 
-5.92 ± 0.98 
-5.77 ±1.14 
-7.04 ± 1.20 
-6.11 ±5.06 
-6.51 ± 1.50 
-6.43 ± 2.46 

Mean S.C.P. 
atO°C 
±SD 

-9.90 ± 4.46 
-7.82 ±3.45 
-6.68 ±2.20 
-6.42 ±2.13 
-5.24 ±0.30 
-5.45 ±0.66 
-6.35 ± 1.23 
-6.77 ±0.91 
-7.78 ± 1.25 

* * 

** Colony death 
'Mean = 10 media workers tested at each acclimation period 
Protected LSD: Although, analysis of variance indicated differences among transformed 
treatment means (E < 0.01; F = 5.65; df = 3), no significant differences were detected 
using the LSD mean separation test (E < 0.05; df = 3). 
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Table B.2. Mean' supercooling points, mean' whole body weights, and mean' 
headcapsule widths of the red imported fire ant maintained at 22°C. 

Colony 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 

Mean SCP 
° C 

-9.19 
-7.37 
-6.59 
-5.58 
-6.10 
-5.50 
-5.65 
-5.94 
-5.69 
-5.97 
-5.77 
-6.32 
-5.40 
-5.83 
-7.08 
-5.58 
-5.89 
-5.33 
-6.18 

± 

± 
± 
± 
± 
± 
± 
± 
± 
± 
± 
± 
± 
± 
± 
± 
± 
± 
± 
± 

SD 

3.2668 
3.5553 
1.4193 
0.8766 
1.0750 
0.9440 
0.4859 
0.8017 
1.0535 
1.0166 
1.2419 
0.9670 
1.0198 
0.5832 
1.0993 
1.0412 
1.0115 
0.7103 
1.2674 

Mean WBW 
mg ± S D 

0.8772 ± 
1.2384 ± 
0.4481 ± 
0.4854 ± 
0.6614 ± 
0.8569 ± 
0.7784 ± 
1.2171 ± 
1.5233 ± 
0.4781 ± 
0.6215 ± 
0.9112 ± 
0.7444 ± 
0.9087 ± 
0.8157 ± 
1.3386 ± 
0.9447 ± 
0.9413 ± 
1.5524 ± 

0.4032 
0.4650 
0.1094 
0.1005 
0.3274 
0.3981 
0.2538 
0.8445 
0.4708 
0.1283 
0.2741 
0.4616 
0.4219 
0.4020 
0.2689 
0.4281 
0.6717 
0.4996 
0.9523 

Mean HCW 
mm 

0.6025 
0.5300 
0.4375 
0.4300 
0.4725 
0.4925 
0.4700 
0.5700 
0.6600 
0.4275 
0.4625 
0.5225 
0.4750 
0.4875 
0.4900 
0.5875 
0.5100 
0.4975 
0.5700 

±, 

± 
± 
± 
± 
± 
± 
± 
± 
± 
± 
± 
± 
± 
± 
± 
± 
± 
± 
± 

SD 

0.0961 
0.1160 
0.0339 
0.0350 
0.0901 
0.1225 
0.1123 
0.1504 
0.0843 
0.0533 
0.0755 
0.0795 
0.0858 
0.1180 
0.0689 
0.0819 
0.1248 
0.1089 
0.1274 

'Mean = 10 media workers maintained at 22 ° C. 
ANOVA indicated no significant difference among transformed supercooling means and 

colonies (P>0.05; F = 0.71; df = 9). 



Table B.3. Mean' supercooling points, mean' head capsule widths and mean' whole 
body weights for the red imported fire ant maintained at constant 
temperature (10° C) for four weeks. 
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Colony 

1 
2 
3 
4 
1 
2 
3 
4 
1 
2 
3 
4 
1 
2 
3 
4 

Week 

1 
1 
1 
1 
2 
2 
2 
2 
3 
3 
3 
3 
4 
4 
4 
4 

Mean S.C.P. 
°C ±S. D. 

-6.7 ± 0.79 
-6.4 ± 0.49 
-6.4 ± 0.80 
-6.4 ± 0.48 
-6.1 ±1.16 
-5.6 ±0.71 
-6.1 ±0.57 
-6.8 ± 1.23 
-5.9 ± 0.94 
-6.8 ±1.17 
-6.2 ± 0.85 
-5.9 ± 0.92 
-6.0 ± 0.92 
-6.1 ±0.86 
-6.3 ± 0.95 
-6.2 ± 0.75 

Mean H.C.W. 
mm ± S. D. 

0.50 ±0.11 
0.52 ± 0.82 
0.50 ± 0.08 
0.49 ± 0.08 
0.59 ±0.10 
0.54 ± 0.06 
0.56 ±0.09 
0.43 ±0.06 
0.48 ± 0.06 
0.42 ± 0.06 
0.50 ± 0.06 
0.58 ±0.10 
0.54 ± 0.08 
0.52 ± 0.09 
0.48 ± 0.07 
0.51 ±0.10 

Mean WBW 
mg ± S. D. 

0.8481 ±0.1791 
0.8007 ± 0.3289 
0.9409 ± 0.4926 
0.8361 ±0.3177 
1.5967 ±0.7135 
1.1568 ±0.3682 
1.3066 ±0.4107 
0.7320 ± 0.3935 
0.9384 ± 0.4428 
0.6990 ±0.1963 
0.9912 ±0.3639 
1.6051 ±0.7858 
1.3368 ±0.1521 
1.1446 ±0.3421 
0.9837 ±0.3401 
1.1844 ±0.1666 

'Mean = 10 media workers tested over four weeks. 
Analysis of Variance indicated no difference among means and week number (E>0.01; F 
0.4887; df = 3). 
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