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ABSTRACT

This dissertation investigated the evolutionary emlogy of atype of obli gate mutuali sm,
the form of agriculture foundin ants. It presents the results of two laboratory experiments with
the fungus-gardening ant spedes, Trachymyrmex septentrionalis, a speaes occurring in the
ApaadicolaNational Forest in Floridathat is closely related to mostly tropicd |ed-cutting ants
in the genera Atta and Acromyrmex. Fungus-gardening ants supdy substrates to their fungus
garden and feed the products of the fungus to their larvae Becaise aits make choicesin the
substrates they colled, an interesting topic is the relationship between the choice of substrates
and the quality and amourts of fungus and ants produced. No previous dudies have measured the
consequences of these dhoices onthe relative sizes of fungus gardens or the quality and quantity

of ants produced.

Thefirst experiment indicaed a pasitive relationship between subtrate preference and
both ant and fungal performancebut it was not perfed. The ants preferred bugjadk oak (Quercus
incana) cakins and caterpill ar frassover oak leaves or flowers (Gaylussacia dumosa). Colonies
onthe high catkin det produced more fungal biomassthan could be subsequently used,
indicaing only indired feadbad between forager adivity and the wlony’ s nutritional demands.
The biomassof ant produced was smilarin al groups, with the exception d being low in
coloniesthat receved only flowers. Coloniesthat had rejeded tussock caterpill ar frasswere later

ableto produce & much ant biomasson alow cakin det asthose onthe high catkin diet.

In the second experiment, the succesSul replacement of T. septentrionalis’s fungal
cultivar, with aforeign fungus obtained in Louisiana from colonies of A. texana, did na change
the substrate preference of the ants or the anourt or quality of the ants produced. However, T.
septentrionalis colonies with A. texana fungus produced more fungal biomass Under the
condtions of these experiments, the relationship between T. septentrionalis and its native fungal
cultivar appea to be mutually adaptive, bu that mutualism does not sean to be the product of a

tight feedbadk medhanism onan emlogicd scde.

Vii



CHAPTER 1

LITERATURE REVIEW AND CONCEPTUAL FRAMEWORK

Interading with ather spedesis an uravoidable and dten necessary faa of life for nealy
al organisms on eath. Thiswas apoint recognized by the ealiest of farmers and keekegers
who krew which bees are necessary to producethe best fruit and which pants producethe best
horey, much as contemporary pre-industrial societies do today (Buchmann and Nabhan 1996
Proctor et al. 1996 Diamond 1997. Darwin viewed interspedfic interadions as such important
fadors of evolution that he used the metapha of * an entangled bank’, for an example, of a
community composed of a multitude of interading spedes (Darwin 1859.

Since Darwin, interadions among spedes have been classfied based onthe outcome of
theinteradion oneadt o the adors (Bronstein 1994; Bronstein 20010). This dissrtation
focuses primarily on ore type of interadion: the mutuali sms, which by definition are interadions
where dl adors receve anet benefit (Bronstein 2001h. Other interadions are lessbenign; such
as predation a parasitism where one acor recaves a benefit at the other(s) expense or
competition where the adions of al adors suffer the mnsequences of others.

Mutualismsin particular have dtraded the dtention d naturali sts becaise they appea to
be a the mre of many important ealogicad processes. For example, many plants are dependent
uponanimals for sead dspersal (Howe and Westley 1988 Howe 1989 Loiselle and Blake 1999,
palli nation (Howe and Westley 1988 Bawa 199Q Proctor et a. 1996 and onfungi and baderia
for nutrient uptake (West et al. 2002 Denison et al. 2003. Additionally, mutuali sts can fulfill
keystone roles in easystems, such the one between red-buil ding coral and algaethat creae a
center of high productivity (cora reds) in atherwise low productive environments (tropicd seas)
(Nybakken 1993 Edmunds and Gates 2003. Other examplesinclude figs and their spedalist
palli nators in tropicd forests whase adiviti es produce large quantiti es of fruits that suppat many
vertebrates during dry seasons (Whitmore 199Q Terborgh 1992 Schaik et al. 1993.

The simplest mutuali sms are those where one partner provides a servicein exchange for

another serviceor commodity that may vary in time and space For example, bumblebees and



goldenrod are generalists, while dealy recaving a benefit from the other’ s presence, neither
necessarily require the other—clover or another beespedes would probably do just as well
(Westerkamp 1991 Grossand Madkay 1998 Thomson 2003. Similarly, ants frequently tend
aphids that provide them with horeydew seaetions (Morales 200Q Billi ck and Tonkel 2003 but
only when they recave abenefit to doso, aherwise they may ea them (Off enberg 20017).
Similar dynamics appea to occur in the many mutuali sms between plants and a variety of soil
microorganisms (rhizobia, mycorrhizae pseudamonads, etc.). When a particular nodue or
cluster of mycorrhizaefailsto provide nutrients to the plant, the plant can essentialy stop the
flow of nutrients to that roat, thereby seleding the most productive individuals (Denison 2000Q
Redman et al. 2001 Denisonet al. 2003 Kierset a. 2003. The point of these studiesis that
bath partners have their interests. Only in some instances will there be anet benefit for both
partners, i.e., amutuaism. Otherwise the interadionis by definition aform of antagonism
(Bronstein 1994 Thompson 200).

The most complex mutuali sms are those where the spedes are not only obligately
dependent on ancther, but the reproduction d the partners becomes essentiall y intertwined.
These mutuali sms are often verticdly transmitted (the mutuali sts are passed from parent to
off spring), and die to the intimate cntad between the partners (e.g., ore living inside the other),
are often cdl ed symbiotic mutualisms (Douglas and Smith 1989 Bronstein 20010). In
comparison with haizontal transmitted mutuali sms, these rarely degrade into antagonisms (Herre
et a. 1999 becaise bath partners benefit from successul reproduction—there islittl e incentive
for oneto sabotage the other. Thereis also generdly littl e variation among symbionts within a
haost, which would lead to competition and adeaease in hast (and symbiont) fithess(Douglas
1998 Herre @ a. 1999.

Some of the most fascinating yet fairly unstudied oHligate mutualisms are the various
forms of insed agriculture (Mueller and Gerardo 2002 Mueller et a. 2005. A group d ants,
bedles, termites are the only animals that have evolved aform of agriculture besides humans
(Diamond 1998 Farrell et d. 2001 Klepzig et al. 2001 Aanen et al. 2002 Mueller and Gerardo
2002 Sillim an and Newell 2003. Theinsed farmers have evolved oHigate symbiotic
relationships with fungi that they cultivatein ‘gardens’. These fungi are typicdly culti vated
vegetatively in monaoculture on fooditems (cdl ed substrates of botanica origin) that the animals

feed the fungus. For example, the fungus gardening ants culti vate their fungus on cead



vegetation, fresh leaves/flowers or processd leaves (i.e., caterpill ar frasg. The fungusin turn,
digests these foods and provides the ants with simple nutrients that are readily metaboli zed
(Weber 1972 Wetterer 19947). Of all of these mutualisms, the ant agriculture is the better-
understood agro-mutuali sm—this mutuali sm has awell -resolved phylogeny that is based on
moleaular and morphdogicd traits (Chapela @ a. 1994 Schultz and Meier 1995 Mueller et al.
1998 Wetterer et a. 1999. These phylogeniesindicae that agriculture evolved orly oncein
these ants and invalved the ‘domesticaion’ of a basidiomycete fungus in the family Lepiotaceae
(agill mushroom), though na withou subsequent losses and damestication d unrelated fungi
(Mueller et a. 1998 Villesen et a. 2004.

The ant-fungus mutualism is an oHigate relationship. In the higher attines (Figure 1),
Chapela @ a. 1994, Mueller et al. 1998 ,Wetterer et a. 1999, the fungus provides the aits with
foodin the form of swollen hyphal tips (Gomes de Siqueira & al. 1998,Abril and Bucher 2002,
Silva @ al. 2003,Weber 1972. Moreover, the fungus provides the ants with enzymes that the
antsingest and apply to substrates that are fed to the fungus (Martin 1987. The ants have lost
their own digestive enzymes and rely on fungal enzymes to break down complex
maaomoleaules into simple ammpounds that the ants can metabadli ze (free anino adds, simple
cabohydrates, lipids, etc.). Thefungus appeasto need the ants for the release of these enzymes
by chewing up hyphal walls (Martin 1987 and also for the removal of weedy spedes and
pathogens (Weber 1972 Quinlan and Cherrett 1978y, Carreiro et al. 1997 Currie @ al. 199%;
Currie @ al. 1999h Currie @ a. 2003. The fungus aso produces gerols that are preaursors to
necessary insed hormones, which inseds canna synthesis de novo (Maurer et a. 1991 Maurer
et a. 1999. These traits make this mutualism aform of symbiosis due to their intimate contad
(Douglas and Smith 1989 Bronstein 20010).

The fungus has also lost the aility to reproduce sexually, and cultivation accurs by
vegetative growth (Mueller et al. 1998 Mueller et a. 2001). Moreover, this mutualism is
verticdly transmitted—fungal cultivars are passed from parent to daughter colony. Female
off spring take asmall fragment of the parental fungus garden with them on their mating fli ght
that serves as the inoculum for their subsequent fungus garden (Quinlan and Cherrett 1978h
Mueller et al. 200]). Thistype of mutualism tendsto be fairly stable, rarely if ever degrading
into an antagonism because both partners benefit from succesful reproduction—thereislittl e
incentive for one to sabotage the other (Herre @ al. 1999. Ancther trait probably conferring



additional stability to the mutualism is that the fungus garden is composed o one genetic
individual, which minimizes competition among cultivars and a deaease in the fitnessof the unit
(Douglas 1998 Herre @ al. 1999.

Although it is debatable, the goparent evolutionary outcome of verticdly transmitted
mutualismsis ageneticdly uniform host containing geneticdly uniform symbiont(s) that more or
lessfunctionasaunit. This stuation approximates the requirements of a so-cdled
‘superorganism’ (Wilson and Sober 1989. While the posshility of seledion accurring at levels
higher than the individual has been the subjed of much debate (Willi ans 1966, the theoreticd
passhility for groupseledion norethelessexists (Lewontin 1970 Corning 1997), espeaally in
complex insed societies (Korb and Heinze 2004). As Darwin proposed, evolution by natural
seledion orly requires that a popuation contain 1) phenotypic variation, 2 differential fitness
among the phenatypes and 3 heritable fitness The popuation could be compaosed o genes,
cdls, conventional individuals, subpopuiations or communities. Seledionwill occur at the level
of most variation—for groupseledionto occur, individuals comprising the group must be
comparatively homogeneous, otherwise individual seledionwill overwhelm the seledion
occurring at the grouplevel (Lewontin 197Q Wilson and Sober 1989. The dignment of
interestsin verticdly transmitted mutuali sms imparts littl e potential for seledionto ad onthe
individuals comprising the mutualism individually. Rather seledion probably ads ontraits of
the mutuali sm.

The gpredation that this mutualism consists of severa parts that require one ancther to
function appeasto have beean under-appreaated in much reseach onthese organisms. This
dissertation addresses two long-standing questions about these organisms’ evolutionary el ogy.
Thefirst experiment builds on work focused onthe foraging behavior of led-cutting ants, which
are highly derived fungus gardening ants that are important herbivores in many neotropicd
forests (Wirth et al. 2003. Like dl fungus gardening ants, when these ants forage they are
adually colleaing foodfor their fungus garden which in turn converts the foodinto aform that
the ants can easily consume. Led-cutting ants make dea choicesin the leaves they harvest.
Many have agued that the ants are mlleding the best substrates for the growth of their garden
and colony, even though nostudies have ever measured the mnsequences of these dhoices onthe

performance of colonies or fungus gardens.



The second experiment follows up onsevera findings produced from the first study;
spedficdly it investigates whether the fungus garden can influencethe substrate preference of
foragers. This experiment also addresses vera predictions formulated by Mueller (2002.
Spedficdly he agues that like most mutuali sms, the dtine system could have esolved from an
antagonism where ants used the fungus as food and the fungus used the ants as a dispersal vedor.
Hergeds the nation that the fungus is a haplessmember dominated by the aits and propases
spedficdly that thereis a‘tug-of-war’ of sorts occurring between the antsand fungi. He
prescribes culti var-switch experiments to ill ustrate these confli cts and thus the basis of the
mutualism. An equally likely posshility isthat confli cts have long been resolved so that
rebelli ous ant and fungal li neages have gone extinct to yield orly lineages that are truly
cooperative. It isquite possblethat the dtine system is very similar to mitochondia and
chloroplasts, which in al li kelihoodevolved from a proto-eukaryotic cdl engulfing agobic or
phaosynthetic baderia, respedively (Margulis and Sagan 1997 Margulis and Sagan 2002 Dyall
et a. 2009. The baderiawere never consumed bu remained metabdlicdly adiveinside their
host. The endresult isessentialy anew organism (spedes) produced by the merger of two or
more sets of genomes (Margulis and Sagan 2003, since both organisms cease to exist as
independent individuals.

The Study System

This dissertation focuses on the higher attine group,which is comprised of speaesin four
generathat occupy the most derived pasitionsin the tribe (Figure 1) (Chapela @ al. 1994
Mueller et al. 1998 Wetterer et al. 1998. Two o these, the so-cdl ed led-cutting ants
(Acromyrmex and Atta) have large mlonies and are eologicdly dominant. Their sister genera,
Trachymyrmex and Sericomyrmex, have much smaller colonies; typicdly afew hunded workers
compared to the thousands if nat millionsin Atta and Acromyrmex colonies (Holldoder and
Wilson 1990. All higher attines appea to share the same fungus cultivar lineage, which
posseses svollen hyphal tips (gongylidia) that serve asfoodfor the ants (Weber 1972. They
also share many of the spedalized garden parasites (Mueller et al. 1998 Adamset a. 200Q
Currie @ a. 2003. Additionally higher attines, in contrast to ather attines, tend to cultivate their
garden onfresh vegetation (Led and Oliveira 2000, to which their fungus appeas



physiologicdly adapted (Martin 1987. Therefore studies on these two generamay produce
findings that are relevant to the evolution d this clade and the behaviora ewlogy of these ants.
These studies focus eaficdly on Trachymyrmex septentrionalis, a @mmon fungus-
gardening ant in sandy soil s of eastern North Americafrom 40°N (Weber 1972 and south to the
FloridaKeys, Texasand New Mexico. This gedesisamong the most abundant antsin longled
pine-turkey oak sandhill s of the Apalachicola National Forest (ANF) in nathern Florida— a
hedare may contain over 1000 rests (Sed and Tschinkel 2006. Like most temperate ants, this
ant has a seasonal phenalogy with adormant period in the winter and sexual productionin the
spring. Sexua productionis ahighly synchronized event in ealy summer, with few colonies
producing sexuals later in the season (Sed and Tschinkel in presg. Fungus gardens during the
dormant period are dso grealy reduced (<1.0cm?®) and are built up rapidly in the spring (J. N.
Sed, unpub. dta). Therefore experiments performed in the spring shoud have mnsequences for

the production d sexual brood,adired correlate of fitness

All T. septentrionalis colonies used in this dissertation were ®lleded in the Apaladiicola
National Forest (WakullaDistrict) located approximately 15km south of Tallahasse Florida
(30°22 N, 84°22W) in mid to late March and ealy April of al yeas, just after the ants ended
their winter dormancy.



CHAPTER 2

COMPLEXITY AND SELF-ORGANIZATION IN AN OBLIGATE MUTUALISM: DO
FUNGUS GARDENING ANTSKNOW WHAT MAKESTHEIR GARDEN GROW?

“How much behavioral information needs to be coded explicitly in the genome of a self-
organized system? Although we cannot provide a precise answer, we suggest that it is far less
information than might have been assumed in the past.” Camazine & al. (2001, p. 3%

Maintaining afully functional agricultural society probably requires ahigh degreeof
behavioral complexity. Fungus gardening ants are thought to pcssessa more diverse behavioral
repertoire than nonfarming ants (Wilson 198@). Behaviora complexity isthought to arise from
two modes. The traditional behavioral emlogicd approadch would argue that individual socid
inseds possesscomplex behaviors. Sincesocial inseds are central-placeforagers, they shoud be
under seledionto opimize those of their behaviors that result in the highest net profit in some
currency, such as energy or fitness(Stephens and Krebs 1986 Kramer 2001). A problem with
thisway of thinking isthat it assumes that individual socia inseds are inherently cgpable of
complex behaviors and that optimization accurs at the level of theindividual (Bonabeau et al.
1997 Bonabeau 1998 Kramer 200]). Conceptual advances in the study of complex systems,
such as ocia insed colonies, emphasi ze self-organization (decentrali zed control) among cdls,
organisms or groups (Bonabeau et a. 1997 Camazine ¢ al. 200]). Accordingly, behaviors of
individualsin resporse to their environment may be simple stimulus-resporse (‘if-then’)
behaviors (Deneuboug et a. 1999, and complex behaviors are essentially emergent phenomena
that arise from the interadions of the otherwise simple behaving individuals (Bonabeau et al.
1997, Camazine @ a. 200). Thisimpliesthat individual worker performance may be poaly
related to aunit of currency, such asfitness but aforaging strategy may still be aaptive if it
maximizes aspeds of colony performance In ather words, optimal foraging and self-
organization are not necessarily mutually exclusive; rather they may complement ead ather by
shifting emphasis from individuals to colonies.

Led-cutting ants are dominant herbivores in warm latitudes of the western hemisphere
(Holldoder and Wilson 1990 Wirth et a. 2003. Naturali sts have long observed that these ants



make dea choices among avail able leaves and dten employ complex reauiting strategies in the
process(Hubbell et al. 1980 Rockwoodand Hubbell 1987 Hdolldoder and Wilson 1990Q. The
central question for several decales has been to understand why these ants prefer certain leaves
over other seamingly equivalent leaves (Cherrett 1968 Rockwood 1976 Roces 2002. Adding a
layer of complexity isthe fad that these ants are wlleding leares not for their own dred
consumption, bu for that of their symbiotic fungus, which nouishesthe ants and their brood
throughou most of their life g/cle (Martin 1987 Silva @ al. 2003 Richard et al. 2005. Foragers
of these ants must somehow ‘know’ which substrates mee the needs of their fungus garden and
their own nuritional demands.

Among the explanations was one that these dhoices refled the optimal gain of resources
(Rockwoodand Hubkell 1987. The implicaionwas that individual |ed-cutting ants could be
expeded to ‘know’ and therefore dnoase the best leaves for the production d ant and fungal
biomass In suppat of this notion were pasitive crrelations with the led preference of led-
cutting ant foragers and led nutrients (Berish 1986, water content (Bowers and Porter 1987),
relatively nontoxic plant sscondary metabolites (Hubbell et a. 1984 Howard 1987 Howard
1988 Folgarait et a. 1996 and led age (Nichds-Orians and Schultz 199Q Nichads-Orians
1992. Negative aorrelations were found etween preference and tough leaves (Waller 1982
and toxic plant metabadlites (Hubbell et a. 1983 Howard 1987 Howard 1988 LaPointe 4 al.
1996. However, these findings describe broad patterns. Outside of extreme caes where aits
avoid toxic leaves, (Hubbell et al. 1983 LaPointe @ a. 1996, nurient content and secondary
chemistry are not strongly related to preference (Howard 1987 Howard 1988.

Furthermore, in clea violation d optimal foraging predictions (Kramer 2001, led:-
cutting ant foragers rarely maximize the anourt of led tissue harvested duing their foraging
trips (Kacédnik 1993 Burd 2000 Roces 2002. Foragers cut smaller leares and ran faster when
requiting to more nutriti ous leaves (Roces and Nunez 1993 and when starved o exposed to
unfamiliar leaves (Roces and Holldoder 1994). Whil e led-cutting ants frequently use ‘ bucket-
brigades asameansto transfer led bits along foraging trails (Hubbell et al. 1980 Anderson et
al. 2002, transport time was adually greaer than when an individual ant carried pieces bad to
the nest (Réschard and Roces 2003. Therefore there ae many aspeds of led-cutting ant
behaviors that appea to deviate significantly from optimal predictions.



If preference behavior is a mnsequence of self-organization among workers and that
individual performance has not been maximized, there shoud belittl e relationship between
individual forager behavior and colony productivity (i.e., fitnesg. Worker traits are simply one
of many that natural seledionisthought to ad uponin social insed colonies (Holldoder and
Wilson 1990 Tschinkel 1993 Bourke and Franks 1995 Korb and Heinze 2004). Therefore one
must evaluate the mnsequences of worker choices on a measure of colony performance, such as
the growth o reproduction d colonies. Thisis problematic becaise obtaining relevant measures
of colony performance generally involves destructive sampling by coll eding a number of entire
colonies (Tschinkel 1993 Tschinkel 1999. The wlledion d led-cutting ant colonies can
require bulldozers (Moser 1963 or asmall army ouitfitted with shovels and dck-axes (Stahel and
Geijskes 1939 Wetterer et al. 200Q. Thisproblemsisaleviated if one studies related speaes,
such as T. septentrionalis.

The god of this experiment isto determine the relationship between substrate (fungus
food) preference a theindividual level and the production d ant and fungal biomass A positive
relationship would suppat the nation that seledion has aded to produceindividualy complex
workers. Alternatively, littl e or no relationship would provide evidencethat this mutualism is
self-organized and thus composed of relatively simple adors (foragers, nestmates and fungus
garden) that must interad for dedsions and therefore for complex behaviorsto occur. Inthe
following study | tested these predictions by comparing the dfed of substrates preferred and
unpreferred by individual workers on the performance of T. septentrionalis colonies and fungus

gardens.
Materials and Methods
Colledion and maintenanceof colonies
Colonies were @lleded by excavating a 1m?® pit approximately 30cm from the nest
entrance Tunrels and fungus garden chambers were found ty carefully removing soil from the

faceof the pit toward the entrancewith atrowel and kitchen spoors. All tunrels were foll owed

until al ants had been colleded. This entire processtook abou 45-90 minutes per colony and



resulted in a >95% chance of coll eding the queen o this monogynous gedes. Between 2001
and 2004 oer 250colonies were mlleded in thisway.

Colonies were housed in the laboratory under standard condtions. Eacdh colony was
housed in atray coated with Fluon © (Northern Products, Woonsocket RI) along the sidesto
prevent escapes. The aits grew their garden in a g/lindricaly-shaped, 175cm® depressonin a
polystyrene box lined with dental plaster (Figure 2). Thetop d this chamber was completely
covered with apieceof plexiglass Two 9mm diameter holes were drill ed in the side of eath
plaster nest for the ants to enter and exit the fungus garden chamber. Additional plaster nests
were added and interconneded with 5cm segments of clean, rubber hoses as colonies grew
larger gardens. A 10mm test tube half fill ed with water and dugged with cotton was placel in
eath tray. The plaster nest was watered weekly by filli ng eat of four 9mm diameter holes

locaed in eat of the four corners.

The growth of the fungus garden was measured approximately every 10 dcays by
estimating its volume. The width and length of ead fungus garden was measured with aruler
placal ontop d the plexiglasscover. The height of the garden was obtained by extending a
straight wire marked in 5mm increments through five 1Imm diameter holes predrill ed into eah
plexiglasscover (2 cm apart, from the center of the wver). The average height was then
obtained from these five measurements. Sincethe general shape of this chamber was cylindricd,

the volume was cdculated using the formulafor a o/linder @)p-h.
4

Substrates

Uponcolledion, fungal substrates were stored in the freezer (-20°C). In 2002
preferences were based on nine substrates. Frass(fecd pell ets) was obtained from reaing
several spedes of caerpill ars on retural host plantsin the laboratory. Inthefall of 2001,
oleander caerpill ars (Syntomeida epilais Waker (Arctiidag) and fall webworm larvae
(Hyphantria cunea Drury (Arctiidag) were reared on deander (Nerium oleander) and
persimmon (Diospyros virginiana L.) leaves, respedively. The remainder of substratestested in
the preliminary studiesin 2002was aqquired duing the spring of that year. Frassfrom eastern
tent caerpill ars (Malacosoma americanum F. (Lasiocampidag) was obtained by reaing severd

colonies on cherry leaves (Prunus serotina Ehrh.). Catkins (staminate flowers) were obtained
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from two oek spedes: turkey (Quercus laevis Walt.) and live oaks (Q. virginiana Mill .).
Flowers came from plum (P. umbellata Ell.) and eastern redbud(Cercis canadensis L.) trees and
ealy spring leaves from turkey and Hugjadk ((Q. incana Bartr.) oaks. With the exception o
oleander frass al of these substrates were mlleded from sandhill habitat, if nat the study sites
spedficdly.

In 2003 peference determination and the subsequent feeding experiments used four
substrates: blugad oak cakins, frassfrom the orange-striped tussock moth caterpill ar (Orgyia
detrita Guérin-Ménevill e (Lymantriidae) reared onturkey oak leares during the spring, blugadk
oak leaves, and dwvarf huckleberry (Gaylussacia dumosa Andr. (Ericacea® flowers. Orgyia
detrita egg masses were olleded from buildings in Gainesvill e, Florida (ca 200 kn away) but
were fed leaves colleded nea Tallahasee All of these plant types are highly typicd of Florida
sandhll s (Myers 1990 andin most cases T. septentrionalis ants have been olserved to colled
these substrates. Sincethey were @lleded in the spring, they are likely substrates to be
discovered by T. septentrionalis ants foraging at thistime of yea.

Preference Determination

Preferencetests were aonducted after the wlonies had been acdimated to laboratory
condtions (approximately 5-7 days). Preferences were established duing preliminary studiesin
2002. Preferences were determined by expasing ants to equal substrate anourts (the number of
substrate pieces) and preferences were inferred by counting the number of pieces removed by
foragers. The substrates were placeal ona pieceof waxed weighing paper nea the nest entrance
Choiceswereinferred when an ant carried a pieceoff the paper. At thispoint the ant and the
substrate item were removed temporarily to abox outside thetray. In thisway neither the
substrate nor the ant could have influenced the behavior of other ants. Furthermore, they were

performed at only one time and therefore represent the initial substrate preference of workers .

All substrates were standardized by size dter initial observations during the preliminary
stagesindicated that ants periodicdly would colled an item that was too large for them to cary
andinstea tried to drag it acossthe foraging arena. This was not uncommon and sometimes
resulted in success Nevertheless the size (and therefore its weight) were roughly standardized to
asize that ants could carry withou resorting to dragging it along the ground. Therefore pieces of

ledf were aut using ainsed-paint purch to asize <25mn, flowers were stripped along their
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veins and torn into similarly sized small fragments and the cdkin flower buds were separated
from the penduant stalk—only the cakin buds were placeal onthe weighing paper in ather
words. Effort was also made to ensure that the frassmorsels were full y independent units—not

stuck together with silk or moisture.

During preference determination, thirty-six colonies coll eded in the spring of 2002were
exposed to eight substrates. The number of pieces removed from the wax paper was recrded in
a 30-minute period with the paper rotated 120%very 10 minutes. The wax paper was replaced
for ead trial and colony. This methodwas repeaed twice on ead colony. The results from this
methodill ustrated that some substrates were dealy preferred and ahers unpreferred (Figure
3A). A Mann-Whitney test between the threefrassand two catkin types (left side of Figure 3A)
versus the flowers and catkins (right side of Figure 3A) indicated that these groups were
significantly different. Spedficdly more frassand catkin pieces were olleded than flowers and
leares (12.2+ 0.46 \ersus 2.52+ 0.15(mean £ SE) pieces removed, respedively) (Mann
Whitney U = 10253,Z=17.1, <0.05. Thereforeit appeas that these ants exhibit a preference

for cakins and frassover leaves and flowers.

Because this method d determination took several days time, a second methodwas used
in subsequent studiesto determine whether the preferences of colonies was consistent with the
pattern described above. This methodwas a pairwise methodthat analyzed the numbers of
pieces removed between a substrate thought to be preferred and ore unpreferred. The one
condtionwas that one of the substrates had been assgned for the feeding experiment. In 2002
the choice of the other substrate was haphazardly chosen whereas in 2003and 2004eadh
substrate was paired against the same substratein all trials. For example, in the experiments
described in this chapter, frasswas always compared with leaves and cakins always paired with

flowers (see Appendices 1-4).

The pairwise method pocealed by pladng equal amourts of the two preferencetypes on waxed
paper nea the entrance of the ant nest. Preferences were deteded with goodressof-fit tests (G-
Test, (Sokal and Rohif 1995). A significant preferenceisinferred when the G-tests are
significant. Replicaed goodressof-fit tests (Sokal and Rohlf 1995 were used to determine
whether preferences were statisticdly consistent aadossall colonies. Replicaed goodressof-fit
tests are analogous to analyses of variance becaise they test for significant variation within (Gy
(heterogeneity)) and among experimental units (Gp (poded)). Spedficdly it tests whether Gy
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adds significant variation to the total (Gy). In this procedure, the single trial from ead colony is
treded asareplicae. Gy iscdculated from the sum of eat G-statistic obtained from ead trial.
The significance of thistest is compared to a dii-square distribution with (a-1) degrees of
freadom (a =substrate dasses) or one degreeof freedom (1 = 2-1). Gt aso approximates the
sum of Gy and Gp. Gp is cdculated from the sums of the number of substrates colleded from
both substrates used in thetrial. The significanceof thistest is smilarly compared to a di-
square distribution with (a-1) degrees of freedom. Gy isless $raightforward and uses natura 1og
transformations (f In f with f being afrequency) initscdculation. It is gedficdly caculated by
subtrading the transformed total number of pieces colleded from ead trial and the transformed
overal column and row sums (with ead colony replicae occupying arow) from the transformed
numbers of pieces removed in ead substrate of ead colony. The significant of thistest is
compared to a di-square distribution with (a-1)(b-1) degrees of freedom or 1(b-1) with bequal
to the number of replicaes (colonies). A significant Gy statistic would imply significant
variationin preference anong colonies, whereas an insignificant value would indicate that

preferences are uniform among colonies.
Effeds of substrates on garden and ant colony performance

Colonies were fed daily ad libitum by pladng the substrates on wax paper nea the nest
entrance Wet weights of substrates were converted to dry weights using constants obtained by
drying small amourts of substrates for 48 h un@r ambient condtions. Amourts not colleded by
the ants after two days, aswell as pieces depasited in the refuse pil es were olleded and
weighed. In thisway it was possble to measure the anount of substrate wlleded by the ants and

therefore ansumed by the fungus garden.

In 2003 ,four groups of six colonies recaved exclusively one of four substrates whil e the
remaining thirteen colonies recaved a mixture of the four substrates. In ather words this gudy
consisted of 37 colonies. This mixture groupwas establi shed to determine any possble side-
eff eds of feeding colonies one substrate, which does not occur under natural condtions. This
mixture was not an even mixture by weight or pieces. It was excealingly difficult to administer
an even mixture of substrates, given the limited amourt of substrates that | had on rand. First
attempts were made to give mlonies an even weight mixture of all four substrates, bu the ants
quickly ignored three and fixated onthe cakins. The other threesubstrates on died ou,

rendering the leaves and flowers unharvestable. So | switched to feading these @wlonies
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dternately (every 2-3 days) cakins and then the other three Thiswas also ursuccessul becaise
the ants gill colleded all the cdkins andignored the other three If things kept going at this rate,
it was possbleto haverun ou of leavesfor the dl-led group. Soin the end, | was giving them

leaves, espedally, more or lessin the quantiti es that they would accept them.

Feedings were conduwcted urtil new off spring (sexuals and rew workers) edosed and
could be seen walking abou the fungus garden. At this point colonies werekill ed by freezing,
their contents sorted by hand unar a microscope and subsequently dried in an oven, weighed and
courted.

Response Variables
Measures of Ant Performance

The main response variables were the total weights, energetic contents and average
percent fat of ant off spring. Energetic content of broodwas obtained by extrading the body fat
from adult antsin a Soxhlet extrador using diethyl ether for 48 hous. Energetic contents of ant
biomasswere obtained by multi plying lean weights by 18.87J/mg and fat weights by 39.33J/mg
(Pe&in 19723 and summing. Ten dark workers (old workers), and a maximum of ten of female,
male and rew worker off spring were chosen from ead colony for extradion. The ac¢ual number
of sexuals extraded in ead colony depended on hav many developed off spring were present.
Only the darkest females, males and rew workersin eat nest were seleded. Thiswas
deliberately nonrandam since ant broodare known to dramaticdly increase their weight and fat
content from edosionto dspersal (Keller and Passera 1989 Tschinkel 1993. Femalefat
contents were spedficaly compared to (Sed and Tschinkel, in pres9 that reported a mean value
of 25% body fat for T. septentrionalis newly mated queensto get an estimate of the maturity of

female off spring in ead colony and the probable readinessof the wlony to reproduce
Measures of Fungal Performance

Measuring the performance of the fungus garden is more anbiguous because this fungus
does naot reproduce sexually and smply grows clonally. The primary measure used in this gudy
isthe anount of chitinin the fungus gardens. Chitin isthe main constituent of fungal cdl walls
(Raven et a. 1999 and its quantity in a substrate is frequently used among mycologists as an

indicaor of fungal biomassin soil or wood,among other substrates (Plassard et al. 1982).
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The ditin assay isesentialy atest for all fungal biomassin the sample sinceit measures
bath living and cead biomass which is diff erent than the test for ergosterol, for example, that is
present only in living fungal biomass(Antibus and Sinsabaugh 1993. Moreover the ant fungi do
not appea cgpable of digesting chitin readily (Martin 1987, making this gructural compound
esentially ametabadlic dead-end. Therefore it measures the total amourt of fungal biomassthat
was an oucome of the experimental manipulationsin this gudy. Antsdo deposit deal pieces of
the fungus garden into discrete waste pil es; however, in lab and field colonies this generally
occurs only after sexuals have matured and dspersed. Intherare caeswhere ants have
deposited fungal waste in the foraging arena before the experiment was completed, it was

removed, died and weighed and added to the final fungus garden weight.

Whereas total chitin content isindicative of the performance of fungus gardens on various
substrates, it isafunction d the percent chitin and total weight of fungus gardens. Therefore
total chitinis potentially confounded with these variables. Percent chitin might indicae
qualit ative diff erences in the fungus gardens, such as the density of hyphae and therefore, the
density of gongylidia (swollen hyphal tips). Even though total chitin content was explicitly used
as the main index of performance al threemeasures were reported and dscussd acaordingly.

This chitin assay was atest spedfic to the free &dehydes that result from the acd (6-N
HCI) hydrolysis of chitin and subsequent deamination d the glucosamine residues by nitrous
add (HNO,) (Plassard et al. 1982 Vignonet a. 19869. Free adehydesform astable complex
with MBTH (3-Methyl-2-benzothiazol one hydrazone hydrochloride), which turns a shade of blue
in the presenceof ferric chloride (FeCls). The samples were then read in a Bedkman-Coulter DU
640 Spedrophdometer at 650 . The amourt of chitin in eat sample was estimated by
interpalating the asorbance of ead sample onto a standard curve @nstructed by subjeding 5
dil utions (range: 0.06251.0mg- ml™) of purified chitin (Sigma-Aldrich, St. Louis MO) to the
procedure outli ned above.

Statistical Analysis

All analyses were conducted with Statisticaversion 6.1(Statsoft 2003. Except for the
preferencetests, amounts of ant and fungal biomasswere analyzed with ore-way analyses of
variance. Growth of the fungus garden in colonies fed dff erent substrates was compared with a
Repeaed measures ANOVA for the dfeds of substrate type (preferred v unpeferred) andtime

15



ongarden vdume. The analysisincluded 36colonies fed ead substrate type. Datawere 1000
transformed to med parametric assumptions; otherwise nonparametric tests (i.e., Kruskal-
Walli s) were anmployed.

Results

Preferences

2002 The pairwise procedure indicated that nealy all colonies colleded more substrates
that | assgned to be preferred substrates (GP = 345.4, d = 1, p<0.001, GT =392.1, d =1,
p<0.000% Appendix A). Although four coloniesfailed to exhibit asignificant preference and
one olony preferred redbudflowers over fall webworm frass there was no significant variation
among colonies (GH=46.7, d = 35, p>0.09 Appendix A).

2003 Similar to the previous yea, colonies generally exhibited clea preferences with
nealy al preferring cakins and frassover leares and flowers (Gp=154.2, d =1, p<0.0001 GT
=164.4, d =1, p<0.0001,Figure 4, Appendix B). A single exception accurred when ore wlony
chose 8 pieces of cakin and 2 peces of flower (G=3.85, d =1, p=0.05. No colonies
preferred leares or flowers; therefore the test of heterogeneity among colonies was highly non
significant (GH = 10.2, d =23, p>0.99. Itisquite dea that T. septentrionalis ants prefer

cakins and frassover leaves and flowers.

Changes During Colony Development

During the first day of feeding colonies the Orgyia detrita frass the ants completely
covered their fungus garden with pieces of frass a behavior similar to that observed in ather
colonies; however within two days this substrate was rejeded. Not only did the ants remove the
frassfrom the fungus garden, they removed the frassfrom the waxed paper and deposited it in
their refuse piles aong thetray’s corner. To avoid losing an entire group due to starvation,
which preliminary studiesindicated to be likely sincethey were nat buil ding up their garden, the
diet of this groupwas augmented with a50:50 Hend d oak cakins and frass Theinitial
intention was to determine whether the ants would colled frassalong with the cakins; however
by the end d the experiment it becane dea that littleif any of the frasshad been incorporated
into the fungus garden. Nealy 90% of these wlonies diet consisted of catkins: three ©lleded
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no frasswhil e the other threehad dets composed of 5-10% frass Therefore the frassgroupwill
be henceforth referred as the ‘low-catkin’ diet and the cakin diet proper, the *high-cakin® diet.
Neither the blugjac oak leares nor the huckleberry flowers, unpeferred substrates, were rejeded
or ignored. Huckleberry flower coroll as were routinely observed nestled in the fungus garden.

Substrate preferences more or lesswere refleded in the wlonies recaving amixed det.

It becane immediately obvious during the beginning of the experiment that the clonieswould
feed exclusively on cakinsif left to their own devices. It was aurprisingly difficult to forcethe
colonies onto afixed det compaosed of an even mixture of al four substrates becaise the ants
clealy preferred cakins and appeaed to ignore other substrates for several days after receving
catkins. Thiswas one reason why the anourt of leaves made avail able was lessthan 2%% (Table
1)—I needed to conserve our led suppy for the leares-only diet. Thisqudificaion
notwithstanding, the alonies’ diet was composed of approximately 60% catkins and 918 % for
the other threesubstrates (Table 1). Approximately 80% of the cakins off ered were acceted by
the @lony, compared to 74% of the leaves, 44% of the flowers and 2% of the frass Catkins,
leaves and flowers comprised more than 90% of their diet (Table 1).

During the murse of the experiment, were some peauliar observations in the growth of
the fungus garden. Coloniesin the high-catkin groupfill ed as many as threeplaster nest
containers with fungus garden whereas the groupfed flowers never had their single chamber
more than half fill ed with fungus garden. Antsonthe high-catkin det curiously built up gardens
in ore chamber but when supgied anather chamber, they moved their broodto the new chamber,
esentialy leaving the older gardens ‘fallow’.

Although there was considerable variation in the growth of the fungus garden (volume), it
was not significantly affeded by substrate (F 4287 = 0.35, p»0.85 between effeds, repeded
measures ANOVA) (Figure 5). Most variation in fungus garden vdume was attributable to
sampling week (F 12g7= 3809, p>0.0001 within effeds, repeaed measures ANOVA). Week did
naot interad with substrate (F 4287 = 0.81, 0.52 within effeds, repeaed measures ANOVA),
therefore dl colonies exhibited similar patterns of growth.

Acrossall groups, most growth occurred duing the first month (2 April — 3May), during which
fungus garden vdume increased onaverage by 80-fold ((volume 3 May — vdume 2
April)/volume 2 April). Percent change in fungus garden vdume was smilar acossall groups

except between the flowers and high cakin det, where it ranged from a mere doulding in the
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flowersto anealy 600-fold increasein the high catkin det (F4 32 = 3.34, <0.05 Figure 6A). In
contrast, the subsequent 6 weeks (3 May — 13June) were charaderized by relatively lessgrowth,
averaging just 2.5fold (range 0.2 — 13 (F4, 32 = 7.44, 0.00]). However during thistime, the
growth in the flowers and high catkin dets had slowed whil e the most growth was observed in

the leaves, low-cakin det and the mixture (Figure 6B).

Perfor mance measures

Measures of Ant Performance

Ant performance (energetic content and total weight of all off spring) was smilar in all
groups, except for the significantly lower amourtsin the flower group (F4, 32= 7.7, p<0.001,
Figure 7A). Energetic content of off spring largely mirrored this pattern except that off spring
from the flowers and the mixture had lower energy content than thase from other substrates (F
432=5.54, 0.01,Figure 7B). All colonies onflowers produced orly worker brood (except for
asingle mlony that produced four males). Neither female number nor biomassvaried among the
four remaining treaments (F 324 = 1.45, p»0.25 F 324 = 1.55, »0.23,respedively). Similar
results were obtained for male number (F4, 16 =1.01, p> 0.43, biomass (F 415=0.68, >0.62),
new worker biomass(F 4, 30 = 2.15, p>0.09 and number (F 4 30 = 2.27, p>.09).

Average female fat content did na vary aaossthe four treament groups (Fz 23 = 0.16,
p=0.92 that produced significant amounts of sexual biomass(all groups except thase recaving
flowers) and was on average 20.1+ 0.04846 (mean + 1SD), which is sgnificantly lower than the
25% mean fat content reported in an ealier study (Sed and Tschinkel in pressb) (5= 112,
p<0.000). Similarly average malefat did na vary acosstreaments and was on average 10 +
3% (mean £ 1SD) (Fz10=0.16, pr0.92. In summary it appeasthat all colonies produced

females and males that were in similar developmental states.

Measures of Fungal Performance

The weight of the fungus garden was pasitively related to the anount of substrate
colleaed hy the @lonies (log fungus = 0.07+0.79 Hog substrate acceted; r> = 0.89, p<0.000)
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Not surprisingly, then, colonies on the high-cakin det had grown the largest gardens (F4, 32=
12.06, p<0.0001,Figure 8) becaise they had coll eded the most substrate (Kruskal-WallisH =
24.9, =37, p<0.00]). Coloniesrecaving flowers, coll eded the least substrate and grew the
small est fungus gardens (Figure 8). Intermediate in size were gardens in colonies fed cak leaves,
those onthe low-cakin det (unpreferred) and those receving the mixture of all 4 substrates
(Figure 6).

In terms of total fungal biomass(= the total amourt of chitin = percent chitin x fungus
garden weight), colonies recaving the cakins were dealy the most productive and colonies
receving flowers yielded the lowest quantity of fungal biomass(F43, = 27.3, p<0.000% Figure
9A). Thiswas because the flowers produced the lowest percent chitin (approximately, 1.26) per
gram of fungus garden whereas the four remaining groups were higher but similar to ead ather
(> 2%) (Fa32=11.2, p<0.000% Figure 9B). The high catkin groupcontained nadably the highest
percent, but not significantly so (Figure 9B).

Efficiencies of cultivarsand substratesin producing fungal and ant biomass

One measure of the mnsequence of choicesisthe dficiency of the mnversion o
substrate into ant and fungal biomass as measured by the anounts of biomassproduced per gram
of substrate mlleded. A low-cakin diet or an oek-led diet is clealy more dficient for the
production d broodthan the high-cakin det (F4 32=6.26, <0.00% Figure 10). Whereas leaves
appea to be most efficient for the production d fungal biomass(chitin), ony flowers are
significantly lessefficient (F4 31=4.43, p<0.01,Figure 10).

Discusdon

The amerging picture indicaes an absence of a dea relationship between substrate
preference d the individual level and productivity of colonies and fungus gardens. Individual
worker performanceis not necessarily amaximized variable. The dhoices that foragers make
appea to be somewhat independent of substrate quality. Although their foraging strategy is most
likely adaptive, only two of the four substrates (cakins and leares) were dealy good substrates

for the production d ant and fungal biomass However only catkins were preferred and the ants
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colleded an amourt far greaer than they subsequently could use. It does nat seam that foragers
by themselves are cgable of making corred dedsions. Their behavior seems loosely related to
the overall performanceof the wlony, in ather words.

This dudy ill ustrates that these ant colonies are indeed composed of several parts that
operate somewhat independently of eat ather. Therefore, to make alaptive aguments abou the
foraging behavior of these @mlonies, it isnecessary to investigate dl elements comprising the
colony. Inthisregard, these societies appea to be similar to fire ants where workers need to be
guided by various dimuli into behaving appropriately (Cassll and Tschinkel 199%; Cassll and
Tschinkel 19994 Cassll 2003. Itisonly at the clony level that the suitability of various
substrates beammes processed and subsequent dedsions made. In ather words, dedsions that
workers make ae not necessarily the same ones that colonies eventually read. This gudy stands
in agreament with a conclusion made by Wirth et a. (2003, p. 13 preferences are nothing more
than a wlony leaning more dou its environment, the dharaderistics of which change
temporaly and spatially. Ants appea to try various substratesin the vicinity of their nests to
determine those that are best for the production d ant and fungal biomass For ‘corred’ choices
to emerge and colony performanceto be optimized, workers must interad with their nestmates
and/or their fungus garden.

The relationship between preference and colony performance furthermore gpeasto be
complex and contains sveral key feaures of a self-organized system. One such fedureis
regulation by positive feedbadk (Camazine & al. 200)). This may be resporsible for the
extremely large fungus gardens (and fungal biomasg and hgh colledion rate in the high catkin
diet (Figures5-6). Thiswas clealy inefficient in thelong run kecause these large gardens were
not used for the production d broodand these wlonies werethe least efficient producers of ant
brood (Figures 8 and 1. One wlony onthe high catkin det had in fad begunto dsmantle
these older gardens onthe day it was saaificed. It ispossble that foragers were stimulated to
build these large gardens by enhanced hyphal growth (a positive feadbadk), sincethe high cakin
diet contained the highest percent chitin, approaching 3% in some @lonies and d course the
total amourt of chitin (Figure 9), sincethey had the largest gardens.

It istempting to suggest that cakins could be anutritionally deficient diet and therefore
must have been coll eded in large numbers to produce an adequate anourt of off spring, bu the

datado nd suppat this, sincethe low-cakin det produced similar amourts of biomassand
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percent chitin as those onthe high det (Figures 8-9). Asaresult, colonies onthe low cakin det
were highly efficient toward the production d ant brood. These clonies were dso just as
efficient as coloniesrecaving only leaves. Inthisregard it appeas that foragers prefer cakins
sincethey clealy are alequate substrates and the high coll edion rates indicate more cakin
biomasscan be harvested than led biomassin a given amount of time. The only problem to this
system isthat the ants do nd know exadly when to stop. It is possble that the high colledion
rates in the high cakin diet may be adaptive under natural condtions snce cdkins may be
somewhat rare. Although caks are the most abundant woody spedes after pinesin sandhll's
(Myers 1990, cakinsdo nd fal to the ground util after they have dehisced. These aatsdo nd
collea dehisced cakins or climb uptreesto colled cakins. They therefore rely on clumps that
have been blown dff the treeor those on clonal groundhugging oaks (Q. minima and Q. pumila).

What stimulates aworker to seled a substrate? Possbly, odas and motivation can guide
an ant in making choices 0 that T. septentrionalis workers choose substrates that give off
charaderistic odars, as reported in led-cutting ants (Roces 1990 Roces and Nunez 1993 Roces
1994). This may explain their predil edion toward cakins, a substrate that the ants can probably
colled large anounts of if they find large quantities. Such a medanism may aso explain why
foragersinitialy preferred the Orgyia detrita frassbut subsequently rejeded it. Possbly O.
detrita frasslooked and smell ed like goodfrass since some frasstypes are cetainly excdlent
substrates, such as tent caerpill ar frass(Malacosoma americanum) (seeseand chapter below).
Frassmay also be similar to cakinsin that the ants can easily colled and transport them. The
behavior observed in this dudy appeas rather similar to the ‘ delayed rejedion’ behavior reported
when a preferred substrate (citrus pulp) was laced with afungicide (Ridley et al. 1996 North et
a. 1999. After severa days, the antsleaned to avoid citrus pulp, even when citrus pulp na
impregnated with fungicide was provided. It is possble that the ants were somewhat unfamiliar
with the O. detrita frass sncethe caerpill ars eggs were olleded approximately 200 km from the
ant colony colledion site, although these caerpill ars were reaed onleaves (and therefore
produced the frasg from leaves that did come from the same site asthe ants. It iscetainly
within the redm of posgble frassthat T. septentrionalis ants can be expeded to encourter while
foraging, since bath insed spedes and turkey oak are widely distributed throughou southeastern
North America
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The experimental procedure of cutting substratesinto pieces the ats could colled may
have had some unavoidable side dfeds. Theindividua pieces were standardized by size, na
weight. Additionaly it was passble that the weights of ant-size pieces differ among the
substrates. Frasspieces are probably larger in size and weight than led bits or cakin buds, for
example sincefrasspieces appea much larger than the ant picking them up. The methodin this
study standardized piecesto asize the ants could colled ead substrate. Although size and
weight arein al li kelihoodcorrelated and there is an upper limit to the size (and weight) that the
ants can lift and transport, it is possble that the diff erent densiti es of the substrate items have
influenced preference If identicd weights were used, the aosts of transporting the substrate
would be held constant and preference might be more indicaive of the reward the antsreceve.
Additional costs of harvesting must also be included, e.g., the autting of leares. To further
examine this, ore muld measure the size and weight of pieces of cakins, frassor flowers
adually harvested by antsin the wild to determine whether ants are adually using similarly sized
loads or loads vary with the nutritional quality of the substrate.

Ancther hallmark of a self-organized system is the involvement of negative feedbadk as
‘limits or constraints in the system’ become more important (Deneuboug et a. 1999. Negative
feadbadk appeasto be invalved in regulating the growth of the fungus garden, espeaally when
the growth rate deaeased duing the latter half of the experiment (Figure 6). These deaeases
could be due to astigmergic process(‘work in progress (Camazine & al. 2001 Anderson 2002
Jeanne and Bouwma 2003), so that foraging deaeases as the anourt of fungus per worker
increases. Alternatively, foraging may also be regulated by a group-level process such as brood
hunger, asin fire ats, Solenopsis invicta (Cassll and Tschinkel 1999h. AsT. septentrionalis
larvaeundergo metamorphasis into the nonfeeding pupal stage, nurient laden gongolydia might
beamme more dundant, which may discourage antsto forage. Aneadota evidenceindicaesthis
may be the caein colonies that have lost their queen and thus the ability to produce off spring;
foragers dill tend their garden bu never ke it as large & a equally sized queen-right colony
(J.N. Sed , unpub. dta), afinding also naed in Atta sexdens (DellaLucia & al. 2003.

The steady but low colledion d huckleberry flowersindicaes that this substrate was not
very condicive but nat altogether inhibitory toward the performance of the fungus garden. The
ladk of positive reinforcement probably prevented it from being colleded in larger amourts but

the asence of negative reinforcement may be why this substrate was not rejeded. These flowers
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have been olserved inside fungus gardens of excavated field colonies and foragers can be
routinely observed cutting out coroll as ead spring (J. Sed, unpulhished data). Probably
important isthe fad that the ants have never been olserved to reauit to these flowers as they will
typicdly doto fresh growth onsmall oaks (blugjack and runrer oak (Q. pumila)), braden fern
(Pteridium aquilinum) and catbriar (Smilax spp.) (J. Sed, unpullished data). It isunlikely that
these flowers were providing necessary but rare micronurients, as the nutrient balance
hypothesis (Powell and Stradling 1991 Stradling and Powell 1992 predicts, sincethe production
of ant biomassand the percent chitin onmixed det was smilar to groups fed catkins (high and
low diets) or leaves.

Leaves appea to be an excdlent substrate for the production d ant and fungal biomass
but are not preferred substrates. Leares never becane preferred, even though they appea highly
efficient substrates. Substrates can become unpreferred quite rapidly (i.e., the frasstreament)
but there does nat appea to be amedhanism for substrates such asleaves to beame preferred.
The fungus of this edes appeasto bejust as physiologicdly able to dgest led tissue athe
fungus from led-cutting ants (Martin 1987. Excavated fungus gardens can be routinely
observed to contain alarge amourt of led bits and therefore can appea quite green (J. Sed,
unpubished data). Thefirst taxonamic treament of this gedes placdl it in the led-cutting ant
genus, Atta (Wheder 1907) becaise it was observed cutting pine needles in New Jersey (Morris
1881). Probably one limitationisthe aility of the antsto cut enough led tisaue sincethe leaves
of oaks and aher dedduous trees typicdly toughen and become unharvestable by midsummer
(Feeny 197Q Schroeder 1986. It is probably therefore no surprise that the higher attines are
charaderized by the evolution d large and pdymorphic workersin Atta spp. and their apparent
suitability for the harvesting of led tissue (Wilson 1980b Wetterer 19941).

There ae someinescgpable cavedsin this gudy. First, athough the performance
measures used in this gudy approximate fitness becaiuse the chances of having successul
off spring probably increase with the magnitude of reprodvctive investment (colonies must
produce off spring in arder to reproduce), this gudy encompassed orly one reproductive bou and
fitnessisesentialy arate. Therefore atrue estimate of fitnesswould involve measuring the
successof colonies over timein their ability to produce sexua off spring, which were then
cgpable of producing sexua off spring, etc. Sincethe off spring in this dudy were kill ed along

with their colony, it isnot known haw these off spring would have fared ontheir own.
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Idedly one would want to be ale to measure the successof off spring in colony foundng.
These antswill fly in the lab and | went to gred lengths to prevent them from doing so by killi ng
them relatively ealy and puiting screens onthe tray tops abou 2 weeks before the end d the
experiment. Evenif | allowed them to fly and was able to keep the dates from colonies sparate
(most coloniesin the lab release their sexuals smulatenouwsly), the laboratory appeasto ladk the
proper condtions for successul matings and rest foundngs  In the summer of 20021 observed
severa laboratory mating flights and even several males and females copuating, a processthat
lasted 45minutesin some caes. However disedionsindicaed that these copuationsdid na
result in insemination and nore of the undsseded females laid eggs—maost eventually died abou
ayea later. Future work could focus on haw to get these ants to successully mate in the
laboratory.

Ancther caved isthe dhoiceof fungal performance measure in this sudy. While ditinis
well established to be ameasure of fungal biomass(seeMethods), it does not necessarily indicate
the @ondtion d the fungus garden; rather, smply how much hiomassit has produced. It does
nat necessarily inform how well it is able to produce nutrients for itself or the ats, bah of which
could have implicaionsin the production d future off spring and fungus gardens. It ispaossble
that any of these diets, espedally those that appea to be goodfor chitin production, bah asa
percent and total amount, could have negative mnsequences later in the summer when workers
are produced, which are probably needed to survive the winter and o course help the reaing of
sexualsthe following spring. ldedly one would want to measure the nutrients produced by eah
fungus garden as aresult of substrate type.

A final limitation d this gudy isits gatial scope. Trachymyrmex septentrionalis inhabits
most of eastern North American and likely refleds alarge degreeof geographic variationin
physiology and behavior and also its cultivar. It istherefore unknovn whether the patterns here
only apply to this popuation a to awider portion d itsrange. If this gudy were condwcted in
thefield, results could have been dff erent, even though the cndtions were quite similar to those
colonies would experiencein the wild. Substrates used were olleded from the study sites and
laboratory temperatures were simil ar to those that a fungus garden would experience deep in the
soil (Sed and Tschinkel 2006. If funds were nat limiting, bah o these angles could be
adequately pursued.
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Table 1. Average dry weights and percent of substrates accepted by colonies recaving amixed det.

Substrate  Amourt Provided

% of Total Provided Amount Accepted (Q)

% of Total Accepted

(9) (+1 SD) (+ 1 SD) (+1 SD)
(+1 SD)
Flowers 3.25% 1.18 253 1.55:1.34 18t5
Leaves  1.47+1.03 1043 1.1+0.9 13+4
Cakins 5.73+1.84 45+4 4.6+2 60+7
Frass  2.69+1.37 20+3 0.66+ 0.4 945
Total 13.2+5.3 7.88+ 4.5
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Ancestral Myrmicine

Blepharidatta
Myrmeaocrypta
Cyphamyrmex
— Sericomyrmex
Fungus gardeners (Attini) ——  Trachymyrmex
Acromyrmex
Atta
Hiaher Attines
Led Cutters

Figure 1. A highly simplified dendrogram of the fungus gardening tribe Attini showing the main
rel ationships among the main genera. Seven lower attine genera have been aomitted that occupy
pasitions between the basal attine genus Myrmecocrypta and the dade leading to the higher
attines. Adapted from Chapela € a. (1994, Schultz and Meier (1995, Mueller et al. (1998,

Wetterer et a. (1999.
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Figure 2. Photograph o laboratory colony setup showing the locaion d the plaster fungus
garden chambers and substrates.
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Mean percent change (+ SE) in fungus garden 3May — 13June 2003. Note the differencein the
y-scades. There were six coloniesin all single substrate groups and 13in the mixed diet.
Significant diff erences are denoted by different letters (P < 0.05,Tukey’sHSD tests).
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Significant diff erences are dencoted by diff erent letters (P < 0.05, Tukey’ s HSD tests).
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letters (P < 0.05, Tukey’ sHSD tests).
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CHAPTER 3

DO THE ATTINE ANTSAND THEIR FUNGI MAKE A SUPERORGANISM?

Recent reviews develop the agument that mutuali sms are nothing more than redprocd
antagonisms in which the spedes comprising the mutuali sm are essentially exploiti ng the others
(Bronstein 19940 Bronstein 2001H. The main dfferenceisthat in mutualisms, all adors
receve some benefit in being exploited. This approach emphasizes costs and kenefits to the
individuals comprising the interadion, sincethe net outcome @uld pdentialy vary considerably
between antagonisms and mutualism (Bronstein 1994, Bronstein 2001k Bronstein 200X).
Some of the best-studied oligate mutualisms suppat this claim. For example, figs and yucces
must saaifice some of its sedsto the spedalist palli nators (fig wasps and yuccamoths,
respedively) in arder for successul pali nationto occur (Bronstein 20010). Outside of these
cases, few studies have measured the wsts and kenefits of the association on boh partners.

With such an emphasis on costs and benefits, some have begun to interpret the fungus
gardening ant mutualism as a mutual exploitation (Herre @ a. 1999 Mueller et al. 2001 Mueller
2002. Mudler (2002 spedficdly argues against the nation that the fungi are aything but
passve domesticaes and even goes as far as uggesting that the fungi have domesticated the ant
as much as the ants have domesticated the fungus. Although this seems extreme, he @rredly
points out that most work has probably been hiased from our own association with agriculture by
negleding the fungal end. Our understanding of this mutualism would be increased if we knew
more éou the biology of the fungus and the ants.

Mueller et al. (2007 reviewed the natural history literature onthese aitsin the context of
the phylogenetic advances (Chapela & al. 1994 Mueller et al. 1999 with the intention o
establi shing how the mutualism evolved. The fungi were propased to have had several origins,
ranging from mycorrhizaeto rotting woodfungi, fungi that fed onseals or arthropodcorpses or
ant feces. Muéller et al. (2001 suggest that the mutualism evolved initially from a state in which
the ants ate the fungus and d spersed the spores, since his review indicated that fungi appea to be
most closely related to led litter fungi and most likely grew in the vicinity of ant nests. The
fungi were likely quite @bundant in the vicinity of their nestsif not in their nests themselves.
Extant attines propagate their fungus garden by taking a pieceof the parental garden tucked into
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their infrabuccd pocket, a spacein their nedk or throat region (Quinlan and Cherrett 1978k Little
et a. 2003. Interestingly, many Hymenopera, na just ants, typicdly disperse fungal spores
among other objeds much in the same way (seeMueller et . 2007). In ather words, the ants
used the fungus as afood source whil e the fungus used the ants as a dispersal vedor.

Moreover, the ants and fungi may have wniflicts of interest, espedally with regard to
sexual reproduction and sex ratio (Muell er 2002 because the fungusis propagated orly by
female off spring. From the perspedive of the fungus, males are awasted investment sincethey
are nat invalved in the propagation d the fungus garden. Therefore, it would bein the fungus
short-term interest to producefemale biased broodas ealy as possble during colony life, even
though this would eventually mean the demise of the ant colony and fungus. Accordingly, there
could be a‘tug-of-war’ of sorts between the ants and fungus garden. Cultivar switch
experiments have been proposed to ill ustrate dements of conflict and cooperation (Mueller 2002
Mehdiabadi et al. 2005. Mueller (2002 predicts a shift toward male-biased brood, kecaise the
antswill ad asif they were ‘still engaged in atug-of-war with [their] native altivar’, bu this
time their cultivar will esentialy be ‘impatent’ to some degreebecaise it has not had time to
evolve mechanismsto ded with ants' divergent interests.

Alternatively, this mutualism could be highly integrated and therefore asuperorganism,
so that any conflicts that have existed, have largely disappeared duing the evolutionary history of
this mutualism. Theresult could be then that fungi are essentialy identicd from the ants
perspedive. In suppat of thisclam isthat many cultivar lineages are reported to be
interchangeable anong the ant genera, espeaally among the higher attines (Weber 1972
Stradling and Powell 1986 Mehdiabadi et a. 2005. Furthermoreit isnot clea how one can
adually measure the asts for the ants and fungus because bath have highly aligned reproductive
interests—bath reproduce simultaneously with foundng queens taking a pieceof the parental
fungus garden with her. Thelogisticd difficulties of obtaining evolutionary relevant (i.e.,
fitnesg measures of fungal growth nawithstanding, it is nat clea that the interests (costs and
benefits of the mutualism) of the ants and fungi can truly be separated, asit can bein ather
obli gate mutuali sms (seads and eggs of yuccaplants and moths, etc.). Even though the
conceptual basis of Mueller’s (2002 hypotheses may therefore be on shaky ground, te dealy
predicts that colonies $roud have amale-biased sex ratio when cultivating a‘new’ cultivar. And

conducting a aultivar-switch experiment buil ds nicdy onfindings in the previous chapter.
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This chapter investigates generally the role of fungal charaderisticsin the production o
ants and fungal biomassin T. septentrionalis. Primarily this experiment documented the dfeds
onworker behavior and colony performancewhen T. septentrionalis colonies are given a alltivar
from the led-cutting ant, Atta texana. This experiment also bulds on results from chapter one,
spedficdly that leaves appea to be asuitable substrate for the production d ant biomass yet are
unpreferred substrates. It is possblethat thisrefleds a differencein cultivar, namely, that led-
cutting fungi might be better adapted to dgesting leaves (Powell and Stradling 1986 Martin
1987, which would be evidencethat the fungus garden can influence the substrate preference of
foragers. . Consequently this gudy investigates once more the role of substrate in colony
performance Additionaly | investigated evidence of ant-fungus conflict as envisioned by
Mueller (2002 by testing for amale biased sex ratio oncolonies cultivating a‘new’ cultivar.
This gudy thus investigate the dfed of this new cultivar onforager behavior (preference), its

influence on colony performance and whether there is evidencefor ant-cultivar coriflict.

Materials and Methods

Colledion and maintenanceof colonies

Colonies were @lleded by excavating a 1m® pit approximately 30cm from the nest
entrance Tunnels and fungus garden chambers were found ly carefully removing soil from the
faceof the pit toward the entrancewith atrowel and kitchen spoors. All tunrels were foll owed
until all ants had been colleded. This entire processtook abou 45-90 minutes per colony and
resulted in a >95% chance of coll eding the queen of thismonogynous gpedes. Between 2001
and 2004 oer 250colonies were olleded in this way.

Colonies were housed in the laboratory under standard condtions. Ead colony was
housed in atray coated with Fluon © (Northern Products, Woorsocket RI) along the sides to
prevent escgpes. The ants grew their garden in a o/lindricaly-shaped, 175cm? depressonin a
palystyrene box lined with dental plaster. Thetop d this chamber was completely covered with a
pieceof plexiglass Two 9 mm diameter holes were drill ed in the side of eat plaster nest for the
ants to enter and exit the fungus garden chamber. Additional plaster nests were added and
interconreded with 5cm segments of clean, rublber hoses as colonies grew larger gardens. A
10mm test tube half fill ed with water and dugged with cottonwas placed in ead tray. The
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plaster nest was watered weekly by filli ng ead of four 9mm diameter hales locaed in ead of the

four corners.

The growth of the fungus garden was measured approximately every 10 days by
estimating its volume. The width and length of ead fungus garden was measured with aruler
placal ontop d the plexiglasscover. The height of the garden was obtained by extending a
straight wire marked in 5mm increments through five Imm diameter holes predrill ed into eat
plexiglasscover (2 cm apart, from the center of the wver). The average height was then
obtained from these five measurements. Sincethe general shape of this chamber was cylindricd,

the volume was cdculated using the formulafor a o/linder @)p-h.
4

Substrates

Uponcolledion, fungal substrates were stored in the freezer (-20°C). This experiment
used four substrates. Frass(fecd pell ets) from eastern tent caterpill ars (Malacosoma
americanum F. (Lasiocampidag) was obtained by reaing severa colonies on cherry leaves
(Prunus serotina Ehrh.). Catkins (staminate flowers) were obtained from blugjadk oak (Q.
incana Bartr.). Flowers came from eastern redbud(Cercis canadensis L.) trees and leaves from
ealy spring growth of blugjadk oak trees. All of these plant types were @lleded from sandhill
sitesinthe ANF. Sincethey were mlleded in the spring, they are likely substratesto be
discovered by T. septentrionalis ants foraging at thistime of yea.

Preference Determination

Preferencetests were conducted after the wlonies had been acdimated to laboratory
condtions (approximately 5-7 days). Preferences were cmndwcted a secondtime to monitor the
effeds of cultivating a new cultivar—abou one month after the first preferencetests (or three

weeks after the aultivar switch).

Preferences were determined by expasing 40 colonies to equal substrate anounts of
substrate pairs. Pairs were cmpaosed of one substrate thought to be preferred and ore
unpreferred substrate. Preferences were inferred by courting the number of pieces (pieces of
frass cakin bud, @ ant-sized snippets of led or flower) removed by foragers from waxed

weighing papers placal nea the nest entrance. Choices were inferred when an ant carried apiece
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off the paper. At this paint the ant and the substrate item were removed temporarily to abox
outside thetray. Inthisway neither the substrate nor the ant could have influenced the behavior

of other ants.

Because nutritional qualiti es could be cnfounded with physicd size of the substrates, all
substrates were esentially ant-sized pieces. This gandardization was acamplished empiricdly
after preliminary observations indicated that ants periodicdly would colled an item that was too
large for them to carry andinsteal tried to drag it acossthe foraging arena, sometimes quite
succesSully. Nevertheless pieces of led were ait using ainsed-paint punch to asize <25mnv,
flowers were stripped along their veins and torn into simil arly sized small fragments and the
cakin flower buds were separated from the penduant stalk—only the cakin buds were placed on
the weighing paper in ather words. Effort was also made to ensure that the frassmorsels were

fully independent units—not stuck together with silk or moisture.

Replicated goodressof-fit tests (G-Test, (Soka and Rohlf 1995 determined whether
the preferences of foragers was consistent with petternsindicated by preferencetests (J.N. Sed,
unpublished data, see dapter 2) andto determine whether preferences were statisticdly
consistent aadossall colonies. Replicated goodressof-fit tests are analogous to analyses of
variance becaise they test for significant variation within (Gy (heterogeneity)) and among
experimental units (Gp (poded)). Spedficdly it tests whether Gy adds sgnificant variation to the
total (Gr). Inthisprocedure, the singletrial from ead colony istreded asareplicae. Gris
cdculated from the sum of ead G-statistic obtained from ead trial. The significance of this test
iscompared to a dhi-square distribution with (a-1) degrees of freedom (a =substrate dasss) or
one degreeof freedom (1 = 2-1). Gyisaso the sum of Gy and Gp. Gpis cdculated from the
sums of the number of substrates colleded from both substrates used in the trial. The
significance of thistest is smilarly compared to a di-square distribution with (a-1) degrees of
freedom. Gy isless $raightforward and uwses natural 1og transformations (f In f with f being a
frequency) initscdculation. It is gedficdly cdculated by subtrading the In transformed total
number of pieces colleded from ead trial and the In transformed owerall column and row sums
(with ead colony replicae occupying arow) from the In transformed numbers of pieces
removed in eat substrate of ead colony. The significant of thistest is compared to a chi-square
distribution with (a-1)(b-1) degrees of freedom or 1(b-1) with bequal to the number of replicaes

(colonies). A significant Gy statistic would imply significant variationin preference anong
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colonies, whereas an insignificant value would indicae that preferences are uniform among

colonies.
Effeds of substrates on garden and ant colony performance

Colonieswere fed daily ad libitum by pladng the substrates on wax paper nea the nest
entrance Wet weights of substrates were mnwerted to dry weights using constants obtained by
drying small amourts of substrates for 48 h un@r ambient condtions. Amourts not colleded by
the ants after two days, as well as pieces deposited in the refuse pil es were olleded and
weighed. In thisway it was possble to measure the anourt of substrate @lleded by the ants and

therefore amnsumed by the fungus garden.

In 2003 ,four groups of six colonies receved exclusively one of four substrates whil e the
remaining thirteen colonies recaved a mixture of the four substrates. In ather words this gudy
consisted of 37 colonies. This mixture groupwas establi shed to determine any possble side-

eff eds of feeding colonies one substrate, which does not occur under natural conditions.

Fealings were conducted urtil new off spring (sexuals and new workers) edosed and
could be seen walking abou the fungus garden. At this paint colonies werekill ed by freezing,
their contents orted by hand undr amicroscope and subsequently dried in an oven, weighed and
courted.

Response Variables
Measures of Ant Performance

The main resporse variables were the total weights, energetic contents and average
percent fat of ant off spring. Energetic content of broodwas obtained by extrading the body fat
from adult antsin a Soxhlet extrador using diethyl ether for 48 hous. Energetic contents of ant
biomasswere obtained by multi plying lean weights by 18.87Jmg and fat weights by 39.33Jmg
(Pe&in 19723 and summing. Ten dark workers (old workers), and a maximum of ten of female,
male and rew worker off spring were chasen from ead colony for extradion. The adual number
of sexuals extraded in ead colony depended on hav many developed off spring were present.
Only the darkest females, males and rew workersin ead nest were seleded. Thiswas
deli berately nonrandam since ait broodare known to dramaticaly increase their weight and fat
content from edosionto dspersal (Keller and Passera 1989 Tschinkel 1993. Femadefat
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contents were spedficaly compared to (Sed and Tschinkel, in pres9 that reported a mean value
of 25% body fat for T. septentrionalis newly mated queensto get an estimate of the maturity of
female off spring in ead colony and the probable readinessof the wlony to reproduce

Measures of Fungal Performance

Measuring the performance of the fungus garden is more anbiguous because this fungus
does nat reproduce sexually and simply grows clonally. The primary measure used in this gudy
Isthe total amourt of chitin in the fungus gardens. Chitin isthe main constituent of fungal cdl
walls (Raven et al. 1999 and its quantity in a substrate is frequently used among mycologists as

an indicator of fungal biomassin soil or wood,among other substrates (Plassard et a. 1982.

Thistest isesentially atest for all fungal biomassin the sample sinceit measures both
living and cead biomass which is diff erent than the test for ergosterol that is present only in
living fungal biomass(Antibus and Sinsabaugh 1993. Moreover the ant fungi do nd appea
cgpable of digesting chitin readily (Martin 1987, making this gructural compoundessentialy a
metabolic dead-end. Therefore it measures the total amourt of fungal biomassthat was an
outcome of the experimental manipulationsin this gudy. Although ants do deposit dead pieces
of the fungus garden into discrete waste pil es; however, in lab and field colonies this generally
occurs only after sexuals have matured and dspersed. Intherare caes where ants have
deposited fungal waste in the foraging arena before the experiment was compl eted, it was
removed, died and weighed and added to the final fungus garden weight.

Whereas total chitin content is probably indicdive of the performance of fungus gardens
on various substrates, it isafunction d the percent chitin and total weight of fungus gardens.
Therefore total chitinis potentially confounded with these variables. Percent chitin might
indicae qualit ative diff erences in the fungus gardens, such as the density of hyphae and
therefore, the density of gongylidia (swollen hyphal tips). | report all threemeasures and dscuss

them acardingly.

The dhitin assay used in this sudy was atest spedfic to the free adehydes that result
from the aed (6-N HCI) hydrolysis of chitin and subsequent deamination d the glucosamine
residues by nitrous add (HNO,) (Plassard et a. 1982 Vignonet a. 1986. Free adehydesform
astable cmmplex with MBTH (3-Methyl-2-benzothiazol one hydrazone hydrochloride), which
turns a shade of blue in the presenceof ferric chloride (FeCl3). The sampleswerethenreadina
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Bed<man-Coulter DU 640 Spedrophdometer at 650 rm. The anourt of chitin in eat sample
was estimated by interpalating the asorbance of ead sample onto a standard curve @nstructed
by subjeding 5 dlutions (range: 0.06251.0mg- ml™) of purified chitin (Sigma-Aldrich, St.
Louis MO) to the procedure outlined above.

Source of Atta texana cultivars

The A. texana cultivars used in this experiment came from two incipient colonies
colleded in August 2003from the Kisatchie National Forest (Evangeline District), Rapides
Parish, Louisiana (31°14 N, 92°37W). Atta texana is aled-cutting ant foundin udand pne
forestsin western Louisiana and southeastern Texas (Bennett 1958 Moser 1960 Moser 1986
Kulhavy et d. 200]). Although there ae natable diff erences between longled pine forests west
and east of the Missssppi River (Bridges and Orzell 1989 Harcombe d al. 1993 Ped and
Allard 1993, the habitat of A. texana is comparable to T. septentrionalis habitat in nath Florida
becaise bath are haraderized by degp sandy soil s and dant spedes adapted to xeric condtions.
Therefore A. texana ants likely feed their fungus substrates smilar to those foundin Florida

Effeds of substrates on garden and ant colony performance

The altivar switch experiment used 40T. septentrionalis colonies. Twenty receved ore
of two A. texana cultivars and the other 20 recaved ore of two T. septentrionalis cultivars. The
effed of removing a wlony’s cultivar and repladng it with adifferent cultivar (i.e., the shock
asciated with the switch) was acaounted for by control switches, in which these alonies had
their cultivar removed and replaced with ore of the two T. septentrionalis cultivars. The sources
of these T. septentrionalis cultivars came from laboratory stock coloniesthat were not part of this
experiment. Both were wlleded from the same genera vicinity as the experimental colonies.

Cultivar switches were completed as follows. Fungus gardens were removed with sterile
forceps and replaced with a standardized piece(approximately 1 cm®) of either A. texana or T.
septentrionalis cultivar. Sincefungus gardensin this sasonal spedes are extremely small in
ealy spring, the new garden was svera times larger (5-10times, Sed and Tschinkel in presg
than their original garden. Consequently it was easy to olserve the fate of this garden in their
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plaster nests. Asaprecaition,small nuclel of fungus garden materia tended by ants away from
this garden were periodicdly removed with steril e forceps.

In addition to conducting preferencetests after the wlonies had been acdimated to
laboratory condtions, preferences were evaluated after the mlonies had been switched orto the

new cultivar, or approximately 3 weeks into the experiment.

Moleaular Verification of Switches

Approximately 1-2 weeks before the end d the experiment, small snippets of fungus
garden material were removed from ead colony in the experiment and dacel in fixative
(RNALater). These samples were then shipped to Steve Rehner at the USDA Biocontrol
laboratory in Beltsvill e, Maryland, who developed many of the primers used in the nstruction
of these ants’ phylogeny (REFS). He has supdied asummary of his methods (Appendix A).

Statisticd Analysis

All analyses were conducted with Statisticaversion 6.1(Statsoft 2003. The growth of the
fungus garden with regard to substrate treament was analyzed with a repeaed measures analysis
of variancewith time & the repeded measure and cultivar and preference & additional effeds.
Volumes were repeaedly measured onall coloniesin this experiment at approximately one-week
intervals. In addition to testing whether volumes were diff erent among weeks, it tested for
significant interadions between week and cultivar and preference

All of the other measures of ant and fungal performancewere analyzed with full model
ANOVA that consisted of cultivar, preference, cultivar x preferenceinteradion and substrate
nested within preference This design is anested fadorial and as such, the nested fador isa
randaom fador (Sokal and Rohlf 1995. Effedswere removed from the model (poded) if they
produced p-values > 0.25in the procedure outlines by Underwood (1997). In most cases, the
nested terms and preferencex cultivar interadions were poded, bu in two cases the main effed
of preferencewas naot significant but significant variation reverthelessoccurred among

substrates. In thisinstance the model consisted of cultivar, substrate and the interadion between
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thetwo. Power anayses were onduwcted using G-Power (Faul and Erdfelder 1992 ontests
that produced low p-values but were otherwise >0.05.
Data were logyp or square root transformed to med parametric assumptions, except for

percentages (sex ratio), which were ac-sin square roat transformed.

Results

Switch Success

The switch method wsed in this gudy had anealy 100% successrate. Only one @lony
clealy did na adopx the A. texana cultivar, asthe PCR assay indicaed that their garden belonged
to the T. septentrionalis cultivar. The fungus garden from one other colony could na be
identified before the sample degraded. These two colonies were excluded from further analyses
(seebelow). Therefore 18 ou of 20 colonies were withou adould cultivating the A. texana

cultivar.

Preference

Preferences were dealy distinct, afinding that mirrors the experiment reported in the
previous chapter. Foragers prefer oak catkins and caterpill ar frassover oak leares and redbud
flowers (Gp=342.3, d =1, p<0.0002 GT =417, d =1, p<0.0001,Figure 11, Appendix C).
Exceptions occurred when two colonies gathered more frassthan led pieces but were otherwise
not statisticaly significant (18frassvs. 10led pieces, G = 2.2, d=1, p>0.12 11frassvs. 4 led
bits, G = 3.4, d=1, p>0.06 or when ore @lony failed to exhibit a preference (five pieces ead of
catkins and flowers). Neverthelessno colonies preferred leaves or flowers; therefore the test of
heterogeneity among colonies was nat significant (GH = 30.4, d =39, p>0.73. A single
exception accurred when ore @lony chose 8 pieces of catkin and 2 peces of flower (G = 3.85, d
=1, p=0.05.

The adltivar switch dd na influencethe preference behavior of the ants. Approximately
3 weeks after the aultivar switch, colonies dill preferred cakins and frassover leaves and
flowers, i.e., the preferences did na result in the expeded change (Gp =337, d =1, p<0.000%
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GT =436, d =1, p<0.0001,Figure 12, Appendix D). Although thetest of heterogeneity among
colonieswas sgnificant (GH =99.7, d =37, p<0.00032, nocolonies changed their preferences

to leaves or flowers. Only one mlony cultivating the A. texana fungus fail ed to exhibit a
significant preference by colleding equal amourts of frassand cek leaves. The seven remaining
colonies that fail ed to exhibit a preferencewere altivating the T. septentrionalis cultivar. Two
of these mlleded equal amourts and the five other coll eded more preferred substrates, but not

significantly.

Adjusting for an unbalanced design

The unbalanced design produced by excluding two colonies was dedt with by two
methods recommended by Underwood (Underwood 1997. First, ‘dummy’ variables were
creaed by taking the mean values for ead groupto which the missng data belonged, whichin
this case, meant taking the mean from the four coloniesin the cdkin groupand the four colonies
in the caerpill ar frassgroup. This atered neither the mean na the variancein ead of these
groups (Underwood 1997; however, the aror degrees of freedom for ead test invalving these
colonies were reduced by two. The seamndmethod creaed a balanced design by randamly
deleting six colonies (two from the remaining A. texana cultivar groups and four growing the T.
septentrionalis cultivar). This produced abalanced design containing 32 colonies. Generally the
results from ead o these methods were very similar. However in some instances the former
methodyielded significant tests that violated the assumption d homoscedasticity. Inthis case, |

report the results from the second method.

Performance Measures. Ant biomassweights and energetics

The dfed of the A. texana cultivar onthe production d T. septentrionalis ant biomass
(sexual and rew worker brood) was minimal (F 134=0.57, pr0.45. Most differences appea to
be due to whether substrates were preferred or not. There was no significant variationin
production among substrates within preference (F 234 = 1.48, 20.24), which were subsequently
poded. Colonies produced approximately 40% more ant biomasson preferred substrates than on
unpreferred (246 95 versus 173+ 98 mg (mean + 1SD), respedively, F 134 =4.87, <0.05.
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The interadion between cultivar types and preferencefell just short of significance (F 134 = 3.74,
p=0.06.

Similarly, the energetic content of broodwas not affeded by cultivar (F; 34 = 0.09,
p>0.75. Once aain, dfferencesin energetic content were asociated with preference---
preferred substrates yielded more Joules of sexua and rew worker broodthan unpeferred
substrates (4131+ 2051 \ersus 2609+ 2448, respedively) (F 134=5.77, ;<0.05. For this
variable however, the interadion between cultivar and substrate type (preference) was sgnificant
so that the A. texana cultivar was just as productive on all substrates (both preferencetypes) as
the T. septentrionalis cultivar was on preferred substrates (F ;34 = 4.48, <0.05 (Figure 13).
Least productive was the T. septentrionalis cultivar fed unpeferred substrates. This suggests
that led-cutting ant cultivar is better able to convert led tissue into ant biomassthan T.

septentrionalis cultivars.

Sexual Biomassand Energetics

Seventeen of the eghteen colonies growing an A. texana cultivar produced sexual
off spring, all of which produced female sexual biomass Eight of these mlonies produced orly
female brood. Eighteen of the @lonies growing T. septentrionalis produced sexuals but only
fourteen o these produced any females, four producing only female brood. Male productionin
other words appeaed to be more ébundant in colonies growing aT. septentrionalis cultivar.

Sexual biomasswas sgnificantly affeded neither by cultivar type (F 132 = 0.11, p»0.74)
nor preference (F 1, =2.02, p>0.29. Most variationin sexua production was attributed to
substrate type that was independent of preference (F 23, = 4.02, < 0.095. Spedficdly, the lower
amounts of sexua biomasswere produced on @k leaves, than onflowers, catkins or frass which
was smilar to the pattern for biomassexpressd in energetic terms. Therewas also an
interadion between preference and cultivar (F 132 =4.91, < 0.05), so that more sexual output
was produced in T. septentrionalis cultivars receving preferred substrates and all A. texana
cultivarsthan T. septentrionalis cultivars receving unpreferred substrates (Figure 14). In ather
words, the outcome is very simil ar to that observed in total ant biomass(Figure 13). This pattern
ismirrored in the production d female biomass which dces not appea to vary dueto cultivar (F
132 = 0.40, pr0.53 nor preference (F 1, = 2.38, 0.26); rather most variation appeas
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attributable to low productionin the T. septentrionalis cultivars fed leaves or flowers
(unpreferred substrates (F 132 = 4.2, p<0.05. Mae biomassonthe other hand dd na vary
between cultivars (F 130 = 0.86, p»0.35), substrates (F 330 = 1.31, p0.28), or the interadion
between cultivars and substrates (F 330 = 0.59, 0.63.

Differencesin sex ratio (percent total male biomasd(female +male biomasg) were not
statisticdly significant, even though more male biomasswas produced in colonies growing the T.
septentrionalis cultivar (25+ 9%) (mean + SE), range: 0-100%) than in those ailtivating the A.
texana cultivar (9 £ 5%, range: 0-96%) (F 134 =2.47, pr0.12. The sex ratio was nat affeded by
preference (F 134 = 1.66, »0.20 nor by the interadionwith cultivar (F 134 =1.51, p>0.22. The
power of the aultivar test was rather low; however, with avalue of approximately 0.25.
Therefore the probabilit y of making atype Il error was high (concluding that thereis notrend
when oreinfad exists) ([C=11-0.25=0.795. Even if there were asignificant trendin the data
here, it would be in the oppasite diredion than indicaed by Mueller (2002, sincethe sex ratio is
male biased in the @lonies onthe wnspedfic aultivar.

It shoud be pointed ou that all of these analyses on sex ratio violated the assumption d
homogeneous variances, even though analyses were performed on urnransformed, log-
transformed and arc sine square roat transformed data. The &owve results were mnducted onarc
sinetransformed data. Violation d this assumption causes inflated F- statistics and pvalues,
which therefore increases the probability of a Type | Error (Underwood 1997, bu thisis not
relevant sincethe results were not significant.

Female date off spring were on average fatter in colonies growing the T. septentrionalis
cultivar (20.3t 6% (A. texana) versus 25.5+ 5% (T. septentrionalis) (F 109 = 5.57, p< 0.05,r* =
0.19). This pattern was also olserved in the average percent fat of male off spring (5.4+ 4.2%

(A. texana) versus 9.4t 4.1% (T. septentrionalis) (F 117 =4.66, p>0.05,r 2=0.22. Substrates
and peferencetype were nat significant effeds. Therefore it appeas that variation in fat content
isentirely attributable to cultivar.

Fungus garden traits

Fungus garden vdume during the eght-week period was nat affeded by cultivar type (F
1316 = 0.01, p>0.99), preference (F 1316= 0.53, p0.47), na their interadion (F 1316=0.11,
p>0.74) (between effeds, repeaed measures ANOVA). The dfed of week (within effeds,
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repeaed measures ANOVA) was sgnificant (F 1316 = 586.3, ;<0.000) but week did na interad
significantly with cultivar (F 1316=0.01, p»0.91), preference (F 1316=0.98, »0.32, or their
interadion (F 1316= 0.2, p>0.69 (Figure 15). Therefore it appeasthat all variationin the
growth of the fungus garden was entirely attributable to time and nd cultivar and preference. All
substrates and culti vars therefore would appea to have had similar patterns of growth, in ather
words.

Fungus gardens were the heaviest in colonies recaving preferred substrates (9.23+ 49
versus 3.63+ 1.964, respedively, F1,5=44.2, p<0.000). Fungus gardens growing the T.
septentrionalis cultivar were dso heavier than gardens growing the A. texana cultivar (7.65+
5.26g versus5.21+ 2.37g, respedively; F125=5.71, p<0.05. There was no significant
variation among substrates (F, 26 = 0.597, p> 0.56), other than that due to preference therefore
substrate was dropped from the model. There was asignificant interadion ketween cultivar and
preference however, which makes the situation somewhat complex (F12s = 4.96, <0.05.
Fungus gardens receving unpreferred substrates were the lightest, which was true for the T.
septentrionalis and A. texana cultivars. The heaviest gardens were thase containingaT.
septentrionalis cultivar receving preferred substrates, whereas A. texana cultivars recaving
preferred substrates were slightly lower but above the unpreferred substrates (Figure 16). The
amount of substrate acceted was nat significantly affeded by cultivar type (F 32 = 0.56,
p>0.46), preference (F12 = 5.97, »0.13), substrate within preference (F, 32 = 2.56, p>0.09), or
theinteradion between cultivar and preference (F1.3.= 3.09, >0.08), despite obvious variation

among the substrate-cultivar combinations (Figure 17).

Most variationin the percent chitin appeaed to be explained by the type of cultivar and
substrate. On a percent basis, colonies growing the A. texana cultivar contained a higher percent
chitin than colonies growing the T. septentrionalis cultivar (4= 2% versus 3 £ 1%, respedively;
F126=5.52, ;<0.095. Percent chitin appeaed to be influenced mainly by substrate nested within
preference (F;, 26 =12.73, p<0.007) that was independent of preference (F, 26 = 0.05, p>0.85),
making it apparent that the substrates were nat uniform within preference. For thisreason, the
effed of preferencewas dropped. Subsequent analysis for this variable was conducted ona
model that contained the dfeds of cultivar, substrate and their interadion. Cultivar type

interaded in a cmplex fashion with substrate so that the best substrate and culti var combination
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for the production d chitin was the A. texana cultivar growing on cakins or redbud(two-way
ANOVA, F330 = 6.37, pr0.01,adjusted r> =0.66) (Figure 18). The lowest percent chitin was
foundin the A. texana cultivar growing onfrassand T. septentrionalis cultivar growing on cek
leaves (Figure 18). Notably diff erences were found letween the two culti vars when grown on
the same substrate. The Atta texana cultivar contained abou doule the percent chitin foundin
T. septentrionalis cultivars when growing on redbudflowers.

When the weight of the fungus garden and its percent chitin were combined to produce an
estimate of the garden’s total amourt of chitin—the total amourt of fungal biomassin eat
garden--- the results were quite similar. Fungus gardens of both cultivar types were rather
similar in terms of total chitin content (0.218+0.12(A. texana) versus 0.264+ 0.207(T.
septentrionalis)) (F132=.004, >0.95. While preferred substrates did nd produce more dhitin
(F 12 =4.87, pp0.15, therewas asignificant interadion between preference and cultivar type (F
132 = 9.35, <0.00]). Thelargest amourt of chitin was produced in the T. septentrionalis
gardens fed preferred substrates relative to those fed unpeferred substrates of either cultivar
(Figure19). TheA. texana cultivars produced similar amourts of fungal biomasson preferred
and unpeferred substrates. Unpreferred substrates on bdh cultivars were not significantly

different however.
Efficiencies of cultivarsand substratesin producing fungal and ant biomass

It appeasthat eat substrate and cultivar isjust as efficient at producing ant biomass on
aweight or energetic basis. The dficiency of ant biomass(g) production per gram of substrate
did na vary significantly with regard to cultivar (Fy30=0.03, p»0.87) or substrate (F 3,30=
0.682, 0.40 or the interadion (Fz 30 = 0.512, »0.48. Likewisethe production d ant biomass
in energetic terms (J) per gram of substrate alded was unaffeded by cultivar (Fy30=0.39,
p>0.54), substrate (F330=0.17, >0.9]) or theinteradion (F330=1.13, p>0.35.

The production d chitin onthe other hand was clealy favored in spedfic combinations
of cultivar and substrate. Both cultivar types and preference caegoriesdid na differ in their
efficiency to convert substrate biomassinto chitin (Fy30=0.802, p> 0.37) (F12 = 3.55, 0.20.
However, substrates nested within preferencewas sgnificant (F, 32 = 5.89, p<0.01).

Consequently, the main effea of preferencewas dropped from the model and amodel containing
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substrates, cultivar and their interadions subsequently analyzed. Cultivar was nat an important
fador in the dficiency of chitin production (F130=1.19, p>0.28 but significant variation
occurred among substrates (F 330 = 12.35, <0.00]) and their interadion (Fs 30 = 6.63, <0.007J).
Oak leaves were the least efficient toward the production d chitin and was true for bath cultivars
and similar to flowers onthe T. septentrionali s cultivar (Figure 20). Interestingly, the redbud
flowers were dou twice & efficient toward the production d chitin in the A. texana cultivar as
intheT. septentrionalis cultivar (Figure 20). The remaining substrate and cultivar combinations

were otherwise quite simil ar.

Discusdon

There ae severa major findingsin this dudy. First, the ailtivar switch experiment was
largely successul and the dfed of the A. texana cultivar on forager behavior (substrate
preference) and ant biomassproduction was largely negligible. The diff erent cultivars appea to
be virtualy identicd from the perspedive of the ant. Thisis surprising sincethe data presented
hereindicae that the aultivars werein fad different moleaularly and plysiologicdly. The A.
texana cultivars were dealy more dficient at converting redbud(Cercis canadensis) flowers
into fungal biomass

Seond,there was no evidencefor a‘tug-of-war’ between ants and fungi over sex ratio or
sexua reproduction. Rather it appeaed that the A. texana cultivar might be better suited toward
the production d sexuals, espedally females. Although diff erences were nat statisticaly
significant and lading sufficient power the diredion d differences wasin the oppasite diredion
than predicted by Mueller (2002, since more male biomasswas produced onthe T.
septentrionalis cultivar.

Third, the resultsin this gudy indicae that ants have probably adapted to their cultivar to
a cetain degree apedally with regard to substrate dhoice T. septentrionalis colonies are more
productive on preferred substrates (frassand cakins) than on unpeferred substrates (leaves and
flowers) when they grow their cultivar (significant interadionterms). However these differences
disappea when they cultivate the A. texana strain (Figure 13-14). Additionally, females were
fatter in gardens cultivating the T. septentrionalis cultivar, which indicaes that these females had
probably matured and were ready to fly (Sed and Tschinkel in press. The pattern for average
male fat aso suppat thisclaim, in avariety of field and lab experiments, average male fat rarely
exceals 11% (J. N. Sed, unpubished data). These alonies therefore would have had an ealier
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bou of reproduction than colonies onthe A. texana cultivar, perhaps conferring a seledion
advantage (Bourke and Franks 1995.

The basis for these phylogenetic diff erencesis difficult to explain havever sinceone
would think that led-cutting fungi would be speadalized to metabalizing led tissue, sincethat is
mainly what led-cutting ants feed their fungus. The nonled-cutting cultivars sroud be
adapted to awider-variety of substrates that includes leaves and frass It would appea then that
the evolution d led-cutting was not acaompanied by alossof the aility to processfrass a
substrate that lessderived ants feed their fungus, rather it was accompanied by the aility to
metabolize awider spedrum of substrates. However, very young colonies of led-cutting ants
contain small monamorphic workers that are not able to cut tough leaves (Wetterer 1994h and
may even colled frass therefore it would na be alaptive to have a ailtivar that is edalized for
led tiswue.

There ae someinescgpable cavedsin this gudy. First, although the performance
measures used in this gudy approximate fitness because the chances of having succes<ul
off spring probably increase with the magnitude of reproductive investment (you can’'t have
offspring if you do nd reproduce), this sudy encompassed orly one reprodictive bou and
fitnessis esentidly arate. Thereforeto get atrue estimate of fithesswould involve measuring
the successof colonies over time in their ability to produce sexual off spring that were then
cgpable of producing sexual offspring, etc. Sincethe offspring in this gudy were kill ed along
with their colony, it isnat known haw these off spring would have fared ontheir own. Idedly
one would want to be ale to measure their successfoundng colonies ontheir own. These ants
will fly inthelab and| went to grea lengths to prevent them from doing so by killi ng them
relatively ealy and puting screens on the tray tops abou 2 weeks before the end d the
experiment. Even if | allowed them to fly and was able to keep the dates from colonies sparate
(most coloniesin the lab reproduce simulatenouwsly), the laboratory appeasto ladk the proper
condtions for successul matings and foundngs In the summer of 20021 observed several
laboratory mating fli ghts and even several males and females copuating, a processthat lasted 45
minutes in some caes. However disedionsindicaed that these mpuations did na result in
insemination and nore of the undsseded females layed eggs—most eventually died abou ayea
later. Future work could focus on haw to get these ants to succesSully mate in the laboratory,
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which in the processwould truly unit socia insed biology with ather themes in evolutionary
emlogy (Bourke and Franks 1995.

Ancther caved isthe dhoiceof fungal performance measurein this dudy. While diitinis
well established to be ameasure of fungal biomass(seeMethods), it does not necessarily indicae
the condtion o the fungus garden; rather, simply how much bhiomassit has produced. It does
not tell necessarily inform how well it i sable to produce nutrients for itself or the ants, bah of
which could have implicaionsin the production o future off spring and fungus gardens. It is
possble that any of these diets, espedally those that appea to be goodfor chitin production, bah
as a percent and total amourt, could have negative consequences later in the summer when
workers are produced, which are probably needed to survive the winter and o course help the
reaing of sexualsthe following spring. ldedly one would want to measure the nutrients
produced by ead fungus garden as aresult of substrate type.

This experiment was relatively short compared to the lifespan of T. septentrionalis
colonieswhichisat least 5 yeas (J. N. Sed, unpubdished data). If this experiment were
allowed to extend to encompass ®veral reproductive bous, espedally more than org, it is
posshble that preferences could have graduall y changed so that foragers cultivating led- cutting-
ant fungus might eventually lean to colled leaves and flowers, which this gudy indicae aejust
as goodsubstrates for the A. texana cultivar (Figures 16-18). In ather words, it is possble that
threeweeks was nat enough time for workersto interad with their cultivar and ke &leto lean
things from it. Leaning could also accur during criticd periodsin development, so that only
new offspring (i.e., very yourg) would be ale to lean the physiologica diff erences among
cultivars, if they are & all perceptibleto the ants snsory systems.

Finaly alimitationinherent in this type of study isthe aility to focus on ore popuation
of two widely ranging spedes. Trachymyrmex septentrionalis is foundin most of eastern North
America and this gudy coll eded colonies from an areasmall er than ore hedare. Likewise, A.
texana is a spedes foundin most of western Louisiana and southeastern Texas and part of
northern Mexico. Therefore the scope of this comparative might be somewhat limited sinceit
does not encompassmost of the variability likely foundin these two spedes. Certainly the
environment in Floridais much dfferent than that foundin New Jersey, Illinois or New Mexico.
Degspite this limitation, al studiesto date have shown that the fungal cultivars of these two

spedes are quite different (Wetterer et al. 199§ and therefore these aultivar switches are
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probably indicaive of results that could be foundwith amore extensive survey (and limited less
funds).

Commentary on arecent emphasison the role of conflict in the study of the Attini

The results from this dudy are quite similar to those in another study designed to test for
cortflicts between ants and their fungi (Mehdiabadi et a. 2005. These aithors conducted
cultivar switch experiments between closely related Cyphomyrmex spedes and dd na find
differences with regard to sex ratio or sexual production. They listed severa reasons explaining
theladk of a alltivar effed. Antsin the genus Cyphomyrmex appea to have switched cultivar
lineages repededly over evolutionary time, a processthat appeas to have resulted in lineages lost
to the ‘wild’ and rew strains ‘domesticated, passbly within the past few milli onyeas (Muell er
et a. 1999. The switches may be so frequent that it is not possble that ant-cultivar conflict has
had enough time to evolve. However, this dissertation used higher attine spedes that have been
culti vating the same lineage of fungi for 40-50 millionyeas (Chapela @ a. 1994 Mueller et a.
1998, which would presumably be long enough for coriflict to evolve (Mehdiabadi et al. 20095.
The remaining possbiliti es include that the time frame of this gudy and that by Mehdiabadi et al.
(2005 was too short--- bath encompassed orly one reproductive bout. It isunknown therefore
whether diff erences would have resulted if the experiments were dl owed to continue. Itisaso
posshble that the fungus might nat manipulate the sex ratio because it reduces the dficiency of
the symbiosis.

The stability of this mutuali sm with regard to the genetic identity of the partnersis
explained by the perspedive alvocaed by Margulis and Sagan (2002, who popose that most
evolutionary change results from the fusion d genomes. Although the fungal and ant genomes
have not physicdly fused, the result is that neither the ants nor the fungus can successully
reproducewithout the other. The datain this paper indicate that it isimportant to uncerstand the
role of the fungusin this mutualism. It is not terribly useful to look at it from a aoperation-
conflict point of view. Thereisno evidenceof conflict--- in fad the evidence points toward
complete moperation between ants and fungi.

Focusing on conflict patentially causes us to overlook some very important feaures of

this mutualism that sets this ant apart from other ants, if not organisms generaly. There ae
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many interesting aspeds of the biology of these antsthat could be discovered if greaer emphasis
were placal onthe mutualist asped of their life history. To take ancther anaogy, the
endosymbiotic events that led to the evolution d eukaryotic cdlsandthusall fungi, plantsand
animals had a profoundimplication for al li fe on eath—certainly aswe know it.

Within their geographic range, attinestendto be highly abundant and extremely
important membersin their eclogicd community in terms of the anourt of biomassthey
harvest, soil turnover, influences on dant communiti es, nutrient recycling or even their status as
agricultural pests (LaPointe & al. 1998 Wirth et al. 2003 Sed and Tschinkel 2006. Part of their
successcan be atributed to their colony-foundng mode. Nealy al fungus gardening ant queens
forage for food duing the foundng phase and they appea to use their incipient fungus garden
exclusively to producetheir off spring (Ferndndez-Marin et a. 2004 Sed and Tschinkel in press.
The consequenceis that fungus gardening ant colonies do nd need to producefat-laden queens
(>40% body fat) that use their body fat and aher metabalic stores to producetheir first workers.
This makes the anourt of colony investment in colony reproduction much lower, sincethere ae
nat large quantiti es of fats, sugars and protein that are typicdly foundin most ant queens (Kell er
and Passra 1989. There ae likely other interesting consequences that this symbiosis has had on
their evolutionary elogy, which have nat yet been discovered.

Adoping a hadlistic perspedive is by no means new, making it quite surprising that a
wider audiencehas not adopted it. Boucher (Boucher 1988 attributes this to ageneral emphasis
on predation and parasitism in ealogy during most of the 20" century that was perhaps driven by
afea of the mmmunist nature of mutualisms. After al, the term mutualism appeasto have
originated from severa parall els ealy biologists took from human societies, such as the
‘Mutualité societies that were formed by workersin France and Belgium in the 19" century ---
the main proporents of mutuali sm were indeed affili ated with the left wing in turbulent times
(Boucher et a. 1982. Thefirst booksto ded with emlogicd mutualism were written by the
Rusgan anarchist, Peter Kropakin, Mutual Aid: A Factor in Evolution (1902 (Boucher et al.
1982 Boucher 1988 and the American padfist, Warder C. Alleg Principles of Animal Ecology
(1949 (Boucher et . 1982 Mitman 1993. Maybeit istimeto get over the past and seethe

virtues of ‘left-wingers'.
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CHAPTER 4

CONCLUDING REMARKS

Mueller (2002 and Muéller et a. (2007 argue that the fungus sroud na be viewed asa
passve member of the mutualism. These authors propcsed in fad that fungus manipulates the
antsto its own ends. The data presented in this dissertation instead argue that the aility of the
fungus to influence ant behavior isadually quite limited. Both studiesindicated that substrate
preferenceisfairly fixed and appeas intrinsic to the ants, sinceit was by and large neither
atered by their diet nor cultivar, even though diet and cultivar can produce significant resporses
in the anount of ant and fungal biomassproduction. Preferred substrates (frassand cakins) can
be mlleded and harvested much more eaily than unpeferred substrates (leaves and flowers) that
neel to be ait first before being colleaed and harvested. Thiswould suggest that the ants are not
necessarily using immediate aues emitted by the fungus garden in establi shing preference
Moreover, preference and foraging are not tightly related to performance, otherwise the ants
would na have built up large gardensin the cakin treament that they subsequently did na use.
Although the energy expenditure of doing so was not measured in this dudy, it demonstrates an
indired link between their behavior and performance

The default strategy of the ants appeasto be toward the @lledion d itemsthat probably
give off certain cues or signatures that the ants can associate with pasiti ve outcomes with fungus
garden and colony performance. This appeas only after the fad—they canna process
information onthe spat. This potentialy explains why the ants appea to have preferred frass
from oleander caterpill ars feading on deander, bah o these do nd appea to be native to
sandhill sFlorida. Oleander is native to the Mediterranean and the cderpill ar is Caribbean in
origin andis nat resistant to the frequent winter-frosts in nath Florida—adults fly northward
during the spring and summer. Moreover, the strategy the ants used appeaed to work for five
out of the six substrates used in this gudy, in nature the probability of a medanism succedalingis
perhaps much higher. The substrates that wild colonies colled is probably quite variable and
perhaps negative amnsequences may be infrequent if there is a dose-dependent resporse of toxic
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substrates. Thefad that coloniesin the first experiment on the mixed det colleded some frass
suppatsthisclam (Table 1).

The tightest link between preference and performancewould appea to bein cases where
substrates have negative or lethal consequences ontheir symbiotic fungus. The only instance
where preference gpeasto have danged occurred in the wlonies that receved the Orgyia
detrita frass Sincethis behavior was very similar to behaviors reported in ather studies that
employed excdlent substrates laced with fungicides (Ridley et al. 1996 North et al. 1999, it is
tempting to presume that the O. detrita frasshad a negative dfed on the fungus garden, which
the ants perceved and aded acwrdingly by rgjeding the frass In ather words, it does not
appea that seledion hes produced workers that lean the best substrates, rather it would appea
that they lean which ores are bad and to be aroided. Thereisa compromise in aher words
between what they can colled and what is suitable, which they do nd immediately know.

The two experimentsin this dissertation have conflicting results in severa instances,
however. Thefirst observationisthat the leavesin the first experiment appeaed to be an
adequate resourcetoward the production o ant and fungal biomasswhen cultivating their own
cultivar (Figures 7-8) . The second experiment indicaes that leaves are anong the least
productive substrates (Figures 11-12, 1419), espedally when cultivating their own type of
fungus. Why this might be the caeisunclea. Led quality could have varied among yeasin
the study sitesin this gudy, even though there were no obvous differencesin their appeaanceor
smell. They were mlleded approximately the same time and from the same sites. They were
kept additionally in the same freezers as the other substrates. No large outbredks of caerpill ars
were observed at the field sites, which could have caised induction d plant defenses, as noted in
other oak spedes (Wold and Marquis, 1997. In some caes | may have @lleded from the same
oak trees asin the previous yea, though | never kept records that spedfic, making it possble that
the partial defoliations | caused may have caused increased defenses the foll owing yea.
However, redbudflowers appea to be similarly unproductivein the T. septentrionalis cultivar
and these were nat used in 2003 no even colleded that yea, so induction caused by me wuld
not have had arole.

One posshility isthat the fungal cultivarsin the switch experiment were nat suitable for
the metabadlizing of fresh plant tissues. Asagenus, the fungal cultivars of Trachymyrmex tend to

be rather heterogeneous moleaularly; more variationistypicdly observed in these alltivars than
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in those of Atta (S. A. Rehner, pers. comm.). Even the popuation d T. septentrionalis studied in
this projed is charaderized by at least two genotypes, which may exist in neighbaing nests and
onthe scde of several kilometersinthe ANF. Thetwo A. texana cultivars used in this gudy in
contrast were geneticdly indistinguishable. Ancther curiousfad isthat not al | aboratory stock
colonies of T. septentrionalis will cut leaves when provided only leares asafoodsource Some
colonies will voradously attadk leaves and ahers appea willi ng to starve if they have to cut and
colled leaves. Thishas been olserved duing the several yea lifespan of these wlonies. It
would appea then necessarily to demonstrate whether the genetic differences in cultivar are
correlated with physiologicd differences, espeaally in away that would influencethe production
of ant off spring (and rew fungus gardens).

Finally, this gudy ill ustrates that not all frassappea to beidenticd from the ants' or
fungus perspedive. The tussock moth caerpill ar frassreared from turkey oak leaves appeasto
have caised complete regjedion d this substrate. In contrast, frassfrom eastern tent caerpill ars
reaed oncherry leares appeas highly suitable and was never rejeded. Thiswould suggest
considerable variation in the suitabilit y of frasstypes an ant can be expeded to encourter during
itsforaging trips. | have dso made several casua observations when colonies are given various
frasstypes that further suppatsthis clam, even though they are simple aneadotes. Lab-reaed
sulphu butterfly caterpill ars (Phoebus spp., Pieridag on Senna spp. (Fabaceag were never
colleaed, even when left in the foraging arenas over the @wurse of several days. Fall webworm
frassis generaly colleded (and preferred, see dowve) when the cderpill ars are reaed on
perssimmon bu not when the caerpill ars are reaed on pecan (Carya illinoinensis, Juglandaceag
leaves. The odar of these two frasstypesis quite distinct; and very similar to the oda of the
leaves from which the frasswas produced. Fall caerpill ars that feed onsandhill oaks, such as
pusscaerpill ars (Megalopyge spp., Megaopygidae and aange-striped oak worms (Anisota spp.,
Saturniidae are @lleaed by lab colonies but never in large quantiti es, althouwgh by fall colonies
are beginning to go damant.

Finally, if O. detrita caerpill ars are reaed onwater oak, colonies do colled their frass
and rever exhibited rejedion kehavior, but sincethese wloniesalso had ather substrates at their
disposal, it isnot clea whether there is a negative response that might be cmnfounded with dose.
Unfortunately, | was only able to find 2egg cases of O. detrita in 2004 it appeas therefore that

the outbre&k is over, making it difficult to pursue this angle.
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APPENDIX A

Pairwise Preference Trials (2002

Sub1l

Catkins
Catkins
Catkins
Catkins
Catkins
Catkins
Redbudflowers
Redbudflowers
Redbudflowers
Redbudflowers
Redbudflowers
Redbudflowers
Tent Cat. Frass
Tent Cat. Frass
Tent Cat. Frass
Tent Cat. Frass
Tent Cat. Frass
Tent Cat. Frass
Webworm frass
Webworm frass
Webworm frass
Webworm frass
Webworm frass
Webworm frass
Prunus flowers
Prunus flowers
Prunus flowers
Prunus flowers
Prunus flowers
Prunus flowers
Oak Leaves
Oak Leaves
Oak Leaves
Oak Leaves
Oak Leaves
Oak Leaves

Sub?2

Oak leaves
Prunus flowers
Prunus flowers
Prunus flowers
Prunus flowers
Redbudflowers
Oak cakins
Catkins

Tent Frass
Tent Frass
Tent Frass
Tent Frass
Prunus flowers
Prunus flowers
Prunus flowers
Prunus flowers
Prunus flowers
Prunus flowers
Prunus flowers
Prunus flowers
Prunus flowers
Prunus flowers
Prunus flowers
Redbudflowers
Tent Cat. Frass
Tent Cat. Frass
Tent Cat. Frass
Tent Cat. Frass
Tent Cat. Frass
Tent Cat. Frass
Oak cakins
Oak cakins
Tent Cat. Frass
Tent Cat. Frass
Tent Cat. Frass
Tent Cat. Frass

Subl1(no) Sub2(no.
11
10
28
13

8
10
10
39
34
43
10
10
12
21
11

8

8
12
30
17

8

6

8

2
20
11
11
10
10

8
13
20
30
12
20
25
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G
9.75]
5.822
23.26:
9.01¢
3.85¢
8.547
8.547
29.84(
27.10¢
31.49¢
8.547
8.541
7.92¢
15.18¢
4.86(
3.85¢
3.85¢
7.92¢
29.39¢
4.29¢
3.85¢
0.40¢
1.35¢
3.85¢
5.31¢
4.86(
4.86(
8.54
8.547
3.85¢
12.20:
21.07
19.81-
7.92¢
17.09¢
16.93¢

P
0.002
0.01¢
0.00(
0.003
0.05(
0.003
0.003
0.00(
0.00(
0.00(
0.003
0.003
0.001
0.00(
0.021
0.05(
0.05(
0.001
0.00(
0.03¢
0.05(
0.52¢
0.244
0.05(
0.021]
0.021
0.021
0.003
0.003
0.05(
0.00(
0.00(
0.00(
0.001
0.00(

0.00(

mean cakin
mean tent frass
mean fal web
mean redbud
mean Prunus
mean leaves

sum cakins
sum tent frass
sum fall web
sum redbud
sum Prunus
sum leaves

13.c
12.C
11.¢



APPENDI X B (Pairwise Preference Trials, 2003

Sub?2 Note
COLONY Treat Subl Sub2 Subl1l(No.) (No) G P
7pref  cakins flowers 13 4 5.0z 0.02¢ Flowers= huckleberry
12pref  cakins flowers 18 8 3.9 0.047 Frass= Orgyiadetrita
13pref  cakins flowers 8 2 3.8£ 0.05(
28pref  cakins flowers 10 2 5.82 0.01¢
35pref  cakins flowers 10 2 5.82 0.01¢
S5pref  cakins flowers 12 4 4.1€ 0.041
lpref  frass leaves 18 4 9.6% 0.00z
2pref  frass  leaves 30 12 7.97 0.00%
8pref  frass leaves 14 3 7.7z 0.00¢
14pref  frass leaves 19 4 10.6% 0.001
17pref  frass leaves 11 1 9.7€ 0.00z
20pref  frass  leaves 14 4 5.8€ 0.01¢
18unpef cakins flowers 11 1 9.7€ 0.00z
10unpef cakins flowers 8 2 3.85 0.05(
25unpref cakins flowers 10 1 8.54 0.00:
26unpref cakins flowers 15 4 6.7€ 0.00¢
30unpef cakins flowers 9 1 7.3€ 0.007%
39unpref cakins flowers 10 1 8.54 0.00:
36unpef frass leaves 14 4 5.8€ 0.01¢
llunpef frass leaves 13 4 5.01Z 0.02¢
21lunpref frass leaves 12 2 7.9z 0.00¢
22unpref frass  leaves 21 6 8.8z 0.00:
27unpef frass leaves 10 2 5.82 0.01¢
Qunpef frass leaves 10 2 5.82 0.01¢
320 80 164.38¢

mean

cakin 11.2  sumcakins 134

mean

frass 15.5 sum frass 18¢€

mean

leaves 4 sum leaves 48

mean sum

flowers 2.67 flowers 32
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APPENDIX C (Pairwise Preference Trials (2004,Before Switch)

COLONY Cultivar Pref

13
16
17
18
22
1
4
6
42
D14
11
12
D13
36
37
41
8
23
24
30
25
29
32
39
19
2
20
31
34
38
5
14
15
33
28
10
21
26
27
35

Atta
Atta
Atta
Atta
Atta
Atta
Atta
Atta
Atta
Atta
Atta
Atta
Atta
Atta
Atta
Atta
Atta
Atta
Atta
Atta
Trachy
Trady
Trachy
Trady
Trachy
Trady
Trachy
Trady
Trachy
Trady
Trachy
Trady
Trachy
Trady
Trachy
Trady
Trachy
Trady
Trachy
Trady

pref
pref
pref
pref
pref
pref
pref
pref
pref
unpref
unpref
unpref
unpref
unpref
unpref
unpref
unpref
unpref
unpref
unpref

unpref
unpref
unpref
unpref
unpref
unpref
unpref
unpref
unpref

Sub1
cakins
cakins
cakins
cakins
cakins
frass
frass
frass
frass
frass
cakins
cakins
cakins
cakins
cakins
frass
frass
frass
frass
frass
cakins
cakins
cakins
cakins
cakins
frass
frass
frass
frass
frass
cakins
cakins
cakins
cakins
cakins
frass
frass
frass
frass
frass

Sub2 Subl (No.)Sub2(No.) G p Note:

flowers
flowers
flowers
flowers
flowers
leaves
leaves
leaves
leaves
leaves
flowers
flowers
flowers
flowers
flowers
leaves
leaves
leaves
leaves
leaves
flowers
flowers
flowers
flowers
flowers
leaves
leaves
leaves
leaves
leaves
flowers
flowers
flowers
flowers
flowers
leaves
leaves
leaves
leaves
leaves
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14
13
15
20
21
10
10
10
16
11
11
11
30
19
54
18
18
22
11
18
42
12
27
16
21
10
21
12
15
15
13
40
24
12
12
15
14
16
18
11
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10
4

5.8¢€ 0.0zFlowers= redbud
6.740.01Frass=tent caterpill ar frass
8.720.0C
9.640.0C
7.320.01
8.5 0.0C
3.9€ 0.0t
8.5 0.0C
4.720.0¢
4.8€ 0.0z
6.8€0.01
4.8€ 0.0z
17.470.0C
8.710.0C
20.270.0C
5.010.0¢
6.2€0.01
16.310.0C
4.8€0.03
5.010.0¢
21.170.0C
7.920.0C
14.4£0.0C
7.710.01
7.320.01
8.5 0.0C
18.2¢0.0C
4.1€0.04
5.220.0z
3.9€ 0.0
5.020.02
23.2¢0.0C
26.2€ 0.0C
10.970.0C
10.970.0C
3.9€ 0.0
13.4£0.0C
12.400.0C
2.320.12
3.4C0.07



APPENDI X D (Pairwise Preference Trials (2004,After Switch)

COLONY Cultivar Pref  Subl Sub2 Subl(No) Sub2(No) G P Note

13 Atta pref cakins flowers 20 121.070.0CFlowers = redbud
16 Atta pref cakins flowers 9 1 7.3€0.01Frass=tent caerpill ar frass
17 Atta pref cakins flowers 12 110.970.0C
18 Atta pref cakins flowers 4 6 0.4C0.5z
22 Atta pref cakins flowers 8 2 3.850.0t
1 Atta pref frass leaves 10 1 8.5£0.0C
4 Atta pref frass leaves 5 5 0.0C1.0C
6 Atta pref frass leaves 2 8 3.850.0t
42 Atta pref frass leaves 5 5 0.0C1.0C
D14 Atta unpref  frass leaves

11 Atta unpref  cakins  flowers 13 112.200.0C
12 Atta unpref catkins flowers 12 110.970.0C
D13 Atta unpref catkins flowers 31 135.4€0.0C
36 Atta unpref  catkins  flowers 10 1 8.5£0.0C
37 Atta unpref  catkins  flowers 35 140.770.0C
41 Atta unpref  frass leaves 38 144.7€¢0.0C
8 Atta unpref  frass leaves 18 118.500.0C
23 Atta unpref  frass leaves 21 122.3€¢0.0C
24 Atta unpref  frass leaves 10 1 8.5£0.0C
30 Atta unpref  frass leaves 48 443.8¢0.0C
25 Trachy pref cakins flowers 14 6 3.2€0.07
29 Trachy pref cakins flowers 8 3 2.3€0.1z
32 Trachy pref cakins flowers 6 6 0.0C1.0C
39 Trachy pref cakins flowers 11 2 6.8€0.01
19 Trachy pref cakins flowers 9 5 1.1€0.2¢
2 Trachy pref frass leaves 5 7 0.3:20.5€
20 Trachy pref frass leaves 7 3 1.650.2C
31 Trachy pref frass leaves 8 2 3.850.0t
34 Trachy pref frass leaves 9 2 4.820.0¢
38 Trachy pref frass leaves 8 2 3.850.0t
5 Trachy pref cakins flowers 11 1 9.7£0.0C
14 Trachy unpef cakins flowers 25 416.920.0C
15 Trachy unpef cakins flowers 22 123.6€0.0C
33 Trachy unpef cakins flowers 10 2 5.820.0z
28 Trachy unpef cakins flowers

10 Trachy unpef frass leaves 11 1 9.7£0.0C
21 Trachy unpef frass leaves 12 110.970.0C
26 Trachy unpef frass leaves 12 110.970.0C
27 Trachy unpef frass leaves 10 2 5.820.0z
35 Trachy unpef frass leaves 13 2 9.010.0C
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APPENDIX E

DNA Extraction Method (written by Stephen A. Rehner)

Total genomic DNA was extraded dredly from fungal gardens. Prior to DNA extradion fungal
garden samples were fixed in RNALater (Ambion, Austin, Tx) and stored at -20 C.
Approximately 50-75 mg of garden material (~ 100l volume) was used for DNA extradion by
the method d (Rehner and Buckley 2003. Briefly, the garden material was removed from the
DNALater, freeze-dried and groundwith zirconia-glassbeads (Biospec Bartell svill e, OK) in a
FastPrep sample grinder for 6-10 sec d a speel setting of 4. The groundsample was suspended
in 900! detergent solution (2 M NaCl. 0.8% (w/v) deoxychadlic agd-sodium salt (Sigma
D6750, 1.0% poalyoxyethylene 20 cetyl ether (Brij 58) (Sigma P5884), incubated at 55 C for 10
min, extraded with an equal volume of choroform:isoamyl alcohd (24:1) and the phases
separated by centrifugation. The upper, DNA-containing aqueous phase, was transferred to a
fresh tube and mixed with an equal volume of 6 M guanidinium thiocyanate, to which 25ul of
glasspowder () was suspended and mixed with gentle rocking for 5 min. The glasspowder was
pell eted threetimes by centrifugation and washed twicein ethanad buffer (50% ethand, 10mM
TrispH 8.0, 0.1mM EDTA). After thefina centrifugation the pell et was dried at 55 C and the
DNA eluted into 100ul TE (10mM TrispH 7.5, 0.1mM EDTA). The DNA wasrun on 26
ethidium-stained agarose gels and compared to knovn masses of lambda DNA standards. The
DNA samples were dil uted to 2-5 ng/ul.

PCR Amplification

The nuclea ribosomal internal transcribed space (ITS) sequencewas determined for ead
cultivar. ThelTSwas amplified by the pdymerase chain readion and sequenced with primers

ITS5 (5-GGAAGTAAAAG TCGTAACAAGG) andITH4 (5-TCCTCCGCTTATTGATATGC)
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(White @ al. 1990. PCR amplificaionswere caried ou in atotal volume of 50 pl, which
included 5ul of 10X PCR buffer (10 mM Tris’HCI pH 8.0, 50mM KCl, 1.52.0mM MgCly), 4
pl of ANTP mix (1.25mM ead dATP, dCTP, dGTP, and dTTP), 10 pmol of ead amplification
primer, 0.5 U Tag pdymerase (Promega, Madison WI), and 520 ng genomic DNA. PCR
amplificaions wereinitiated with a2 min denaturation at 94 C, foll owed by 40 amplificaion
cycles ead consisting of a 30 secdenaturation at 95 C, 30secprimer anneding at 56 C, andal
min extensionat 72 C, followed by a15 minincubationat 72 C. PCR readion vdumes were
reduced to approximately 10 ul by lyophili zation, then fradionated ona 1.5% NuSieve agarose
gel (BioWhittaker, Rockland, Maine) in alow EDTA Tris-acdate buffer (40 mM Tris-acdate,
0.1mM EDTA). PCR products were ait from the gel with a scdpel, frozen and thawed and the
DNA extruded from the gel sliceby centrifugationfor 20 min at 20 000x g.

Miniaturized sequencing readions were performed with ABI BigDye 2.0 (Applied
Biosystems, Foster City, CA) using 0.5 ul BigDye diluted in 1.5ul dilution bufer (400 mM
TriHCI pH 9.0, 10mM MgCl2), 3 pmol primer, 75100 rg gel-purified PCR template in atotal
volume of 5 pul. Cycle sequencing was performed in 96-well microtiter plates acording to the
manufadurer’ sinstructions except that the total number of cycles wasincreased to 35.Cycle
sequencing products were separated from residual readion comporents by ethanal preapitation.
The samples were mixed with 4 vdumes of 72% ethanadl, incubated at room temperature for 15
min, then centrifuged at 3500x g for 15min. The eéhanad supernatant was removed by inverting
the readion dates on paper towels and centrifuging at 250x g for 10 seands and the plates were
then air-dried for 10 min at room temperature and stored at —20C. The sequencing readions
were suspended in delonized formamide, heda denatured, and run onan ABI 3100Genetic
Analyzer (Applied Biosystems, Foster City, CA). DNA sequences were assmbled and edited

using Sequencher 4.1 (Gene Codes Corp., Ann Arbor, Michigan) and multi ple sequence
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aignments were constructed with the MegAlign modue of DNASTAR 5 (LaserGene, Madison,
Wisconsin).

ITS Squencing Results

ITS sequences from garden samples from X (I was never clea onwhich samples were the wil d-
type altivars and which were from culti var-switching experiments) colonies were determined.
Datafrom one wlony (42) isladking becaise DNA yield and quality from this garden sample
was unsuitable for PCR. Among the 40 colonies analyzed, threesequencetypes were deteded.
An adignment of the threel TS typesisill ustrated below. BLAST analysis of the ITS sequence
obtained from the Atta texana cultivar was an identicd or nea-identica match to sequences from
other Atta cultivars (e.g., Leucoagaricus gongylophorus AY 642803. The two Trachymyrmex
septentrionalis ITS types, designated “Tsept1l” and “Tsept2” shared 46.5and 43.4% identity to
the Atta texana cultivar ITS, and 75.P6 identity to ore ancther. No closely matching sequences
for either T. septentrionalis cultivar is currently deposited in GenBank. However, the top 20
BLAST hitsto either T. septentrionalis ITS sequencetypes had E values ranging from 7€®° to 2&
"7 and were to spedes of Agaricdes, including severa other attine fungal cultivars and free
living spedes of Leucoagaricus. Also, theITS of both Tseptl and Tsept2 closely matched
sequences from other North American T. septentrionalis cultivarsisolated into pue ailture
(Rehner, unpub). Based onthe many nucleotide substitutions and insertion-del etions among the
threel TS types, their discrimination by sequencedifferences at either ITS space region (e.g.,

ITSL or ITS2) is graight forward and cefinitive.
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flowers, 11%

leaves, 9% frass, 32%

catkins, 48%

2004 before

Figure 11. Percentages of total amourt of substrate clleded in 2004 lefore wlonies were given
the A. texana cultivar. Leaves and flowers are unpreferred substrates and catkins and frassare
preferred substrates. Shaded areas indicae preferred substrates and urshaded aress indicae
unpreferred substrates.
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flowers, 7%
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frass, 41%
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2004 after

Figure 12. Percentages of total amourt of substrate mlleded in 2004after colonies were given
the A. texana cultivar. Leaves and flowers are unpreferred substrates and catkins and frassare
preferred substrates. Shaded areas indicae preferred substrates and urshaded aress indicae
unpreferred substrates.
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Cultivar by preference type

Figure 13.Mean (+ SE) total amourts of ant biomassin measured in Joules. Categoriesindicae
eat cultivar and preference @mbination. Of the aghteen colonies cultivating the Atta texana
cultivar, eight were recaving preferred substrates and ten the unpreferred substrates. Of the
remaining twenty colonies culti vating the Trachymyrmex septentrionalis cultivar, ten receved
preferred substrates and the other ten, unpeferred substrates. Significant diff erences are denoted
by different letters (P < 0.05, Tukey’sHSD tests).
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Figure 14. Mean total sexual biomass(+ SE) measured as dry weight (cg) and Joules. Categories
indicate eab cultivar and preference mmbination. Shaded barsindicae centigrams of sexual
biomassand urshaded barsindicate energetic values (J). Of the @ghteen colonies cultivating the
Atta texana cultivar, eight were recaving preferred substrates and ten the unpreferred substrates.
Of the remaining twenty colonies cultivating the Trachymyrmex septentrionalis cultivar, ten
receved preferred substrates and the other ten, unpeferred substrates. Significant differences are
denoted by different letters (P < 0.05, Tukey’ s HSD tests).
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16

Fungus Garden Weight (g)

o

At pref At unpref Ts pref Ts unpref

Cultivar x Preference

Figure 16. Mean (= SE) fungus garden weight (g) by ead cultivar and preference mombination.
Of the aghteen colonies culti vating the Atta texana cultivar, eight were receving preferred
substrates and ten the unpreferred substrates. Of the remaining twenty colonies cultivating the
Trachymyrmex septentrionalis cultivar, ten receved preferred substrates and the other ten,
unpreferred substrates. Significant diff erences are denoted by different letters (P < 0.05,Tukey’'s
HSD tests).
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A (frass) A (leaves) T (frass) T (leaves)
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Figure17. Mean (= SE) amount of substrate wlleded by ead colony by cultivar substrate
combination. There was no significant variation among these variables (seetext). A= A. texana
cultivar, T =T. septentrionalis cultivar and cat = cakins, etc. In al groups depicted here, n=5,
except n=4 for colonies cultivating the Atta texana cultivar receving catkins and frass

74



0.08

0.07

0.06

0.05

Percent chitin

0.04

0.03

0.02
A (catkin) A (flower) T (catkin) T (flower)
A (frass) A (leaves) T (frass) T (leaves)

Cultivar x substrate
Figure 18. Mean (= SE) percent chitinin ead fungus garden by cultivar substrate cmbination.
Significant diff erences are dencted by different letters (P < 0.05,Tukey’ sHSD tests). A=A.

texana cultivar, T = T. septentrionalis cultivar and cat = cakins, etc. Inall groups depicted here,
n=5, except n=4 for colonies cultivating the Atta texana cultivar receving catkins and frass
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Figure 19. Mean (x SE) tota chitin amourt in ead fungus garden by cultivar preference
combination. Significant differences are denoted by different letters (P < 0.05, Tukey’sHSD
tests). A = Atta texana cultivar, T = T. septentrionalis cultivar, ca = cakins, etc. Inall groups
depicted here, =10, except n=8 for colonies cultivating the Atta texana cultivar on peferred
substrates.
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Figure 20. Mean (x SE) efficiency of the mnversion d substrate biomasstoward the production
of the total amourt of chitin in ead fungus garden by cultivar substrate cwmbinationln all
groups depicted here, =5, except n=4 for colonies cultivating the Atta texana cultivar recaving
cakinsandfrass Significant diff erences are denoted by different letters (P < 0.05,Tukey’sHSD
tests). A = Atta texana cultivar, T = T. septentrionalis.
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