Rockefeller University

Digital Commons @ RU

Student Theses and Dissertations

1970

Caste Regulation in the Termite, Neotermes Jouteli (Banks)

Ricahard David Nagin

Follow this and additional works at: https://digitalcommons.rockefeller.edu/
student_theses_and_dissertations


https://digitalcommons.rockefeller.edu/
https://digitalcommons.rockefeller.edu/student_theses_and_dissertations
https://digitalcommons.rockefeller.edu/student_theses_and_dissertations?utm_source=digitalcommons.rockefeller.edu%2Fstudent_theses_and_dissertations%2F627&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.rockefeller.edu/student_theses_and_dissertations?utm_source=digitalcommons.rockefeller.edu%2Fstudent_theses_and_dissertations%2F627&utm_medium=PDF&utm_campaign=PDFCoverPages

e

L DN b
MI~E
C.R

@)
S{Rockefeller

=\ University
O‘\l, 1901 2>

THE LIBRARY



LD 4711.6 N148 1970 c¢.l RE3

Nagin, Richard 1941-

Caste regulation in the
termite, Neotermes jouteli

Rockefeller University Library
1230 York Avenue
New York, NY 10021-6399



CASTE REGULATION IN THE TERMITE, NEOTERMES JOUTELI (BANKS)

A thesis submitted to the Faculty of The Rockefeller University
in partial fulfillment of the requirements

for the degree of Doctor of Philosophy

by

Richard ﬁ?gin

prpoemd o ot
%ﬂ v 7/)7%1/
/7 %M,ﬁ?_/

22 April 1970
The Rockefeller University
New York



DEDICATION

This Thesis Submitted April 22, 1970,
the Hundredth Anniversary
of the Birth of Lenin,
is Dedicated

to

All Rebellious Students, Teachers and Workers

1570 (&



iii

ACKNOWLEDGEMENTS

I would like to express my deep appreciation of my thesis advisor,
William Trager. It has been very intellectually stimulating and a great
pleasure for me to work in his laboratory. We have both shared a deep
love of invertebrate biology and a belief that science is best pursued in
an open and free atmosphere. Trager has been a constant source of ideas

and encouragement.

Many others have helped me carry out this work. They have included
laboratory helpers, library workers, secretaries, people who have ob-
tained supplies and equipment, people who have maintained the laboratories
in working condition, people who have carried out administrative work.

To all of them I am very grateful.

There have also been some things that have made doing research
very hard. There is a very oppressive system of careerism and a very
backward social and political structure at this University. These things
only serve to alienate everyone from everyone else. They tend to re-
press the creative abilities of the employees, to dehumanize the students
and junior faculty, and to create in the senior faculty a kind of moral
paralysis at a time when their prestige is desperately needed in a number
of important social crises. I am very grateful to the hundreds of
faculty members, employees and students who are fighting to abolish these

things and to construct a fully human, democratic university.



iv

ABSTRACT

The southern Florida termite Neotermes jouteli (Kalotermitidae)

was found to provide exceptionally suitable material for the study of
caste regulation, with special reference to the regeneration of repro-
ductive forms. It was possible to collect entire natural colonies of
this termite, including the reproductive pair, and to maintain them for
long periods in the laboratory. In this way the characteristics of in-
dividual colonies could be studied in a way not done in most earlier

work on caste regulation,

- Most interesting was the finding that the capacity to regenerate
lost reproductive forms was a characteristic of individual colonies. By
removing groups of pseudergates (advanced larval forms that serve as
workers) to experimental nests where they could be observed daily, the
rate and extent of appearance of supplementary reproductive forms could
be measured. A quantitative measure of a colony's regenerative intensity,
IR’ was developed. Low IR was found to be associated with large-sized
pseudergates and soldiers and the seasonal production of alates, while
the opposite characteristics were found in colonies with high IR' It was
therefore concluded that IR was a function of colony age and theoretical
reasons were given why this should be the case. In addition it was found

that a colony's I_ temporarily decreases if it is forced to regenerate

R
reproductives. Also, in colonies with low IR it is only the pseudergates
that can transform to supplementaries. Earlier stage larvae with the
same morphological characteristics as pseudergates of high IR colonies

lack this ability.

Previous work has indicated, but by no means proved, that the
presence of a reproductive pair in a termite colony prevents transfor-
mation of pseudergates into supplementary reproductives by means of
postulated inhibitory pheromones. Accordingly, many different kinds of
experiments were devised centering on this hypothesis. In these studies,
too, the index I_ was very useful. More clear-cut results than have been

R

previously reported were obtained by focusing on high I_ colonies. The

R
present findings can be summarized as follows:



1. All pseudergates in high IR colonies are genetically capable

of transformation to supplementaries. However, at any given time, only

a certain proportion can immediately transform.

2, Male and female reproductives play different roles in the in-
hibitory process with the female totally inhibiting female pseudergates
and partially inhibiting males and the male equally but partially inhi-
biting both sexes. In contrast to previous findings, the sum of the
separate effects accounts for the total inhibition observed. The sepa-
rate effects of the two sexes imply the existence of at least two
inhibitory substances if the pheromone theory is accepted. In addition,
a pair of reproductives of either sex is fully as inhibitory as a normal

bisexual pair.

3. The extent to which a colony regenerates reproductives is
proportional to the amount of time each day that reproductives are absent.
The surplus inhibition experienced by female pseudergates can be seen

under conditions of part-time orphaning.

4. Reproductives with sealed anuses are probably just as inhi-
bitory as normal reproductives and therefore proctodeal feeding is not
the means by which the postulated inhibitory pheromones are transmitted.
Likewise, restricting pseudergates to a diet of filter paper impregnated
with rectal fluid has no significant inhibitory effect. These results

conflict with what has previously been reported.

The results of all these studies can be interpreted most easily
in terms of the pheromone theory. However, the source and nature of the

pheromones remain unknown.

The overall results fit into the general view that a termite colony
is a "superorganism." The superorganism has differentiated parts; its
members are integrated primarily through chemical interactions mediated
by the behavioral systems of grooming and trophallaxis; it carries out
coordinated behavioral patterns such as constructing and maintaining
complex and finely regulated nests; and it has a life history of its own
with physiologically different stages corresponding to the embryonic,

juvenile and sexually mature stages of an individual organism,
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Finally, a previously unnoticed and unusual protozoan, Stauro-
joenina sp. is present among the hindgut symbionts of N. jouteli pseuder-

gates. It is occasionally lost in mature colonies of the termite.
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Social organization is a common phenomenon in biology. The in-
tegration of organisms into well-defined colonies is found in diverse

phyla including Protozoa (e.g., Volvox, Epistylis), Cnidaria (e.g.,

Hydractinia, Physalia - '"'The Portuguese man-of-war''), Ectoprocta

(Bugula), Entoprocta (Pedicellina), Chordata (Botryllus) and Arthropoda
(termites, bees, ants, wasps). The examples chosen all have highly
integrated colonies, but loosely aggregated, sub-social or semi-social

forms are also known in each phylum.

The highly integrated colonies share certain common character-

istics. Generally speaking, they have a definite structure, they display

organized behavior, they show division of labor usually associated with
morphological differentiation and they have a life cjcle. The indi-
viduals composing the colonies maintain these overriding social charac-
teristics, although often the characteristics of the society are not

the characteristics of the individuals. Thus, honeybees cannot regulate
their body temperature, but hive temperature is maintained at 32 + 3°C
throughout the year (see Simpson, 1961)., The individuals specialized
for defense in Hydractinia and termite colonies cannot reproduce, but

their colonies do.

The maintenance of social characteristics implies the existence
of self-regulatory mechanisms at a social level. One can speak of
social homeostasis. The elucidation of the mechanisms of social homeo-
stasis is the basic problem posed by each form of social organization.
This defines the philosophy of the present study of the caste system in
termites. The question asked is: How is the caste system, the peculiar

form of internal differentiation in termite societies, regulated?




In order to understand this particular problem it is necessary
to know something of the general biology of termites. In this intro-
ductory chapter, therefore, a discussion is presented of the phylogeny,
classification, life cycle and castes of termites. In addition, the
other insect societies (those of the bees, ants and wasps) are briefly
described for comparison. Finally, the scope of the present experi-

mental work is described.
Phylogeny

Termites diverged from cockroaches in the Paleozoic, perhaps as
early as the late Devonian period (Martynov, 1938), and became the first
insects to evolve true social organization. Probably their ancestors

were quite similar to Cryptocercus punctulatus which is considered to

be the most primitive living cockroach (McKittrick, 1964). Crypto-

cercus, which inhabits the southern Appalachians and the northwest coast

of the United States, lives in loosely organized multi-family colonies.
It feeds on wood which it digests through symbiosis with intestinal
flagellates of the same genera as are found in lower termites (Cleveland
et al., 1934). Furthermore, in two independent conservative character

systems (the proventriculus and the female genitalia) Cryptocercus is

much more similar to the most primitive living termite, the North

Australian Mastotermes darwinensis, than to its nearest cockroach rela-

tive (McKittrick, 1965). 1In addition, Mastotermes has a number of

roach-like characteristics which are not found in any other termite.

Like the roaches it deposits its eggs cemented together in an ootheca
whereas all other termites simply drop eggs one at a time. It also

possesses in its fat body intracellular bacteriocytes like cockroaches
but unlike any other termite (Jucci, 1952). The similarities between

Mastotermes and Cryptocercus are so close that several authors have

proposed (e.g., McKittrick, 1965) that the termites (Order Isoptera) be
placed with the roaches (Suborder Blattaria) and the mantids (Suborder

Mantodea) as a third suborder of the Dictyoptera.

Classification

At the present time about 2100 living and fossil species of
termites are known (Snyder, 1949; Emerson, 1955). These have been




classified into six families (Emerson, 1965) which are listed below from
most primitive to most advanced together with the number of living

species in each.

Living Species

Family I Mastotermitidae 1
Family II Kalotermitidae 331
Family III Hodotermitidae 29
Family IV Rhinotermitidae 166
Family V Serritermitidae 1
Family VI Termitidae 1518

The first five families are known collectively as the lower
termites. The termites in these families eat wood and possess cellulose-
digesting symbiotic protozoa in their hind intestine. The Termitidae,
referred to as the higher termites, is the largest and most diversified
family, containing three-fourths of the known species. Termites of this
family feed on a variety of things including leaves, grass, vegetable
debris, wood and fungus. They do not possess symbiotic protozoa but
digest cellulose with the aid of bacteria and fungi. Some species

maintain elaborate gardens in which fungus is cultivated.

For reasons to be described, a primitive species was wanted for
carrying out the present study. Experiments centered upon a species
of the family Kalotermitidae. The family Mastotermitidae was not studied
since it is represented by the single species of Mastotermes found only

in Australia.

All species of termites referred to in the present work are listed

under their family in Addendum B.

Life Cycle of the Lower Termites

Termite colonies are founded by a pair of winged adults. The
winged forms or alates emerge under definite seasonal and meteorological
conditions in huge swarms from mature colonies. The swarms contain
equal numbers of males and females, which pair up, break off their wings
and then excavate a cell in the earth or a dead log. Having enclosed

themselves in the cell, the founding pair, which are now known as the




primary reproductives, mate for the first time and the female begins to
lay eggs. From the eggs emerge larvae, which in the early stages are
fed by the reproductives. The larvae grow rapidly by molting and are
soon able to carry out the work of the célony. At this point they are

known as pseudo-workers or pseudergates.

The work of the pseudergates involves enlarging the nest and,
most importantly, helping to raise the maximum number of sibling larvae.
The reproductives lose their ability to eat anything but predigested
food fed to them by the pseudergates and become restricted to repro-
ductive activities. The pseudergates feed and groom the young larvae,
the reproductives and each other. The feeding is carried out procto-

deally, that is, via the anus.

The pseudergates are functional workers but do not constitute a
caste. Rather, they are larvae whose development has been temporarily
arrested. At some point in the colony's history when its population has
developed sufficiently, the pseudergates proceed to become sexually
mature adult winged forms which in a short time swarm to establish new
colonies. At the point that a colony is capable of producing alates it
is said to be mature. In the lower termites, colony maturity is reached
in two to six years and may last ten more years, after which the
colonies die out. In the higher termites, colonies can remain mature
and healthy for decades, in some cases for as long as a century (see
Grassé, 1949). For more detailed information about the foundation and

early development of colonies, see Nutting (1969).

The Castes

Not all pseudergates eventually develop into alates. Some dif-
ferentiate into one of the castes. 1In the lower termites there are
essentially two castes: the soldiers, which fulfill a purely defensive
function, and the supplementary or replacement reproductives, which
arise if the reproductives present in a colony are lost and which then
take over the task of larva production. These castes are bisexual. They
differ from the pseudergates in morphology, behavior and physiology. 1In
particular, they lack the ability to molt. They also are unable to eat
wood and must be fed proctodeally by the pseudergates.



In the higher termites, the situation is slightly more compli-
cated. For one thing, some larvae become true workers which, though
capable of soldier differentiation, can never develop towards the alate,
For another, sexual dimorphism with respect to size is very common so
that the larvae, workers, soldiers and alates of one sex may be dis-
tinctly larger than those of the other. In some species the sex ratio
of the soldiers is highly skewed. In some cases soldiers of one sex are
never produced. Finally, supplementaries are muqh rarer in the higher
termites and very little information is available about them. Noirot

(1969) has recently reviewed caste formation in the higher termites.

A color film, showing larval forms, pseudergates, castes and

primary reproductives of the Kalotermitid, Neotermes jouteli, was made

by the author with the help of 0Odi Kloesman of the Graphic Services
Division of The Rockefeller University. A number of these forms are
shown in the Frontispiece. The film also shows behavior patterns such

as mating, eating wood, proctodeal feeding and grooming. A copy is filed

with the Graphic Services Division.

For more detailed information on the biology of termites see
Kofoid (1934), Grassé (1949), Weesner (1960), Harris and Sands (1965)
and Krishna and Weesner (1969).

Other Social Insects

Discussions of the social organization of termiteé invariably lead
to comparisons with the societies of bees, ants and wasps. The societies
of these latter insects, members of the order Hymenoptera, share certain
general features in common with termite societies. For example, their
colonies are founded by winged sexuals whose offspring cooperate in the
rearing of their siblings. The societies have polymorphic castes and

show a high degree of integration.

On the other hand, the Hymenopteran societies differ sharply from
termites in a number of respects. First of all it should be made clear
that Isopteran and Hymenopteran societies are phylogenetically unrelated.
Although the Hymenoptera emerged as an order in the upper Paleozoic, the

fossil evidence (Wilson et al.,, 1967) indicates that social organization




did not arise until the late Mesozoic approximately 200 million years
after the evolution of the social termites. The Hymenoptera were al-
ready a diverse group of non-social insects before true sociality
evolved. 1In fact, social organization arose independently in at least
10 different branches of the order (Wilson, 1966). Thus, even within
the Hymenoptera different examples of social organization are phylo-

genetically unrelated.

The Hymenoptera are also very advanced insects whereas the
termites are primitive. One important illustration of this is in
development. The Hymenopterans are holometabolous, that is, they under-
go complete metamorphosis. This involves going through a number of '
highly distinct phases: egg, a number of grub-like larval instars, pupa,
winged adult. The termites, on the other hand, undergo the gradual
metamorphosis common to primitive insects; they are hemimetabolous.
Development and differentiation occur without radical morphological

changes at any molt.

This is not to say that termite societies are less complex than
Hymenopteran ones. Probably they are more complex than those of the
bees and wasps and as complex as those of most of the ants. It is simply

that the individuals that make up termite societies are more primitive.

One major difference between the societies of the two orders lies
in their caste systems. In the Hymenoptera the castes are restricted
to the female sex whereas, generally speaking, termite castes are bi-

sexual. The Hymenopteran societies have two basic castes: workers and

reproductives (queens). The workers are sterile female offspring which
help to raise the brood through nursing, foraging, nest-building,

defense and queen-care activities. In the ants there may be two or more
distinct size classes of workers with functional specialization loosely
associated with each size. (For a theoretical discussion of the relation
between functional and morphological specialization see Wilson, 1968).
For example in the genus Pheidole the largest workers are primarily in-

volved in defense activities and are called soldiers.



It appears that in the Hymenoptera a number of different mecha-
nisms of caste determination are at work in different species, as
might be expected, considering that social organization arose inde-
pendently several times in that order. The mechanisms include genetic
determination in Melipona bees, determination of larvae in the honeybee
and many ants, and behavioral determination in Polistes wasps and
Lasioglossum bees. These various mechanisms have been reviewed by

Weaver (1966).

In one Hymenopteran species the problem of caste regulation and
determination has been extensively studied. This is the honeybee, Apis
mellifera. In this organism the queen secretes a humber of substances
which are highly attractive to the workers. The workers lick the queen
and one of the substances so obtained, which has been identified as
9-ketodec-2-trans-enoic acid, has two inhibitory effects upon them.
First, it represses the development of their ovaries and, second, it
prevents them from constructing queen cells. In the absence of the
queen the workers lay eggs which develop into males (drones) and rear
new queens by feeding larvae in_queen cells a special diet known as royal
jelly. The active substance in royal jelly has not yet been identified
but is known to have low molecular weight and to be very labile. For a

general review of caste determination in the honeybee, see Pain (1968).

Scope of the Present Work

The present work was carried out to obtain information related
to the question: What is it that determines caste in termites? How is
it decided that some larvae will deviate from their normal development
to winged adults and instead differentiate to become supplementary re-

productives or soldiers?

Altﬁough this problem was first clearly recognized by Grassi and
Sandias in 1893-1894, it remains to this day unsolved. A large body of
descriptive and experimental evidence has accumulated so that the
theories of caste determination in termites have been considerably
narrowed down. In this author's view only one of these theories fits

all the known experimental facts. This is the substance or '"pheromone'




theory which holds that the reproductives secrete a substance which is
picked up by the pseudergates and which inhibits their development to
supplementary reproductives. A major step toward proving this theory
would be the isolation of a substance or extract with inhibitory activi-

ty. So far this has not been possible.

A more fruitful line of research, and the one which has been
primarily pursued in the present work, has consisted of experiments aimed
at defining the process of caste regulation more closely. Thus, in the
present work, attempts have been made to describe the process of regener-
ation of lost reproductives, to define the factors determining the
ability of pseudergates to transform to supplementéry reproductives, to
delineate the separate roles of the male and female reproductives in the
inhibitory process and to determine the relationship between pseudergate
transformation and extent of separation from inhibitory reproductives.

In addition, some attempts were made to obtain direct evidence for phero-

mones.
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Collecting Kalotermitid Termites

Location Southern Florida is the nearest place to New York
where species of the primitive family, Kalotermitidae, can be found.
In this region, the family is represented by five genera and nine species

(Weesner, 1965)., These are listed in Table I.

The purpose of my first collecting trip, which occurred in Febru-
ary, 1967, was to obtain a large quantity of as many species as possible.
The aim was to establish stock colonies in the laboratory and to select
the species which would be the best experimental subject. Dr. Margaret
Collins of The Department of Zoology of Howard University, who had col-
lected Florida termites on numerous occasions, accompanied me. We were

able to find colonies of every species except Calcaritermes nearcticus,

which is rare. Only one colony of another rare species, Incisitermes

milleri, was found and only one very small colony of less than 100 in-
dividuals of I. schwarzi could be obtained. A medium-sized colony of

Kalotermes approximatus was collected but was found, upon extraction,

to be contaminated with a colony of Cryptotermes cavifrons inhabiting

the same log. Large colonies containingrseveral thousand individuals
were obtained for the remaining five species. The actual collection

locations of all the species are listed below,




TABLE I

10

Collection locations of Kalotermitidae found in

Southern Florida, February 10-14, 1967

Species

Location

Abundance

Calcaritermes nearcticus (Snyder)

Cryptotermes brevis (Walker)

Cryptotermes cavifrons Banks

Incisitermes milleri (Emerson)

Incisitermes schwarzi (Banks)

Incisitermes snyderi (Light)

Kalotermes approximatus Snyder

Neotermes castaneus (Burmeister)

Neotermes jouteli (Banks)

not found

boards from con-
demned houses in
Miami

woods in Key Largo

woods in North
Key Largo

woods surrounding
Gumbo Limbo Trail,
Everglades Natl.
Park '

woods in Key Largo

Highlands Hammock
State Park

Highlands Hammock
State Park

woods in Virginia
Key and Key Largo

very rare

very abundant

very abundant

rare (one colo-
ny found)

one small colo-
ny found

very abundant

one colony found
contaminated with

G. cavifrons

one very large
colony found

very abundant

In subsequent trips. (January, 1968; January, 1969; July, 1969)

collection was restricted to a single species, Neotermes jouteli (Banks),

and a single location -- the woods across the highway from the Miami

Seaquarium on Virginia Key.

In these woods, N. jouteli is the dominant

species although occasionally colonies of N. castaneus and I. schwarzi

were found.

Collecting technique and equipment Termites are extremely

abundant in the woods of Southern Florida, which contain a large quantity

of dead wood.

The soil is sandy and quite shallow, lying usually no

more than a few feet over the bed limestone rock, Miami oolite, in the

Everglades and Virginia Key,

The same is true of the Florida Keys, such
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as Key Largo, which are basically the remains of an old coral reef.

The bedrock known as Key Largo Limestone is overlaid by little soil and
in many places is completely exposed. Trees that grow in these areas
must spread their roots in a shallow pancake. Hurricanes and other
strong winds can blow the trees over or break off large branches or
sections of trunk. 1In addition, a heavy insect fauna, including many
that bore wood, further decreases the strength of the trees. Frequently
one finds dead branches on living trees. Often these are infected with

termites.

All of Kalotermitid species of Southern Florida with the exception

of the house termite, Cryptotermes brevis, can be found in these woods.

Séarching for them involves slashing at logs lying on the ground or at
the periphery of the trunks of dead trees with a short handled ax or
machete. The termites or their galleries, if present, will be exposed.
If the desired species is found, the log is then sawed info pieces three
to four feet in length which can be taped together with masking tape.
The tape is labeled with the date, location and tentative field identi-
fication of the species. The taped bundle can then be placed in the
trunk or back seat of a car. A.further precautionary measure, which ié
usually unnecessary, is to enclose the bundles in large plastic bags.
This reduces drying and prevents invasions of ants from other logs.
Colonies of ants, which are the chief predator of termites, are often
found in the same logs as termites. 1In fact, when collecting, it is best
to avoid logs containing obvious ant colonies, since they will only

present a problem when the termites are extracted.

Excellent keys are available (Emerson and Miller, 1943; Weesner,
1965) for identifying the termites of Florida. Species identification
is carried out by examining the soldiers or alates. To do this properly,
one immerses the insects in 85% ethanol and examines them with a dis-
secting microscope. Generally, in the field one can pick up a soldier
with tweezers and examine it with a high magnification hand lens, such
as the 14X Hastings Triplet Magnifier made by Bausch and Lomb. In many
cases the distinguishing characteristics can be seen at this level of

magnification. For example, N. jouteli is the only species in which the
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soldier has a pigmented eye spot. This is visible using a hand lens.

If several different species are being collected, sample soldiers and,
if possible, alates from each colony should be dumped in vials con-
taining 85% alcohol which are then taped to the logs from which the
termites came. This obviates having to break open the logs again simply
to find out what species is inside after the entire collection has been

brought to the laboratory.

The woods in Southern Florida are very thick, and one should be
well covered. The author generally wore boots, khaki work pants, thick
knee-length socks pulled up over the khakis, and long-sleeved shirts.
Such clothing provides adequate protection from most scrapes and cuts
and also from biting or stinging insects such as ants. Minor cuts seem
to be inevitable so one should bring along a first aid kit. In some
areas mosquito repellant and hats with face netting are necessary. In-
asmuch as there is some danger of poisonous snakes, one should proceed
through the woods carefully and noisily. It is advisable to have basic

equipment -- razor blades and tourniquet -- to deal with snakebite.

To collect the house-dwelling Cryptotermes brevis we learned from

the Miami slum clearance authorities the location of abandoned houses.
In such houses the floor boards, window sills and door frames are usually
infested. These can be broken open with an axe and taken if colonies

are found.

The bundles of logs and boards can be transported to New York in
a car, a two or three-day trip. It is better to keep the logs in the
back seat than in the trunk since the temperature can be regulated
while driving. A thermometer should be brought along for this purpose

and the ambient temperature maintained at 235 + 5°C.

Kalotermitid species can readily be collected in Southern Florida
at any season. The colonies vary seasonally inasmuch as there is an
annual alate production cycle. In these species alates are present in
the logs in large numbers in the spring and summer months. In the
process of extracting such colonies from logs the alates are exposed and
tend to fly out. Therefore, from this point of view, it is best to

collect in the fall or winter,.
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Extraction of Termites from Logs

The log bundles can be stored on a laboratory cart. They should

be doused with water nearly every day so that they are kept moist.

Extraction is carried out on an operating table that has been
covered with a long sheet of brown paper. A section of log is sawed off,
8-12" in length. The softer the wood the longer the section that can be
handled at a time., The section is stood”upright in a metal tray. It
is then split lengthwise by hammering an ax into it. If galleries con-
taining termites are exposed by this initial splitting, the half sections
are tapped so as to knock the termites onto a second metal tray.

Termites that fall into the first tray can be transferred with a card-
board spatula or a splinter of wood. Eggs can be transferred with a
moist fine brush. If alates are present they should either immediately
be picked up by the wings with tweezers and transferred to covered
dishes or they should be killed. Otherwise they may become excited and

start to fly.

One continues to split the sections and tap the termites into the
tray until every gallery has beén exposed for its entire length and the
original section has been reduced to narrow strips of wood. Sometimes
a screwdriver or an awl are useful for prying open galleries, There is
always some mortality when the soft-bodied termites are crushed as the
wood is deformed. This problem increases the harder the wood is. With
care, mortality can be kept to a few percent. One continues to saw off
sections, split them open and tap out the termites until one has gone

through an entire natural colony.

It often happens that colonies of two species will inhabit the
same natural log. Usually the two colonies are in different parts of
the log and can be kept apart. Sometimes there will be two well-developed
colonies whose galleries intermingle or connect. In this case contami-

nation is necessarily associated with extraction.

One also finds many other arthropods inhabiting the same logs
as the termite colonies. These include millipedes, centipedes, spiders,

pseudoscorpions and bark insects such as silverfish, proturans and
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beetles and their grubs. None of these presents any problems and they
can even be kept in the laboratory stock colonies. The only serious
problem arises with ants, which should be killed when they appear and

serupulously excluded from stock colonies of termites.

When the crude extraction of a termite colony has been completed,
one has in the metal tray a single pair of reproductives, soldiers, eggs,
larvae of many instars and possibly nymphs. These are mixed in with
large quantities of wood particles, splinters, sawdust, fecal pellets
and dead or dying termites. It would be very difficult to separate out
the colony at this point. It is possible, however, to get the termites
to separate themselves out by transferring them to a temporary nest con-
sisting of a large petri dish containing a layer of thick (~4%) agar
(for moisture) on which lie several strips of wood from the remains of
the colony's natural log. One pours the ''crude extract" over the strips
of wood and covers the dish. For larger colonies several such dishes
are needed. By the next day the healthy termites will have completely
reaggregated themselves under the strips together with their eggs and
will have transferred all contaminating particles outside the strips.
One can then scoop and brush away the particles. The termites can then
be easily transferfed with the strips of wood, to which most of them
cling, to a permanent nest. Often, however, they are first transferred
to a clean dish so that a census can be carried out on the entire

colony.

The remains of the log from which the colony has been extracted
are discarded, with the exception of a group of broad strips to be used
for maintaining the stock colony. These are placed in a piastic bag
together with a label indicating with which colony they are associated.

The bag is closed with a rubberband and stored.

Culturing Termites

Becker (1969) has reviewed various methods of rearing termites
in the laboratory. Stock colonies of Kalotermitidae are relatively
easy to maintain since all they require is wood and moisture. They do

not need soil, nor do they make elaborate constructions. Thus natural
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colonies in logs can be maintained indefinitely in the laboratory so
long as the wood is kept moist and the temperature is kept in the range

20-30°C.

Stock colony nests The termites are, of course, not accessible

in the logs and so, for this study, a stock colony nest was developed
that approximates natural conditions. The nest consists of a glass
battery jar 15 cm in diameter and 20 cm high in which a layer of stiff
(~ 4%) Difco Bacto agar containing ~0.5% Drosophila mold inhibitor has
been poured. The agar gel, which the termites ingest and burrow into,

is a simple way of providing a long-term source of moisture. Strips of
wood from the colony's natural nest are placed on top of the agar. These
include short strips that lie on the agar layer and long strips that
stand on the agar and lean against the wall of the jar. The strips \
should be broad and thin so there is enough wood to cover and feed the
termites but not enough that they will become inaccessible upon burrow-
ing. If the termites do burrow into a thin strip they weaken it, and

it is easy to open up their galleries. Usually, however, they remain

on the underside of the wood strips which can be easily removed whenever

termites are needed for experiments.

The jar is covered with the top of a 15 cm petri dish which is
taped in place. A piece of masking tape is placed on the jar on which
is written the colony code number, the species, the date and place of
collection, the colony census and census date. 1In addition a vial
containing several soldiers and alates in 85% alcohol is taped to the
jar. The vial should contain a label with the same information as is
on the tape. Thus, if there is ever any question about the identification
of termites used in a given experiment, one can refer to the vial after

the colony is gone.

For small colonies the same type of nest can be constructed in
150 x 20mm glass petri dishes. The stock nests are stored in an incu-
bator to maintain constant temperature and to keep out light which
termites prefer to avoid. Trays of water are placed in the bottom of

the incubator to maintain high humidity. Oven-incubators are prefer-
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able to refrigerator-incubators since air circulates in the latter and
tends to dry out the colonies. A standard temperature of 26°C was
somewhat arbitrarily chosen. In the summer when the room temperature
may rise above 26°C the oven-incubator was moved to an air-conditioned

room.

The stock nests require minimum maintenance. Occasionally, when
it is clear that the agar is drying out, fresh strips of agar can be
added. Fresh wood must be added every few months also. About once a year
when the nests have accumulated excessive fecal material the termites

should be transferred to a new nest.

Experimental colony nests Most of the experiments carried out

in this work required that all the individuals in an experimental colo-
ny be examined or counted each day. Thus, the first requirement in
constructing an experimental nest is that the termites be accessible.
Second, in order to facilitate the study of a large number of experi-
mental colonies, experimental nests should be simple, easily assembled,
and reasonably standardized. Finally, outside of these constraints the
nests should be as close to "natural" as possible. Of course, logs,

the natural habitation of termites, are neither simple nor standardized,
nor are the termites inside accessible without irreversibly destroying

the nest.

The experimental colony nests used in this work were designed
according to the same principle as the stock colony nests. They consist
of small 60 x 20mm plastic petri dishes or larger 100 x 20 mm glass
petri dishes in which a thin layer of stiff agar containing mold inhibi-
tor is poured. Broad, thin strips of wood from the termites' natural

log are placed on the agar gel.

The termites form a nest by digging out the agar under the wood.
They then seal the wood to the surrounding agar with fecal cement. They
also dig tunnels in the agar. Thus, under the wood the situation is
similar to that in a gallery in a log. The wood pieces can be easily
removed and the termites tapped out of the dish. Agar tunnels can easily

be opened up to remove the termites. The wood strips must be thin,
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otherwise burrowing will occur and getting at the termites will incur the
risk of injuring or killing them. After carrying out whatever experi-
mental manipulation is required on the termites, the wood strips are re-
placed in the position from which they were taken and the termites are
returned to the nest. They rapidly reorganize themselves and repair any

damage done.

Colonies of approximately 50 individuals fit comfortably in the
small plastic dishes. The larger glass dishes can maintain colonies of
up to 250 individuals. All normal colony activities including mating,
egg-laying, hatching, molting, alate production and trophallaxis have been
observed in such nests. Four plastic dishes can fit in a large 150 x
20 mm glass dish. This is necessary since termites are capable of eating
their way thrbugh plastic, although they rarely do. The large glass
dishes can then be stacked in an incubator. The supply of agar lasts
about a month which is long enough for most experiments. For longer ex-

periments the colony must be transferred to a new nest.

Observation nests The petri dish nests described above cannot be

used for experiments involving observation of behavior patterns, since
the termites are nearly always under the wood or in tunnels in the agar.
For experiments involving long-term observation it is necessary to
construct nests consisting of transparent plates which are separated by
no more than the height of one termite. Such nests have been designed by
Adamson (1941) and Luscher (1949). The nest used in these studies was
basically a simplified version of Liischer's nest. It consists of two
plexiglas rectangles separated by narrow plexiglas strips 3/32" high,
glued to the bottom rectangle. Plexiglass strips are also used to divide
the nest into two connecting chambers -- one three times the size of the
other. In it are placed long, broad and extremely thin (less than 3/32")
strips of wood that have been shaved from the wood of the natural nest
with a razorblade. This chamber also contains some sand. The smaller
chamber and the connecting passage contain moist sand which the termites

* use - for constructions.

The termite colony is placed in the large chamber and the upper

plexiglas rectangle is clamped to the lower one with rubber tube clamps
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or plastic clothespins. By removing the clamps over the smaller chamber
and lifting a corner of the upper rectangle, water can be added to the
sand without disassembling the nest. Water must be added approximately

once every other week.

The nests lie horizontally and the termites can be observed by using
a dissecting microscope mounted in a movable holder arm attached to a
stand such that the microscope can move in any direction and be used to
observe any part of the nest without disturbing it. A nest is placed on
a dark background in diffuse light. Room lights are usually adequate
and spotlights should be avoided since they obviously disturb the termites.
The termites seem undisturbed by diffuse light, and behavior patterns
such as mating, egg-laying, grooming, trophallaxis, eating and making
constructions are routinely observed. If a nest is left constantly in
diffuse light the termites will eventually smear the upper rectangle with
fecal material. Therefore, except when a nest is being observed, it

should be stored in a dark incubator at 26°C.

Colonies of up to 75 individuals can be maintained in nests with
overall dimensions of 9 x 12 cm. - Larger nests can be constructed for

larger colonies.
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Introduction

When one first examines a termite colony freshly extracted from

its log, it is difficult to avoid a feeling of bewilderment at the great

diversity of forms. The vast majority of individuals are unpigmented

forms -- larvae, nymphs with wingbuds and white soldiers of many dif-

ferent sizes. In addition there are the pigmented castes: reproductives,

alates and soldiers. The

number of questions arise.

Can each form be assigned
are the connections among

a general answer to these

soldiers may also come in different sizes., A
Can all these forms be defined and categorized?

to a different instar? Developmentally, what

the different forms? It is necessary to have

questions before the problems of caste formation

and determination can be approached.

In the present study individuals from a freshly extracted colony

of Neotermes jouteli were measured for head width and number of antennal

segments. These were the

terize the instars of the

measurements that Miller (1942) used to charac-

Rhinotermitid Prorhinotermes simplex and that

Luscher (1952a) used in studying Kalotermes flavicollis. The reason for
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measuring these particular characteristics is as follows. Termites are
soft-bodied insects. Obvious bodily characteristics such as weight and
length vary considerably with the state of health, nutrition and
hydration of the individual. Therefore it is necessary to restrict one's
observations to the hard sclerotized portions of the body if one hopes

to find characteristics that are instar specific. The most accessible

of these are the head capsule and the antennae. In addition, in the
present study the presence or absence of wingbuds was noted. Finally,

larval molts involving caste formation were followed.

Materials and Methods

Head measurements Termites were anaesthetized by blowing carbon

dioxide over them in a dish. An individual's position was adjusted with
metal probes so that its head was level. The head width at the widest
point was measured with an ocular micrometer in a Zeiss dissecting micro-
scope. All measurements were made at the same magnification (25x ocular,
1x objective). Under these conditions 1 ocular micrometer division =
.444 + .004 mm. A stage micrometer was used for this calibration.

Readings were made to the nearest .05 ocular micrometer divisions.

Antennal measurements Termites possess beaded or moniliform an-

tennae common to primitive insects. Such antennae consist of a string of
discrete beads that are not morphologically very different. Since the
antenna grows with the rest of the body at each molt, it was thought that
the antennal segment number might be correlated with head width and that
the two numbers might constitute a definite instar characteristic. The
number of antennal segments was determined for each larva examined by

direct count as observed in a Zeiss dissecting microscope at 25x.

Wingbuds Wingbuds, as defined in this study, are small outgrowths
at the lateral posterior edges of the mesonotum and metanotum in larvae.
They are not the same as the fully developed wingpads, clearly visible
with the naked eye, which characterize the two nymphal stages in termites.
The wingbuds observed here are precursors of nymphal wingpads which are

precursors of wings in the imago.
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Results

Larvae The head widths of 247 larvae were measured and the larvae
were categorized according to the number of antennal segments. The number
in each group is given in Table I1I together with the number having wing-
buds. It can be seen that wingbuds do not appear before larvae have 13
antennal segments and that individuals with 14 or more antennal segments
nearly always have wingbuds. Wingbuds are never found in larvae with
head widths of less than 3.00 micrometer divisions. Larvae with 13 an-
tennal segments and wingbuds all had heads at least that wide. Larvae
with 14 antennal segments and lacking wingbuds had small heads, usually

less than 3.00 divisions.

TABLE II

Distribution of 247 Neotermes jouteli Larvae According

to Number of Antennal Segments and Their Possession of Wingbuds

Antennal Number of Number with
segments individuals measured wingbuds

10 10

11 3

12 10

13 34 11

14 50 45

15 84 81

16 41 41

17 15 14

For each antennal segment number a head width distribution curve
was drawn. These curves are shown in Figure 1 for antennal segments 13,
14, 15, 16, and 17. Too few termites having 10, 11, or 12 antennal
segments were found to draw meaningful distribution curves. In these
cases the actual measurements are presented in Table III. Finally, the
average head width associated with each antennal segment number was cal-

culated and these results are presented graphically in Figure 2.
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22



23

TABLE III

Head Widths of Larvae
Having 10, 11 or 12 Antennal Segments

Micrometer divisions Number of Number of
(1 div. = .444 mm) individuals antennal segments
1.0 - 1.1 .44 - .49 mm 2
1.1 - 1.2 7
1.2 - 1.3 0 =
1.3 - 1.4 1
1.7 - 1.8 2
1.8 - 1.9 0
1.9 - 2.0 0 11
2.0 - 2.1 .89 - .93 mm 0
2.1 - 2.2 0
2:2 = 2.3 1
2.5 - 2.6 1
2.6 - 2.7 3
2.7 - 2.8 1
2.8 - 2.9 3 Aa
2.9 - 3.0 1
3.0 - 3.1 1.33 - 1.37 mm 1

Supplementary reproductives In the coﬁrse of examining the larvae

that had been removed from their stock colony nest, twenty supplementary
reproductives -~ ten males and ten females -- arose. The supplementaries
arose in a single molt from larvae and were identifiable by their caramel
pigmentation. Males and females were found with 14, 15, 16 and 17 an-
tennal segments., One female arose with 18 antennal segments. The head
widths were essentially the same as in larvae with the same number of
antennal segments. Aside from pigmentation and the development, es-
pecially in the female, of external genital characteristics the only other
change in bodily morphology from a larva is in the wingbuds, which are

" usually reduced or totally resorbed in this molt.
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The supplementary reproducti- ‘s therefore considered to be an
example of neoteny -- sexual maturat . within a juvenile morphology.
This form lacks all the salient characteristics associated with adult
termites such as heavy pigmentation, fully developed complex eyes and,
of course, wings. On the other hand, it is an adult caste in the sense

that it can never molt again.

The data regarding the supplementary reproductives is presented
in Table IV,

TABLE IV

Supplementary Reproductive Measurements

Antennal Head width Wingbuds Sex
segments (micrometer divisions)

14 3.35 e F
14 3.45 (+) F
14 3.50 +) M
14 3.55 - F
15 3.21 + M
15 3.35 (+) F
15 3.35 + F
15 3.40 + M
15 3.45 - M
15 3.80 - M
16 3.40 v - F
16 3.40 +) M
- 16 3.50 - F
16 3.50 + M
16 3.55 + M
16 3.85 - M
17 3.60 (+) M
17 3.65 - F
17 3.80 (+) F
18 3.80 + F

Soldiers In Neotermes jouteli soldiers are large, darkly pigmented

forms with large, sclerotized heads and long, toothed black mandibles.
* They arise in a single molt from an intermediate form, the white soldier,

that is unpigmented and larva-like but has an enlarged head and mandibles.
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The white soldier arises in a single molt from a larva. In the colony
under study, 31 white soldiers were found with 13, 14, 15 and 16 antennal
segments and 53 soldiers with 15, 16 and 17 segments. In four cases
white soldier development occurred from larvae with known antennal segment
numbers. One case involved a larva with 13 antennal segments, L13, which

. 13
molted to a white soldier with 13 antennal segments, WS° . Another case

14 14 15
can be represented as L. —— WS14 and there were two cases of Lk — WS .

Development along the soldier line involves wingbud resorption.
Wingbuds are small or absent in white soldiers and nearly always absent

in soldiers.

Alate formation No alates arose in the colony in this study. This

by definition means that the colony was not fully mature. In other colo-
nies alates were observed to arise via two nymphal stages from the largest
larvae. Nymphs are characterized by the presence of wingpads. In the
first nymphal stage the wingpads are thin and brownish. In the second
nymphal stage the wingpads are thick, prominent and white. 1In this stage
also the abdomen is very white, which suggests that the second stage nymph

does not eat any wood and is fed by larvae.
Discussion

Larval head width distributions A number of conclusions can be

drawn from the larval head width distributions. First, although only a
small number of individuals could be measured, the first two instars are
clearly distinguishable from each other and all other instars. This

corresponds to what Luscher (1952a) found in Kalotermes flavicollis and

is confirmed by gross observation of a termite colony. The early instars
are clearly different in size from later instars by naked eye obser-
vations. This is evidently because growth is rapid in the early stages

of termite development.

When one looks at the head width distribution of larvae with 12
or more antennal segments one finds considerable overlap. It is difficult
to determine the importance of the overlap in the case, 12 antennal
segments, since so few individuals were measured. In this case overlap

occurs with the distributions of individuals with 13 and 14 antennal
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segments. However, the curves of individuals with 13, 14, 15, 16 and
17 antennal segments all overlap with each other. In fact, the head

width distributions for the cases 15, 16 and 17 antennal segments are
very similar, if not identical. These forms presumably correspond to

Luscher's pseudergates.

One conclusion, then, is that growth is rapid in the early instars
but thereafter slows down. Once a termite reaches a certain size it is
impossible to say with certainty how many antennal segments it has or

what instar it is in.

Thus it could well be that the question of the number of larval
instars is unanswerable and somewhat meaningless. The situation is one
in which discrete definable growth occurs in the early instars and there-
after individuals develop at different or varying rates so that an entire
spectrum of individual types exists and one can find larvae with 14 an-

tennal segments of the same size as larvae with 17.

One can think of reasons why this situation might exist. In most
insects the larval instars are characterized by pronounced differences in
size. The larval stage is the period of vegetative growth in which the
organism accumulates the mass necessary for sexual maturity and repro-
duction. Speaking teleologically, it is in the interest of the species
to get through the larval stage as rapidly as possible. However, termite
larvae do not simply fulfill a vegetative function. Termites are social
insects and probably starting with the third instar termite larvae ful-
£ill social functions. From this stage on, they are functional workers
that eat wood, clean other termites, feed individuals of the first two
instars as well as soldiers and reproductives, and carry out all other
worker activities. Light and Weesner (1951), for example, found that

colonies of Zootermopsis angusticollis containing only third instar larvae

could be maintained in the laboratory. Colonies containing only second
instar larvae always died out. There are, in fact, no striking differences
in behavior between small and large functional workers. Furthermore, at
least in immature colonies, essentially all the larvae that are function-
al workers are capable of differentiation to soldier or supplementary

reproductive.
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It is therefore not surprising to find no great morphological
differences between larvae having no great functional differences. Since
larvae are used as workers, a rapid development to sexual maturity is
not needed. What is needed and what 2235 exist is a rapid development to
the stage of being a functional worker. Thereafter, continuous growth can
occur. Growth is still necessary since large larvae can probably do
more work than small ones and since at some point in the colony's develop-

ment the large larvae will be needed for alate production,

The overall growth and development of the larvae can be detected
when one looks at the average head widths associated with a given number
of antennal segments. This is shown in Figure 2. Average head width
does progressively increase with antennal segment number, rapidly at first

and gradually for 14 or more segments.

The result that a continuity of larval states exists, especially
starting with the fifth instar, is very similar to what Miller (1942)
found in the closely related Kalotermitid, K. flavicollis. In Miller's
study, head width distributions were fairly discrete for the first four
instars (defined according to antennal segment number) but overlapped
considerably for the last four. This was also true if mesonotum widths
were measured. In Luscher's study it was found that larvae, after the
fifth stage was reached, could undergo molts with only very gradual
changes in size or form.

The larvae then reached a final stage known as the pseudoworker

 §

or "pseudergate,'" a term invented by Grassé and Noirot (1947). The
pseudergate could undergo an indefinite number of stationary molts with-
out significant change in size or form. From an earlier study (Luscher,
1951a) it was clear that the pseudergate stage actually included forms
with different numbers of antennal segments which presumably could change

even in a 'stationary’ molt.

In the present work with Neotermes jouteli the term pseudergate

will be taken to be synonymous with large functional workers. More spe-

fically, pseudergates can be defined by three characteristics, which
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describe their morphology, their developmental capabilities and their
behavior,

1. They are the largest apterous larvae in any given natural
colony.

2. They are capable of developing into supplementary repro-
ductives, white soldiers or first stage nymphs, or they can undergo
stationary or nearly stationary molts.

3. They carry out all non-soldier and non-reproductive work
functions in the colony. They are to be distinguished from the first
stage nymphs and juvenile larvae although these forms may share some of

the behavioral and developmental characteristics of pseudergates.

Error analysis The overlap in the curves in Figure 1 is enhanced

because of two sources of systematic error. The first is antennal
breakage. Occasionally, individuals are found that have wide heads and
are very large, but have very short antennae. These are obviously cases
in which loss of part of the antenna has occurred during development.
If both antennae are affected these cases can be excluded. However, if
only a few antennal segments have been lost, this cannot be detected and
such individuals will tend to skew the distribution curves to the right.
In an effort to correct for this error, whenever there was a difference
in antennal segment number between two antennae, the larger number was

taken.

The other source of uncertainty is in the actual counting of an-
tennal segments. The third segment seems to be the growing point for
the whole antenna, and at this point one finds a continuity of states in-
cluding a single discrete segment, various intermediate forms and two
discrete segments. The presence of an intermediate state makes the
decision as to the number of segments on é given antenna somewhat sub-
jective. Since growth at the two antennae occurs at slightly different
rates, one can often resolve the question for a given larva by comparing
the third segment of each antenna. There is usually no difficulty in
visualizing any of the other segments. The fact that intermediary states
exist at the growth point is a further indication of the fact that growth

is rather continuous in larval termites and that instars are ill defined.
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Caste formation The observations made on soldiers, supplementary

reproductives and alates in this study were aimed not so much at defining
morphologically these castes as at attempting to determine their relation-
ship to the undifferentiated larvae. Reproductives were found with up

to 18 antennal segments and larvae were found with up to 17 antennal
segments, This suggests that the supplementary reproductive molt can in-
volve an increase in antennal segments. The smallest number of antennal
segments found on a reproductive was 14, suggesting that perhaps as

early as the fourth instar (13 antennal segments) but certainly as early
as the fifth instar, larvae have the capability of differentiating into
reproductives, Castle (1934) found that all immature forms starting with

the fourth instar could become supplementaries in Zootermopsis angusti-

collis. Luscher (1952a) found that it was not until the fifth instar in

K. flavicollis that larvae could develop into supplementaries,

White soldiers were observed with as few as 13 antennal segments
and in one case it was known that such a white soldier arose from a
larva that also has 13 antennal segments. Thus, larvae can differentiate
towards soldiers as early as the.fourth instar. This was also found by

Luscher (1952a) in K. flavicollis.

The ability to differentiate into soldiers or reproductives is
preserved in all larval stages after it first arises. Both differenti-
ation processes involve loss of wingbuds. This is reminiscent of the
resorption of wingpads that Luscher (1952a) observed when nymphs of K.

flavicollis developed into soldiers or supplementary reproductives.

The formation of alates via two nymphal stages is identical to
what Luscher found in K. flavicollis. Luscher also found that the two
nymphal stages could develop into soldiers or reproductives or could
totally resorb their wingpads and dedifferentiate back to the pseudergate
stage. No information on these questions was obtained in this study,
however, it seems reasonable to assume that nymphs possess these capa-

bilities in N. jouteli as well.
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Conclusion: Scheme of Developmental Pathways

The above results and discussion allow one to derive a general

scheme of the developmental pathways in Neotermes jouteli. This is shown

in Figure 3., Figure 3 summarizes the following findings. After hatching
larvae go through a number of instars characterized by discrete size
distributions and well-defined antennal segment number. They rapidly
reach a point, perhaps as early as the fdﬁrth instar, after which molting
continues but developmental changes become extremely gradual and ill

defined. After this point larvae are known as pseudergates, forms which

can be loosely defined by their morphological, developmental and be-

3

havioral characteristics. At least as early as the fourth instar (Li
larvae become capable of soldier development, and somewhere around the
fifth instar (L;4) larvae become capable of supplementary reproductive
development. These capabilities are preserved in all further larval
stages. Nymphs derive from the pseudergates and develop via two stages
into alates. They are probably also capable of soldier and supplementary
development and dedifferentiation back to the pseudergate. Wingbuds
appear somewhere around the fourth instar (L4 ) and are kept in more

advanced stages. They are resorbed during soldier or supplementary re-

productive development.

The scheme shown in Figure 3 is essentially identical to that

derived by Luscher (1952a) for the closely related Kalotermes flavicollis.

The only difference is that Liuscher found that the pseudergate stage was
preceded by five rather than four larval stages. Since it is doubtful
that pseudergates can be clearly demarcated from nearby larval stages,
this difference may only be a matter of definition. It is reasonable
that development should be similar if not the same in N. jouteli and K.
flavicollis. Both species are members of the same family. Until
Krishna's revision (1961) of the Kalotermitidae, both species were con-

sidered to be in the same genus, Kalotermes.
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Introduction

The maturation of a termite colony to the point where its larvae
can develop into swarming alates takes a long time. There must first be
a period of vegetative growth in which the colony's population develops

and its nest grows to full size. In the case of Neotermes tectonae this

may last six or seven years (Kalshoven, 1930), in Zootermopsis, four
years (Heath, 1931). The single pair of reproductives are therefore
critical individuals in this growth period. After a new colony has been
initiated and sufficient functional workers are present, the reproductives
become totally specialized for colony growth. They lose their ability

to eat wood and do work and they devote themselves entirely to mating and
egg-laying (Grassé, 1949). This is associated with abdominal swelling,
particularly in the female but to some extent in the male as the internal
reproductive organs grow. This abdominal hypertrophy reaches an extreme
in the highest family of termites, the Termitidae, where in some species
the female's abdomen may increase in volume 300 times. These females,
known as physogastric queens, are essentially giant egg-laying machines.

In Macrotermes natalensis the female's abdomen may grow to 5" long and

11" wide. Grassé (1949) reported observing a female of this species
expel eggs at the rate of one every 2.4 seconds and stated that this pro-
bably was exceeded in other species that had even larger queens. He
estimated that in some cases the queen might produce as much as two-fifths

of its own weight in eggs each day.

A crucial question, then, is: What happens to a young growing
colony if it is suddenly deprived of its reproductives? This could

easily happen in all or part of a natural colony if a branch or tree
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trunk were broken by the wind or if the reproductives were killed through
predation, disease or various physical occurrences such as flooding. The
answer to the question is that, at least in the lower termites, a process
of regeneration immediately begins and within a short time a colony will

have returned to normal.

Grassi and Sandias (1893-1894) were the first to study the pro-
duction of supplementary reproductives in laboratory colonies of orphaned
larval termites. Working with the Southern European dry-wood species,

Kalotermes flavicollis, they observed that within 4-7 days following

orphaning, larvae acquired pigmentation and became sexually mature in
artificial laboratory colonies of 15-40 individuals. Furthermore, they
found that if larvae were isolated from their reproductives for even
24-48 hours, then supplementaries would sometimes arise. They considered
that the supplementaries were neotenic larvae that had acquired sexual
maturity through being fed a special diet. They also noted that excess
supplementaries that arose in response to orphaning gradually disappeared
from the colony leaving a single pair and that thereafter no new supple-

mentaries arose.

Despite this very promising beginning it was a long time before
much more was known about the actual regenerative process. Supplementary

reproductive production was studied in two species of Zootermopsis, a

genus of the family Hodotermitidae, by a number of authors including

Castle (1934), Light (1942-43), Light and Illg (1945) and Light and

Weesner (1951). Their findings were similar to those of Grassi and
Sandias for E. flavicollis, except that in Zootermopsis regeneration did
not seem to be as sharply controlled. Castle (1934) found that groups of

isolated Z. angusticollis larvae gave rise to pigmented individuals that

produced eggs within 35-50 days. Light (1942-43) found that reproductives
could be regenerated in as few as two weeks in{E. nevadensis but that
there was great variability in laboratory colonies and that it might be

as long as six weeks before pigmented individuals appeared. He also
found that reproductives could arise in small colonies (of 20 individuals)

that already had a pair of reproductives, although not as many arose as
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in orphaned groups. Excess reproductives were tolerated and no mention
was made of their disappearance. Light and Weesner (1951) found that

reproductives could be removed from colonies of E. angusticollis for at

least a week before reproductive production became irreversible.

It was not until 1946 that Grassé and Noirot (1946a), working with
K. flavicollis, showed that the transformation of a larva to a supple-
mentary always involved a molt. Previous authors had assumed that larvae
simply became pigmented and sexually mature without molting. As was the
case for all molts this one was preceded by an emptying of the digestive

tract, following which the larva appeared white (Grassé, 1949).

Luscher (1952b) studied this molt in detail and found that it
differed in a number of respects from normal larval molts. Using marked
larvae, he found that the emptying of the gut occurred on the average
5.4 days before a supplementary molt but 7.0 days before a larval molt.
Second, he found that the duration of the molting interval before a
supplementary molt was less than half as long as that before a larval
molt. That is, the supplementary molt is specially induced by the re-
moval of reproductives. Finally, he found that supplementary repro-
ductives never molt again and therefore constitute a final adult caste.
Later work (Luscher, 1960a) showed that the prothoracic glands, the source
of ecdysone, the molt-inducing hormone, degenerate following a supple-

mentary molt.

Both Grassé and Noirot (1946a) and Luscher (1952b) observed that
excess reproductives produced in response to orphaning were eaten by the
larvae until only a single pair remained. Lischer (1952b) found that
this process of caste elimination began 1-3 days after the production of

a second male or female.

In none of the studies that have been mentioned were daily censuses
reported of colonies undergoing regeneration. This is perhaps due to the
fact that the intensity of the regeneration process was never great
enough to warrant daily observation. Judging from the data presented by
Grassé and Noirot (1960a) approximately 5% of the larvae transform to

supplementaries in laboratory colonies of K. flavicollis which have been
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orphaned for ten days. In Z. nevadensis, Light's data (1942-43) indicate
that an average of 10% of the larvae transform in 17 weeks after
orphaning., As will be seen in the following experiments the regeneration

intensity is much higher in Neotermes jouteli. In ten days after

orphaning, 15% of colonies consisting of pseudergates will have trans-
formed, and in three weeks the level can reach 40%. Because of the strength
of its response to orphaning, N. jouteli is an excellent species for

studying mechanisms of caste determination.

Experimental Procedure

In the following experiments the details of the regeneration pro-

cess in Neotermes jouteli were investigated. The procedure was as follows.

On day 0, fifty larvae were removed from a stock colony nest and placed

in an experimental colony nest.

The larvae were chosen from the most advanced stages present in
the stock colony. As had been clear from the instar analysis carried out
on N. jouteli it is not meaningful to make morphological distinctions
between larvae after a certain stage. 1In early experiments larvae of a
uniform number of antennal segments were used. Thus Figure 4A shows
regeneration in a colony containing larvae that all had 16 antennal
segments. It soon became clear that there was no detectable difference
in regeneration behavior in larvae with 14, 15, 16 or 17 antennal segments,
and thereafter experimental colonies were simply provided with "large"
larvae or ''pseudergates' that presumably represented a number of dif-

ferent advanced stages and antennal segment numbers.

In addition to the pseudergates, each experimental colony was
provided with a few (2-5) soldiers to suppress the tendency towards
soldier regeneration that appears in the absence of this caste. The
number of soldiers was determined by the proportion of this caste in the
original stock colony. Each day beginning on day 1, the experimental
nest was opened and a census was performed. Except during the census

the nests were incubated in the dark at 26°C.

Pseudergates normally have brownish bodies due to the fact that

their guts are full of wood particles. The first sign that a pseudergate



37

is going to molt is that it stops eating, absorbs or excretes all wood
particles and appears totally white. This may be related to the fact
that molting involves shedding of the cuticle that besides covering the
external surface of the larva's body also lines the foregut, the region
consisting of the esophagus, crop and gizzard. The numbers of white and
brown pseudergates were both noted in the daily census, which also in-

cluded the number of reproductives, white soldiers and soldiers.
Results

The censuses as a function of time are presented in Figure 4A for
a single experimental colony established in 1967 and in Figure 5 for the
average of eight experimental colonies in 1969. Figure 4B shows the
behavior of a control colony that contained a pair of supplementary re-

productives from the beginning.

It can be seen that the regeneration process begins very soon after
orphaning. White pseudergates begin to appear in 1-3 days and the white
pseudergate population builds at a very rapid rate. Starting on day 4,
this rate begins to level off but the population of white pseudergates
continues to grow until day 8 or 9 when the first white pseudergates molt
to become supplementary reproductives. Thereafter the brown pseudergates
stop becoming white and essentially all the white pseudergates are trans-
formed into supplementaries. The number of supplementaries that accumu-
late in a colony is never as large as the number of white pseudergates
that accumulate, because as excess supplementaries arise a process of
caste elimination sets in. Starting on day 10 or 11 the remaining brown
pseudergates begin to cannibalize supplementary reproductives. This is
reflected in the fall of the total population, which has heretofore re-
mained essentially constant. In some cases supplementaries are forced
outside of the colony's galleries where they apparently starve to death.
Finally the last white pseudergate becomes a reproductive and the repro-
ductive population is reduced to a single male and female. By approxi-

mately day 24 the colony has been restabilized. Within the next four
. days the first eggs appear. Therefore, the regeneration process has cost

the colony four weeks plus 40% of its pseudergate population.
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Figure 4A. Reproductive regeneration in a single colony of Neotermes
jouteli, 7-8/67. Colony maintained at 2600 in the dark. All pseuder-

gates with 16 antennal segments.
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Figure 4B. Control colony from same stock run concurrently. All pseuder-

gates with 15 antennal segments.
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Figure 5. Reproductive regeneration in Neotermes jouteli.

Average of eight colonies of pseudergates from Stock 69-2,

Colonies maintained in dark at 26°C, January-April 1969,
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It should be noted that the pseudergates from the colonies on
which Figures 4 and 5 were based were taken from stock colonies that con-
tained a single pair of supplementary reproductives. There would have
been no difference in the results if the stock colonies had been headed

by primary reproductives instead.

Other Species

Reproductive regeneration was briefly surveyed in two other species

of the southern Florida Kalotermitidae, Neotermes castaneus and Incisi-

termes snyderi. Neither seemed to be as promising experimental organisms

as N. jouteli. 1In both species the regeneration response seemed con-
siderably weaker. In N. castaneus an average of 8% of the pseudergates
transformed in the same amount of time. In addition, these species present
other difficulties. Very little pigmentation is acquired in the supple-
mentary molt in N. castaneus and it is difficult to distinguish supple-
mentaries from pseudergates. In I. snyderi the pseudergates are normally

very pale and it is difficult to perceive the pre-molt white phase.

Soldier Regeneration

Much less attention has been paid to the problem of the regener-
ation of soldiers than to that of reproductives. The scattered obser-
vations that exist point to the view that the proportion of soldiers in
a colony is rather stable af least for large and mature colonies. Soldier
development is inhibited so long as this proportion is present, and further-
more the presence of soldiers in excess of this proportion leads to caste
elimination. Thus Castle (1934) found that addition of soldiers to

incipient colonies of Zootermopsis angusticollis prevented further

soldiers from arising whereas removal of soldiers stimulated the pro-
duction of more soldiers. Miller (1942), working with the Rhinotermitid,

Prorhinotermes simplex, found that in groups of larvae from which the

soldiers had been removed, about 7% of the individuals transformed to
soldiers in about a month whereas in control colonies with soldiers only
- 0.7% became soldiers. Luscher (1961a) found that colonies of K. flavi-
collis with more than 300 individuals maintained a relatively constant

level of approximately 3% soldiers. The departure of alates in the
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seasonal swarm momentarily increases the proportion of soldiers and the

larvae proceed to cannibalize the soldiers back to their normal level.

One simple experiment was carried out in the present work to show
that if soldiers were removed from a colony of N. jouteli, soldier re-
generation occurs. The experiment was the same in principle as the one
already described for reproductive regeneration. On day 0, 50 pseuder-
gates were removed from a stock colony nest and placed in an experimental
colony together with a pair of reproductives. In the initial stock
colony the soldier:pseudergate ratio was approximately 1:10. Control
colonies were also set up that contained 50 pseudergates plus five soldiers.
The results for two experimental colonies are shown in Table V and
graphically in Figure 6. It can be seen that it takes five to seven
weeks for a white soldier to arise from a pseudergate, and then two to
three weeks for the white soldier to molt to a soldier. (It should be
remembered that the white soldier arises from a pseudergate via a molt
and is not analagous to the white pseudergate, which is simply the phase
of the intermolt cycle of a pseudergate that precedes its next molt).

By fifteen weeks the colony has regenerated its normal complement of
soldiers and is thereafter stable. Control colonies showed no change in

soldier number.

Soldier elimination has frequently been observed though not studied
systematically in the course of this work. As has been seen, the process
of reproductive regeneration involves the destruction of a large part of
the non-soldier population and therefore increases the proportion of
soldiers in the colony. When the destruction of the excess reproductives
is finished, the pseudergates nearly always then turn on the soldiers and
reduce their numbers to the proportion originally present, For example,
in the colony shown in Figure 4A that underwent reproductive regeneration,
two soldiers were killed, one on day 20 and one on day 28. Thus both
the soldier and pseudergate populations were reduced and the ratio was

restored to 1:10.
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Figure 6A. Soldier regeneration in N. jouteli. Sum of two colonies

kept at 26°C in the dark, June-November, 1967.
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Discussion

The events leading to the restoration of a functioning pair of
reproductives in an orphaned laboratory colony of N. jouteli can be sum-
marized as follows. First, there is an activation period of 1-3 days in
which the first pseudergates become "aware' physiologically of the absence
of the reproductives. This period ends when these pseudergates empty
their guts and turn white. The white premolt period lasts 6-8 days.
There then follows a molting period in which pseudergates transform to
supplementaries. This usually lasts 7-10 days since new pseudergates
continue to be activated until there is at least one male and one female
reproductive present. In 1-2 days after the start of the molting period,
caste elimination begins. This continues for usually about two weeks
until a single reproductive pair is left. It is not clear when the first
matings occur, but eggs begin to appear almost as soon as the colony has

been restabilized. The entire process lasts four weeks.

It is evident that reproductive regeneration in this species is
qualitatively similar to that in K. flavicollis. Luscher's data (1952b)
indicate a slightly shorter white premolt period and possibly also a
shorter time before the first pseudergates are activated. Thus, whereas
the first supplementaries appear 7 days after orphaning in K. flavicollis,
they usually do not appear until day 9 in N. jouteli. The general time
course for caste elimination and molting seem to be the same in the two
species. Egg-laying, on the other hand, does not occur until 2-4 weeks

later in K. flavicollis (Grassé and Noirot, 1946a).

One significant difference appears to lie in the regenerative in-
tensity. However, it must be pointed out that, as will be shown in the
next chapter, this property varies with colonies within the same species.
The important variable seems to be the age of the coiony, and evidence
will be presented that regenerative intensity in N. jouteli decreases as
a colony grows older. Many colonies have been found in the course of this
work with regenerative intensities as low as those reported for K. flavi-

collis.
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The data presented here also support Luscher's conclusion that the
supplementary molt is specially induced by removal of reproductives. Thus
the number of white pseudergates in control colonies fluctuates around
a constant level of 6% (Figure 4B). The fact that a large bloom of white
pseudergates occurs in experimental colonies shows that reproductives
are not simply arising from pseudergates that are at the end of the normal

intermolt cycle.

The vigorous response to orphaning of groups of N. jouteli pseuder-
gates taken from young natural colonies makes such colonies an excellent
subject for studying the mechanisms controlling and determining caste in
termites. For example, orphaned colonies of N. jouteli pseudergates
could serve as clear-cut assay systems to test the inhibitory power of

chemical extracts.

Soldier regeneration, on the other hand, is much less vigorous,
both in the time required and in the number of soldiers produced. There

does not seem to be much, if any, overshoot in soldier production.



46

V. COLONY VARIATIONS

Introduction . . . . . . . . ¢ v v s s s 4 o o e e e e e e e e 46
Experimental Procedure . . . . « « « « « o « o o o o o o o o o o 47
Results ., . , ., B O 48
Discussion . . . . ¢ ¢ 4 « o ¢ o ¢ o s s 0 s 8 e e v e 0 e e e e 52
Some Factors Affecting IR S 56
Regeneration . s & « % + & s s s w s s & & s s @ s 3 ® « & 56
Larval stage . . ¢ o o ¢ o o o o o o o o o o o o o o o o o 58
Introduction

In the course of this study it was soon observed that the vigorous
regeneration displayed by some orphaned colonies was not obtained when
other stock colonies were tested. The differences between colonies were

often drastic.

This phenomenon was first noticed by Light (1942-43) in Zooter-

mopsis nevadensis and was later investigated in some detail by Light and

I11g (1945). Light and Illg concluded that 'reproductivity," defined as
the number of reproductives that arose in a given group of larvae in some
given time after isolation from their parent colony, was the same in
groups of larvae of the same instar composition taken from the same parent
colony at the same time. However, great differences could be found if

any of these three variables were changed. That is, groups of larvae
having the same constitution and taken at the same time from different
natural colonies, or groups taken from the same colony at the same time

but having different instar compositions, or groups having the same
composition and taken from the same colony but at different times, general-

ly had different reproductivities.

Light (1942-43) proposed three possible explanations for the
colony variations in regeneration intensity. They might result, he
thought, either from genetic differences between the colonies or from
individual historical differences in the development of each colony, or
they might represent characteristic shifts during the life history of a

colony with the possibility that changes in reproductivity were pro-
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gressive, regressive or cyclic. Light doubted that the difference had a

genetic basis but offered no evidence related to any of the three pos-

sibilities.

In the present work a number of correlations were found that suggest
the colony variations can at least partly be accounted for as a regressive
shift in regenerative ability with increased colony age. In addition, it
was found that some of the data presented“by Light and Illg (1945) could

be interpreted as support for this hypothesis.

Experimental Procedure

On January 6 and 7, 1969, 18 natural colonies of Neotermes jouteli

were collected in the same woods on Virginia Key, Florida. These were
brought to New York on January 9 and extractions were carried out be-
ginning January 10 and ending February 12. As soon as possible after
extraction the following studies and procedures were carried out on each
colony.

1. Nest description: Size, location and extent of galleries;
wood samples were kept.

2. Population: Census of pseudergates, white soldiers, soldiers
and primary and/or supplementary reproductives; presence of eggs and
juveniles; ratio of pseudergates to soldiers plus white soldiers.

3. Antennal segments: The antennal segments of a number of
typical pseudergates were counted.

4, Weight: 25 pseudergates and 10 soldiers from each colony were
weighed.

5. Protozoa: The hindgut protozoa of larvae from each colony
were qualitatively scanned with the aim of checking to see whether the
major species characteristic of N. jouteli (Krishna, 1961 and Addendum)
were universally present.

6. Response to orphaning: 25 pseudergates plus a proper number
of soldiers were isolated from each stock colony and reproductive re-
generation was monitored through daily censuses. The regenerating colo-
nies were incubated at 26°C in the dark. In two colonies (69-14 and
69-15) reproductives were removed as they arose, but in the other groups

the normal course of events were allowed to occur. The reproductives
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present each day were sexed. A simple regenerative index, IR’ was in-

vented and measured using the formula

% of original pseudergates that transformed in 20 days

days to the appearance of first reproductive after
isolation (T-day).

Thus IR will be larger the more pseudergates transform and the sooner
transformation begins.

7. Preservation: A group of pseudergates and soldiers and, if
possible, alates from each colony were preserved in 85% ethanol.

8. Alates: If alates arose in the stock colonies in the following

summer, the date on which they were first noticed was recorded.
Results

Table VI lists the IR's, the average weights and numbers of an-
tennal segments of the pseudergates, the average weights of soldiers, and
the presence or absence of alates. The data is presented in order of

decreasing 1 In addition, regeneration graphs for sample colonies are

presented inRFigure 7. In the cases of colonies 14 and 15, from whose
test colonies reproductives were removed as they arose, IR was estimated
on the basis of the number of white pseudergates present the day before
the first supplementaries appeared. If the formula for IR given above

was used, I_ would of course be considerably higher for these colonies

R
[IR (colony 15) = 9.5, IR (colony 14) = 8.0]. The true IR for colonies
69-11 and 69-18 was probably somewhat higher than that found since the

mortalities for these colonies were high. It can be seen that IR varies

continuously from O (colony 69-4) to 6.5 (colony 69-15).

When the data are presented as in Table VI, it is seen that the
colonies fall into two groups: those in which the pseudergates and
soldiers are large and those in which they are small. The large indi-
viduals weigh almost twice as much as the small ones and usually have
more antennal segments. The colonies with large individuals tend to have
low IR'S and to produce alates. The colonies with small individuals tend

to have high I 's and do not produce alates. By definition, colonies

R
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