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ARGUMENTS FOR A M NI MAL MODEL

The ontogeny of larval forns of invertebrates and vertebrates
has fascinated enbryol ogi sts and evol utionary biologists for cen-
turies (CGould, 1977). W are now at a stage when appropriate
choices of nodels of netazoan devel opnental phenonena may tall ow
us to wunderstand them on a nechanistic and nolecular |evel.
Success in this venture may depend on the ultinmate conplexity of
t he nodel chosen to study and for this reason potential nodels of
m ni mal conpl exity shoul d be sought.

The scientific literature is replete with exanples in which
concentrating on a sinpler system affords rapid progress in a
subj ect. Neurospora and later E. coli revolutionized the study of
genetics and biochem stry. The further search by geneticists for
sinmpler systenms led to the use of viruses and ultimately to the
sinmplest of all replicating organisns, the RNA-coliphage. For
sone strains of this phage, which has only 3 genes, science is in
the enviable position in which it can claim an alnost total
i nventory of an organismis nol ecul es and behavi or

Wiile microbial nodels for netanorphosis do exist, i.e.,
bacterial sporulation (Losick, 1973), or <cellular slinme nold
nor pho-genesis (Bonner, 1967), one nust eventually ask the
general question of whether slinme nold, anphibian and insect
nmet anmor phosi s are based on the sane nechanism For this reason it
is useful to explore mniml nodels of netanorphosis at a nunber
of levels of conplexity in a variety of organi sns.
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The phenonenon of netanorphosis connotes a change of form
associated with a change in life style. In cellular slinme nolds
the change is froma unicellular to a multicellular form brought
on by starvation. In anphibians the change usually acconpanies
the transition from water to land and is nost dramatically
represented by the nmetanorphosis of tadpole to frog, which
i nvol ves both norphol ogical and physiol ogical adaptations to a

new ecology:- Changes in feeding, excretory physiology and
respiratory physiol ogy are anbng

the dramatic shifts. Sexual maturation, the transition to a
re-productively conpetent I|ife style, is not acconpanied by
radi cal norphol ogi cal changes in vertebrates. Changes which do
occur at puberty in the higher vertebrates, birds and mammal s,
usual |y involve devel opnent of secondary sexual characters such
as mammary glands or changes in plunage, developnental changes
whi ch do not have the dramatic qualities which have been |abel ed
nmet amor phosis. Interestingly the evolution of netanorphosis in
both insects and anphibians may have occurred at the sane tine,
in the Devonian era, 350-400 nillion years ago, as a response to
the severely fluctuating ecological conditions (Wggleswrth et
al ., 1963; Wgglesworth, 1976).

Anong insects the phenonenon of netanorphosis is associated
with maturation from a larval to adult form conconmitant with a
cessation of further nolting, and is restricted to the higher,
wi nged, species. The evolution of the netanorphic process is
linked to the origins of flight but is shrouded in obscurity due
to a poor fossil record (Woten, 1976). The adults of the
earliest known w nged insects, from the Carboniferous period,
al ready possessed two pairs of perfect w ngs (Snodgrass, 1952).
At that stage of evolution the wings were the only exoskel etal
structures other than genitalia which differentiated adults from
| arvae (O arke, 1973). Since, at that time, there already existed
two radically different ways of articulating the wing to the
body, it is entirely possible that there was nore than one
i ndependent origin of flight and, |ikew se, of netanorphosis.
However, argunents to the contrary abound (Wgglesworth et al.,
1963).

Due to the confusion of the fossil history, if a unified
theory of insect netanorphosis is to be established, we nust deal
with the conparative norphol ogy, physiology, and devel opnent of
extant forns. The exact correspondence of devel opnental stages in
anet abol ous, heni net abol ous and hol onetabol ous types of insect
devel opnent is as yet unresolved (H nton and Mackerras, 1970).
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I ndeed the resolution of the correspondence of netanorphosis and
stages in the different groups may cone from nore detailed
know edge of the regulation of the nechanisn(s) of netanorphosis
in higher insects and how these nechanisns relate to the
primtive regulatory system found in the closest relatives of the
Pterygotes anobng the Apterygotes, the Thysanura (Snodgrass,
1952).

In apterygote insects little or no external netanorphic
changes are noticeable in the larval to adult transition. The
basi ¢ ecology and physiology of the maturing animal does not
change, and if an observer did not notice the reproductive
behavi or and egg production, it would be hard to tell that an
i mport ant transition had occurred. Silverfish (Thysanura)
devel opnent is a typical exanmple of this "ametabol ous" type of
maturation, Fig. la. At the transition fromlast larval to first
adult stage sone changes in scale pattern do occur, and these
snall differences nmay have been amplified by natural selection
into the types of differences which preadapted a Thysanuraform
ancestor to give rise to a netanorphic, w nged line of descent
(Wgglesworth et al., 1963).

In nodern day Thysanurans the pattern of nolting cycles of the
|arval phase is continued in the adult, but each fenale adult
molting cycle is preceded by a yolk deposition and ovul ation
cycle (Watson, 1964). Ovulation and nolting alternate in a
nmutual |y exclusive pattern for the renmainder of the life of the
femal e sex of this anetabolous insect. This alternating pattern
in the adult is under neuroendocrine control and could serve as a
nodel of a prinmtive control system from which all the higher
i nsect nolting and reproductive control systens are derived.

Figl Three major types of insect
development: a) Ametabolous
a) ametabolous: development typified by the silverfish,
b) Hemimetabolous development
typified by the cockroach; in some
hemimetabola such as termites and
b) hemimetabolous: grasshoppers there may be more than
B T - one stage with wing pads that could be
b=lemembe= N = A AN caled nymphal; c) Holometabolous
development typified by flies, moths
¢) holometabolous: and  Dbutterflies, and  beetles
L= Lo=.=Ly = P = Abbreviations: ‘A" adult stage; 'L" larval
1= L b A T‘: Y.Y. stage; 'N' nymphal stage (=last instar
larva); 'P' pupal stage; '€ eggs.

- Ly=..=Lk—= A A A
L 2 k 1 (. 2 Y" 3§.
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At the other extrene the holonetabolous insects undergo
dramatic changes in ecology, physiology and norphology at the
larval to adult transition, Fig. 1c. Their so-called "conplete"
net amor phosis is so extrene that an internedi ate stage, the pupa,
is required to accommpdate the replacenent of larval structures
by adult structures (Hinton, 1963). In the Diptera the changes
from maggot to fly are such that few functional Ilarval tissues
survive in the adult. The fly tissues are derived from nests of
cells, imaginal discs, which do not participate in formng |arval
structures (Poodry, 1979). In these extreme cases it is
i nappropriate to talk about a particular tissue in terns of its
larval to adult transition. Metanorphosis is acconplished by the
programmed death of one set of tissues, the larval set, and
growth and termnal differentiation of a second set, that of the
adult. In those holonetabolous groups in which a tissue does
function continuously in larva, pupa and adult, such as in the
| epi dopt eran abdominal epidermis (WIllis, 1969 and this vol une),
the external norphology, ultrastructure and biochenistry of the
ti ssue undergo nunerous changes. As adults the majority of holo-
net abol ous insects still produce eggs in batches in a cyclical
fashion; nobst with the involvenent of juvenile hornone, JH and
sonme as suggested by various investigators, with the involvenent
of both JH and ecdysone (for reviews see Hagedorn and Kunkel,
1979; Engel mann, 1979).

These hol onet abol ous netanorphic systens, though they serve
well to denonstrate and el ucidate the neuroendocrine controls and
phenonenol ogy of netanorphosis, are too conplex to allow an
under standi ng  of the rmechanism of nmet anor phosi s  at t he
bi ochemical level. The basic problem as | see it is to separate
t hose biochenical processes which are part of the larval, pupal
or adult phenotypes from those which are inportant for the
transition between these stages. In hol onetabol ous devel opnment
too many of the observed phenonena are likely to be attributes of
a stage phenotype rather than a part of the ontogenetic nechani sm
of transition. Since the larval to pupal and pupal to adult
nolting cycles are one of a kind, i.e., occurring only once in
the normal devel opment of an individual, it is additionally hard
to distinguish the stage specific nolting physiology from the
nmet amor phi ¢ process.

On the other hand the heni netabol ous type of netanorphosis
Fig. Ib, as exenplified by the cockroach, is, in many respects, a
m ni mal nodel of nmetanorphosis. The ecology of the larva and
adult is often quite simlar, and nost of the functional I|arva
tissues continue to be functional in the adult. The netanorphosis
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is often described as 'inconplete' or ‘'gradual'. A transition
stage between inmmture and adult, the nynph, is distinguished by
sone investigators in specific groups of hem netabol ous insects.
Al t hough certain schools eschew the use of the term 'nynph' |

find it useful. The nynph, as opposed to a larva in general, has
developed wing pads and in sonme groups, including the
cockroaches, is diagnostic of the fact that netanorphosis wll
occur with the next nolt. | wll subsequently refer to the |ast

instar larva as a nynph, while retaining the nmore traditional
term 'penultinmate larva' for the next to last larval instar. The
nynph stage has been given special neaning and fornalized wth
relation to the caste system in the ternites, inmunologically
close relatives of the cockroach (Kunkel and Law er, 1974). The
termte nynph has already undergone sone netanorphic changes and
is restricted in its developnental potencies; it is capable of
becoming a functional reproductive but not a soldier (WIson,
1975).

Since the majority of tissues in the henm netabola are continu-
ously functional through the larval, nynphal and adult stages,
one can ask in real ternms how particular tissues are changed in
function through netanorphosis. If the hem netabolous and
hol onet abol ous nechani sns  of netanorphosis are basically the
sanme, then by choosing the sinpler heni netabol ous nodel we have
enriched for the details of the netanorphic nechani sm rather than
the details of the changed stages.

Devel opnent vs. Physi ol ogy

Even after establishing a hem nmetabolous mininmal nodel of
nmet anor phosis, there remains the problem of separating the
i mportant events of netanorphosis from the physiology of the
nolting process. Gowh and developnent of arthropods are
inextricably tied to the nolting process, during which the old
cuticle is replaced by a fresh, wusually Ilarger, and, if
nmet amor phosis is occurring, geonetrically different exoskel eton.
The probl em of deciding what is nolting and what is netanorphosis
is nost clearly explained by discussing the epidernis. Even
during isometric growth, which is predomnant during |arval-
larval nolt cycles, Fig. 2a, the cockroach epiderm s undergoes
distinct differentiative and proliferative phases of nitosis
(Kunkel , 1975a). The differentiation of new sensory and gl andul ar
organules in the expanding epidernms occurs during the internolt
phase of the stadium Proliferation of the generalized epidernal
cells, contributing to the expansion, occurs at the beginning of
the nolting phase of the stadium but prior to apolysis. In the
later part of the nolting phase, after apolysis, the epidernal
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cells go through their program of digestion of old cuticle and
deposition of new cuticle.

The internolt phase during which the determ native cell divi-
sions for new structures occur, can be expanded by various
devel opnental processes including regeneration, Fig. 2b (Kunkel
1975a; 1977), and netanorphosis, Fig. 2c. The process of
net anor phosi s involves changes in all phases of the stadium
However, in the cockroach the length of the nolting phase remnains
relatively constant despite any type of lengthening of the entire
stadium seenmingly due to a stereotyped program of epidermal
nolting behavior initiated in an all-or-none fashion by the
brai n-prot horaci c gl and endocri ne axis.

Fig.2 Timing of events during molt-

al larval intermolt cycles of the German

R . cockroach, Blattella germanica. Periods

——ii— of proliferative (stars) and differentiative

bl larval regeneration (asterisks) cell divisions are illustrated for

* Eak B O OF o, a) premetamorphic IV instar larvae, b) 1V
et . .

' ' instar larvae regenerating a leg

) nyrph autotomized at 40 hours after feeding

(arrow), ¢) metamorphosing nymphs. Key

I N ) to the molting cycle events: 1) brain

= o critical period, 2) regeneration critical

- = period, 3) prothoracic gland critica

o Lo 200 period, 4) apolysis, 5) end of epidermal

F mitosis, 6) bristle growth initiation, 7)

hours after feeding bristle growth termination, 8) muscle
attachment release and 9) ecdysis.

Thus, the allonmetric changes that occur on a biochem cal and
nor phol ogi cal |evel during netanorphosis nust be viewed against
the backdrop of the cyclical nolting physiology (Kunkel, 1975a
1975b; Duhanel and Kunkel, 1978) that domi nates insect growth and
devel opnent .

The Fat Body as a Metanorphosi ng Ti ssue

The epiderm s, responsible for the synthesis and secretion of
t he exoskel eton, has received nost attention in studies of neta-
nor phosi s. Unfortunately, netanorphosis of this tissue is usually
eval uated by its secretion of a cuticle at the end of the nolting
phase, and local <changes in shape and coloration of this
structure are difficult to quantify. The fat body, another system
whi ch under goes net anorphi c changes nmay be better tissue in which
to study this phenonenon. The fat body is the source of the
majority of serum proteins (Watt and Pan, 1978) including the JH
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bi nding protein (Nowock et al., 1975), storage proteins, such as
cal l'i phorin (Thonson, 1975) and cockroach |arval specific protein
(Kunkel and Lawl er, 1974), and the vitellogenins (Pan et al.,
1969). The secretion of these proteins by the fat body
constitutes a phenotype which can be continuously nonitored in
its transition from a larval to an adult pattern. The
nmet anmor phosis of the fat body in the holonetabola, |ike epidernal
net anmor phosis, is dramatic, involving changes in tissue identity,
nor phol ogy and physi ol ogy, which make conparisons of |arval and
adult fat bodies difficult to interpret.

On the other hand, the fat body of the cockroaches and ot her
hem et abol ous groups renains norphologically intact throughout
net anmor phosis. Wiile the epidermis is structurally conplex and
its netanorphosis involves a variety of localized changes, the
fat body is nade up of only a few cell types and has the
potential of reacting in a wuniform manner to the forces of
nmet anor phi ¢ change: a bio-chemcally tractabl e problem

The Fat Body as a Mninmal Tissue Mdel of Metanorphosis

It is convenient to assess a nmmjor aspect of the in vivo syn-
thetic activity of the fat body by nonitoring the concentration
of serum proteins in the henmolynph. Al of the nmmjor serum
proteins of the cockroach are large, wth nolecular dianeters

greater than 100 Angstroms (Kunkel and Pan, 1976). In the
majority of the larval and adult stages there is very little
turnover of this group of proteins. As a result, it is possible

to follow the increases in concentration and |abeling of the
maj or serum proteins seen during each molting cycle (Duhanmel and
Kunkel , 1978; Duhanel, 1977) and interpret them as accumnul ations
of newy synthesized and secreted protein.

About 24 hours prior to each ecdysis in B. gernanica, all of
the accunulated large serum proteins are cleared from the
circulation in a precipitous fashion. Even injected foreign
proteins such as horse ferritin and E. coli beta-gal actosidase,
which do not turn over at an appreciable rate during the first
three quarters of each stadium disappear rapidly as ecdysis
approaches (Duhanmel, 1977; Duhanmel and Kunkel, in preparation).
In addition, the protein storage granules of the fat body also
di sappear as ecdysis approaches, and do not reappear until about
48 hours after feeding in the next stadium (Kunkel, 1975a). At
present, the best guess as to where these serum and fat body
protein resources are going at this time is into the production
of the new cuticle. The analogous (and possibly honologous)
storage proteins in the hol onetabola (Thonmson, 1975; Watt and
Pan, 1978) contribute to the general tissue renodeling which
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occurs at netanorphosis.

Upon this background of cyclical synthesis of serum proteins
by the cockroach fat body there occurs a netanorphosis of the
capacity to synthesize and secrete the larval serum protein, LSP,
and vitellogenin, Vg. The ability of the fat body to secrete LSP
into the serum disappears at the netanorphic nolt (Kunkel and
Lawl er, 1974), while Vg appears for the first time shortly after
the first feeding foll ow ng netanorphosis. This reciprocal change
in secretion of two major serum proteins represents the nmgjor
change of secretory behavior expressed by the cockroach fat body
due to netanorphosis. |If the process by which LSP secretion is
turned off and Vg secretion turned on could be elucidated, we
m ght have a better understanding of nmetanorphosis in general.
Since we know that the synthesis and secretion of Vg in the
cockroach is under the control of juvenile hornone (Engel mann and
Friedel, 1974), it is also appropriate to ask when and how the
fat body becomes conpetent to respond to this hornone.

The fat body of hem netabolous insects is an ideal nininmal
ti ssue nodel of nmetanorphosis. A major larval gene is turned off
and a major adult gene turned on while the gross norphol ogical
structure is retained intact.

ESTABLI SHVENT OF THE COCKROACH MODEL
Het er ogeneous Met anor phi c Rates of the Cockroach

Despite the fact that feeding can be used to synchronize each
nolting cycle of a nunber of species of cockroach (Kunkel, 1966;
1977), the development from egg to adult is not entirely
predi ct abl e. Cockroaches have been observed to undergo a variable
nunber of nolting cycles before reaching the adult stage. The
nunber of instars in the cockroach life cycle has been shown to
be affected by various physiological stresses (e.g., antennal
anput ati on (Pohley, 1962), leg anputation (O Farrell and Stock,
1956)) and ecol ogical factors (e.g., nutrition and col ony density

(Wharton et al. , 1968)), as well as being different in each sex
(Kunkel, unpublished). In cultures in which these extrinsic
variables have been mnimzed or controlled (Kunkel, in
preparation), there still remains a substantial variability in

the instar of netanorphosis. Genetic selection canalizing for a
particular instar of metanorphosis under a particular set of
conditions has provided strains in which larvae can be counted
on, with high reliability, to becone adults at a particular
instar, Fig. 3. An exanple of the progression of such a genetic
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sel ection program is given in Fig. 4. Sone strains are rapidly
canal i zed to netanorphose at the particular instar selected for;
sone strains are nore reluctant to cooperate and persist in
spreading out the instar of nmetanorphosis anong two or three
consecutive instars.

It seens clear that the instar of metanorphosis is a polygenic
trait in the cockroach with a good deal of environmental input
involved in its expression. Even in highly inbred lines the
proportion of individuals netanorphosing at a particular instar,
though relatively constant for one set of conditions, can be
varied by changing parameters such as the size of the culture
container, the anmunt of food and water available, or the
t emper at ure. Clearly our ability to control the instar of
nmet amor phosis by nmanipulating culture conditions can be a
val uabl e asset in elucidating the neurohornonal controls of the
net amorphic process (cf. Njhout and WIliams, 1974). Using
uniform optimum culture conditions conbined wth canalized
strains wth reproducible netanmorphic patterns, it is now
possi ble to approach the study of the metanorphic process itself.
Qur ability to assume a future schedule of developnent for an
i ndividual animal is crucial to this study of the early phases of
nmet anor phosi s.

Fig. 3 Instar canalized
strains  of Blattella

| or phd 77 | res germanica compared to

jonl 4 . -+ - an unselected strain, ro.

1 The instars geneticaly

: 3 - selected for in each strain

i| I are indicated by

® of SR asterisks.  The three
= i orsz orT? strains derived from or
S wor s . T + - illustrate the results of
& * eight_ generations  of
selection for the

indicated adults and illu-

Iy Ff % S5 9 J a5 ¢ o strate .in strain or67 the
I O T vi_owm vl potential of  sexua

sex dimorphism in instar

THETAR number that is not

apparent in the parent
strain.
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Fig4  Canalization for seventh instar adults of Blattella germanica. The original strain was
offspring of a cross between the or bearing strain and a New York strain (Kunkel, 1966). At
each generation only the VII instar adults were allowed to mate and contribute to the next
generation.

Normal Pattern of Vitellogenesis in Blattella germanica

Vitellogenesis in adult B. gernanica is under the extrinsic
control of feeding (Kunkel, 1966; 1973) and the intrinsic control
of JH (Kunkel, 1973; Kunkel and Pan, 1977). Vg appears in the
serum of normal adult fenmales between 12 and 24 hours after
feeding commences, Fig. 5, reaches a peak concentration in the
serum by 48 hours, and starts declining after ovulation during
day 6. Vitellin deposition in the termnal oocytes starts in
ear nest about 36 hours after feeding, and during the next 5 days
the oocytes continue to grow, renoving the Vg from the serum by
specific adsorptive pinocytosis (Anderson, 1970; Kunkel and Pan,
1976). In order to observe the true Vg secretory capability of
the fat body, one nay exanine secretion in ovariectom zed
females, Fig. 6, in which the Vg accumulates in the serum and is,
initially, only slomMy degraded. The Vg in these animals
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approaches 8% of the serum by weight and after the time at which
they would nornmally ovulate there is a decrease in concentration.
However , their blood volunes are increasing in such an
unpredi ctable fashion at this tinme that it is difficult to
interpret changes in the Vg titer. Vg is synthesized indefinitely
in these ovariectom zed animals, as has been described previously
in other species (Engelnmann, 1978). Additional pathology due to
the ovariectonized condition has been discovered in the corpora
allata (Scharrer, this volune).

oyulation

o I il‘ I & -] g
DAYS AFTER FEEDING

Fig.6 Ovariectomized Blattella germanica serum vitellogenin (Vg) titer. Animals were
ovariectomized in the nymphal stage, allowed to metamorphose to the adult, starved for one

week after the metamorphic ecdysis then fed at 30° C. Vg was measured as in Fig. 5. The
mean and range of five observations (= approximate 95% confidence interval of the mean) are
plotted. The titer for normal femalesisincluded for comparison.

Met amor phosi s of Vitell ogeni c Conpetence

The vitellogenic response of the adult animal to JH is
interesting in a biochenical and physiological sense as an
exanpl e of hormonal induction of a specific nmacronol ecul e. Recent
reviews cover this rapidly developing area (Engelnmann, 1979;
Hagedorn and Kunkel, 1979). However, the nore interesting, but
rarely exam ned devel opnental phenonenon is how the larva, which
initially does not produce Vg in response to JH, netanorphoses to
the vitellogenically conmpetent state. This can be tinmed by
injecting inmmature cockroaches with JH at different stages and
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asking when they becone capable of producing Vg (Fig. 7). The
nynph (i.e., last instar larva), early in its stadium accunul ates
less Vg in its serumwithin 24 hours after JH injection than does
the late nynph. Late penultimate instar |arvae (actually pharate
nynphs) secrete even less Vg at equivalent JH doses and earlier
stages secrete none. These results may be taken to suggest a
gradual devel opment of conpetence to respond to JH during the
nynphal stage (Kunkel and Pan, 1977), but a closer look at the
kinetics of the vitellogenic response gives a slightly nore
conplex picture (Fig. 8). Wen the secretion of Vg into serumis
followed at finer time intervals during the nynphal instar it is
seen that there is a 16 hour lag in Vg appearance after JH
i njection which is independent of the age of the injected nynph.

This nynphal lag is almst three tines longer than the six
hour lag in Vg secretion seen when adult females carrying an
oot heca are injected with JH

This difference in lag tine may be a reflection of the dif-
ference between a primary and secondary response to a hornone, as
has been described for the estrogen induction of ovalbumin in
chi cken oviduct (Schinke et al., 1973). However, attenpts to de-
crease the lag in Vg secretion in response to a JH injection late
in the nynphal instar by application of submaxi mal doses early in
the instar were unsuccessful. Irrespective of the meaning of the
latter result, the action involved in establishing the difference
in lag tinme between nynph and adult may represent a significant
portion of the nmetanorphosis of the fat body. The short tinme span
involved in the change of a prinmary to a secondary response, and
the lack of substantial gross norphol ogical changes in the fat
body during the primary response, my make this fat body
phenonenon an inportant nodel system for the examination of the
devel opnent of a hornonal response.

4._

late 6th
5 b
o)
3
2 -
=)
2
'_' early 6th
oL =/./,;//, late 5th
20 50 100 500 1000
ng JH Il

Fig. 7 Juvenile Hormone (JH) induced serum vitellogenin (Vg) titersin larval female Blattella
germanica. JH Il was injected in various doses into early and late VI instar nymphs and late V
instar larvae (= pharate nymphs). Vg was measured as in Fig. 5. Each point represents the
mean for eight animals.
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Fig.8 Kineticsof serum vitellogenin (V@) titer increase in response to juvenile hormone
injection. One microgram of JH 111 was injected into Blattella germanica nymphs on days one
through six after feeding (solid lines labeled with day of injection) and into adult females
carrying oothecae eleven days post ovulation (dashed line). Each point represents the mean of
six animals. Analysis of variance of the nymphal data suggests that there are no significant
non-linear components to the Vg accumulation data over the time span observed and that each
curve extrapolates back to 16 hours after JH injection. The corresponding lag in Vg appearance
for the adult females is approximately 6 hours.

Intrusion of Mlting Physiol ogy on Metanorphosis

The induced rate of secretion of Vg into the serum increases
steadily during the nynphal instar until day 5 (Fig. 9), after
whi ch the response to injected JH declines. The early increase in
response parallels the increasing capacity of the fat body to se-
crete all the serum proteins (Duhanel and Kunkel, 1978). At first
the decline in JH sensitivity after day 5 was disconcerting
because it appeared to be a reversal in the metanorphic process.
However, on further analysis, it proved to be another of the
properties of the fat body which is sensitive to the stage of the
nolting process. Day five in these animals is the day when the
nolting cycle is initiated by the joint action of the brain and
the prothoracic glands (Kunkel, 1975a). It is also the time at
which the fat body is responding to the nmolting hornmones by an
accelerated increase in secretion of serum proteins (Kunkel,
1975b; Duharmel and Kunkel, 1978). The physiology of the fat body
during this later phase of the stadium is donmnated by the
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Fig.9 Secretion rates of vitellogenin (V@) into the serum of larvae injected with JH on different
days of their nymphal stadium. The slopes of thelinesin Fig. 8 are plotted against the day of JH
injection.

5 ! ECDYSONE wJH -E
V] ©f
Y. 4] £
2 '.6 ug.ecdysterone

10 20 30

HOURS after JH

Fig.10 Ecdysterone inhibition of JH induced secretion of vitello-genin (V@) in VI instar larvae
of Blattella germanica. A single dose of 6 g ecdysterone was injected one hour after JH
injection on day four of the nymphal instar. Vg was measured asin Fig. 5. Each point represents
the mean (+ standard error of the mean) for five animals.

nolting process. To test directly whether the nolting hornone,
ecdysone, has an inhibitory effect on JH induction of Vg
secretion, nynphs which had been feeding for four days were
infjected with JH and then injected one hour later wth
ecdysterone (Fig. 10). The ecdysterone injection, which contained
sufficient hornone to induce a normal nolting cycle (Kunkel,
1975b; 1977), clearly inhibited the JH response by 50% In
further studies on another species, Periplaneta anericana, it has
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been possible to totally extinguish the JH vitellogenic response
in nynphs with ecdysterone (Storella and Kunkel, in preparation).

JH Ant agoni sm of the Ml ting process

The antagonistic effect of ecdysteroids on the JH response,
whi ch has been observed in both hem - and hol onetabol ous orders
of insects (see review by Engel mann, 1979), is paralleled in the
cockroach by an antagonism of JH to the nolting process. Figure
11 illustrates the response of nynphs to injections of 1 pg of
JH I on days 1 through 9 after last instar feeding begins. The
animals pictured are the adults which resulted from nolting under
the influence of JH Each colum of animals in the figure

represents an injection-day group and the rows illustrate the
relative timng of ecdysis. Day 1 and day 5 through 9 injected
animals did not delay nolting at all, but day 2 through 4

injected groups were progressively delayed in their ecdysis
times. Also, day 1 through day 4 animals were mnimally and
unevenly juvenilized by the JH injection, while day 5 through 9
animals were juvenilized in a status quo sense. For exanple, in
day 5 aninmals, adult features such as male tergal glands which
undergo nost of their formative mtoses during the expanded
net amorphic internolt phase (Fig. 2c), appear nornal: their
nor phol ogi cal status is determned prior to JH injection.
However, features such as the w ngs, which undergo extensive
mtoses at the beginning of the nolting phase, are severely
stunted by the juvenilizing effects of a JH injection at a tine
when their mtoses are scheduled to occur. By day 7 the w ngs and
all other structures appear to have been determned since JH
injections at this tine or later have no gross juvenilizing
effects save for cuticle coloration. Despite the adult character
of the exoskeletal structures which the 7 day nynphal epidermal
cells are poised to secrete, JH injected at this stage is able to
induce the cells to lay down a larval nelanic pattern of
coloration in all the secreted structures. This stepw se
net anmor phosi s of the epidermal cells, which can be visualized by
the effect of JH injections at various tines during the nynphal
instar, is encouraging in that it may also be possible to see
such a series of stages in the devel oping fat body.

Al t hough the groups which delay their nolting cycles do not
show a uniform juvenilization, the animals of groups 5 through 9
do respond consistently. The ability of JH to unifornmy affect
the epidermis may extend to internal tissues such as the fat
body. For instance, all of 15 nynphs injected with 0.5 pg of JH
on day 5 after feeding were juvenilized to the sanme extent (Fig.
12). When they were fed as adults they produced no eggs, and, on
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di ssection two weeks later, their ovaries showed no signs of yolk
deposition and no Vg in the serum The JH injection had produced
a uniform batch of sterile females. It is not known where the
physi ol ogical lesions are which prevent a normal reproductive
cycle in these particular animals, but it is obvious that this
type of preparation nmay be a valuable aid in our experinental
di ssection of the netanorphic process. Indeed, this kind of
stepwi se control in a norphologically unchanging structure such
as the fat body, which is responsible for Vg production may
permit us to better understand netanorphosis at the nolecul ar
I evel .

H DY

Fig.ll  Molting and juvenilization record for groups of fifteen Blattella germanica nymphs
injected with 1 ug JH-I on days one through nine (columns 1-9) of their metamorphic stadium.
Therows labeled 11 through 15 are the days after feeding during which the animals in that row
underwent their metamorphic ecdysis. The animals depicted in each column are representative
of the fifteen animalsinjected on that day.

What causes the JH induced nolting delay in injection groups 2
through 4 of Fig. 11 is open to speculation at this point. It may
correspond to a simlar phenomenon observed in last instar |arval
Manduca sexta in which JH in hypothesized to inhibit the rel ease
by the brain of prothoracotrophic hornone (N jhout and WIIians,
1974). A sinmilar ability of JH to inhibit the initiation of a
nolting cycle has been observed in another |epidopteran,
Spodoptera littoralini (Cynmborowski and Stolarz, 1979). From an
evol utionary point of view, the nutual antagonisnms of ecdysone on
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the JH induced vitellogenic response and JH on the nolting
response may both be relics of the primtive regulatory systemin
the apterygotes, in which nolting and reproduction alternate in a
mutual Iy exclusive way (Fig. |a).

Fig.12 Juvenilized adult Blattella germanica resulting from nymphs injected with 0.5 ug of
JH-I on day five after feeding. Two normal adult females, one with its wings clipped to bare its
abdomen, are included for comparison at the right of the juvenilized adults.

Degrees of Metanorphosis at the Last Larval Instar

As nmentioned above, even in highly inbred lines of B.
gernmanica the instar of nmetanorphosis is not a deternined
feature. In one inbred strain (23 generations of brother-sister
mating), under a particular set of culture conditions, 50% of the
femal es are nynphs in the V instar and the remainder in the Vi
instar. Al of these animals are close to isogenic yet when
nynphal females of the two instars are challenged with a maxi nmal
dose of JH at various tinmes in their stadium they respond wth
different levels of Vg in their serum (Fig. 13). The two-fold
difference in vitellogenic capacity of these genetically
(perhaps) but superficially identical nynphs reflects some as yet
unexpl ai ned rel ationship between instar and netanorphosis of the
fat body. The two fold difference in secretion is not likely to
be explained by the mnor differences in blood volune or fat body
mass and nmay represent another exanple of a stage in fat body
nmet anor phosi s.



124 J. G. Kunkel

VwVI alvg

-

ms 7.8 ng ul 2

Ln

m=d.2 n;|.u|.:r e

SECRETION RATE gi'hel g2
Ll

i
I

1 2 3 4 5
DAY of JH INJECTION

Fig.13 Instar dependent competence to secrete vitellogenin (Vg) in Blattella germanica
nymphs. Each point represents the slope of a JH induced accumulation of Vg in the serum of
a group of nymphs injected with JH on the day indicated on the ordinate. The V instar
nymphs' secretion rates (circles) are at each time of the molting cycle about half the secretion
rate of comparable V1 instar nymphs (squares).

The maximum rate of secretion observed for the VI instar
nynphs (650ng/ ul/hr, 4 days after feeding), approaches the rate
observed in ovariectom zed adult females (Fig. 6), 730 ng/pl/hr.
Wth respect to rate of secretion, the VI instar nynphal fat body
is close to conpletely netanorphosed five days prior to the
i magi nal ecdysis. The V instar nynph, five days prior to its
i magi nal ecdysis, is only capable of secreting at half that rate.
The corresponding adults from these two types of nynphs produce
approxi nately the same weight of eggs, so the eventual capacity
of the fat bodies of the two types of nynphs is not in question.
This kind of investigation, which contrasts genetically uniform
but devel opnentally different or experinmentally altered animals,
will, hopefully, provide a biochenical explanation for these
devel opnent al phenonena.
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The above results also sound a cautionary note to anyone
studying the netanorphosis of the fat body in hem netabol ous
insects and particularly, cockroaches. In order to obtain
consi stent results one mnust know nore than the aninmal's apparent
devel opnental stage (i.e., penultimate larva or nynph); one mnust
know the nunber of larval instars that have preceded the
net amorphic instar. Efforts to predict the devel opnental stages
of cockroaches using sinple structure:size ratios are successful
in identifying the early in-stars, but fail particularly wth
respect to distinguishing the critical penultinmate larval stage
and discrimnating between V and VI instar nynphs (Tanaka and
Hasegawa, 1979). The only alternative to the uncertainty is to
enpl oy sonme form of genetic canalization and synchronous culture
techni que (Kunkel, 1966; 1977), in which the devel opnental and
chronol ogi cal ages of the animals are known precisely.

PROSPECTS AND ALTERNATI VES

An argunment for a mininal conplexity nodel of netanorphosis
has been presented suggesting that such a nodel would allow
easier access to the nechanism of netanorphosis and avoid the
confusion of the excessive nunber of differences between the
larval and adult physiol ogical phenotypes. At the nonent it may
seem far fetched to suggest that the advantages posed by the
cockroach, Blattella germanica, or any other heninetabol ous
insect for that matter, could make wup for the deficit in
experience wth its biology conpared wth that of t he
hol ormret abol ous nodel s of devel opnent, Drosophila, and the giant
silk noths. Surely, the exquisitely developed genetics and
enmerging nolecular biology of Drosophila mnakes that organi sm
difficult to conpete wth.

However, a respectable genetics is developing for B. gernmanica
(Ross and Cochran, 1975). Inbred strains of this species are
avai l able, as described above. This species in particular
conpares favorably with the |aboratory nobuse in generation tineg,

ten weeks for the cockroach at 30° C versus nine weeks for the
nouse. Conbining the capacity to do genetics with the ability to
synchronize the nolting cycles of the cockroach results in an
experimental animal well suited for studying the process of
nmet anor phosi s.

Two mmj or gene products show dramatic changes during neta-
norphosis in Blattella: the LSP gene is shut off, and the Vg gene
is turned on. This reciprocal change epitoni zes the phenonenon of
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nmet anmor phosis. The fact that the Vg gene is actually first
i nducible in the pharate nynph by injections of exogenous JH, can
be construed as support of the concept of a stepw se netanorphic
process in the hem netabola. However, it mght also be evidence
for independence of the two gross netanorphic products, i.e.,
reproductive conpetence, and flight associated cessation of
nol ti ng. Metanorphosis may have evolved as a gradual accretion of
i ndependently controlled changes, each capturing JH titer as its
signal for activation.

Clearly, we nmust |learn nore about the netanorphic process, and
the nodulation of Vg production is a significant activity which
can be followed in detail. Two steps in the turning on of
vitell ogeni c conpetence have been described, a difference in lag
time between the larval and adult Vg responses to JH, and a
difference in nmaxi num inducible Vg secretion rate for different
i nstar nynphs.

The difference in lag tinme between nynphs and adults has a
nunber of possible explanations. The extra lag in the nynphal fat
body response to JH may represent the tine necessary to devel op
the enzymatic and ultrastructural machinery for processing the
pre- and provitellogenin nolecules. Currently we are working on
characterizing the nonprotein portion of Vg, including its
phosphate and oligosaccharide (Kunkel et al., 1978, and in
preparation). The typical branched oligosaccharide of Vg seens to
be a uniform 10 or 11 nmannose residues |ong, attached through a

chitobiosyl linkage to an asparagine residue on the protein
backbone. The phosphate is attached relatively close to, but not
on, t he ol i gosacchari de. Presunabl y, specific gl ycosyl

transferases and kinases would have to be in existence prior to
the processing of Vg before its secretion into the henolynph.
These nay need to be induced by a primary response to JH sinilar
to that seen in nynphs.

The difference in maxi mal secretion rate by V versus VI instar
nynphs could have two non trivial explanations: either each indi-
vidual fat body cell gradually develops its conpetence to respond
vitellogenically to JH and is present at different stages of its
devel opnent in the above two types of nynphs, or fat body cells
as a population are only gradually recruited to be able to
respond to JH and the two types of nynphs represent recruitnents
of different proportions of the total population of fat body
cells. Ether of the alternatives wuld be interesting if
confirmed.

When the mechani sm of netanorphosis of the expression of the
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Vg gene is worked out, it will becone possible to ask whether the
turning off of the larval gene for LSP is metanorphically tied
to, or nerely a concomtant of the gain of vitellogenic
conpet ence.
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