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The  secretion  of  vitellogenic  proteins  (vitellogenins)  by  the  fat  body  into  the
blood  and  their  sequestration  by  the  oocytes  have  been  found  in  the  reproductive
cycles  of  Periplaneta  amcricana  (Mills,  Greenslade  and  Couch,  1966;  Adiyodi  and
Nayar,  1967;  Nielsen  and  Mills,  1968),  Leucophaea  maderae  (Engelmann  and
Penney,  1966)  and  Nanplwcta  cincrca  (Adiyodi,  1967).  Because  these  cycles
differ  in  many  respects,  including  their  duration,  there  are  basic  differences  in  the
schedule  of  vitellogenin  secretion  and  yolk  formation.

The  purpose  of  this  communication  is  to  elucidate  the  reproductive  functions  of
blood  proteins  in  Periplaneta  auiericana,  including  its  two  vitellogenins,  by  cor-
relating  their  fluctuations  with  cyclic  changes  in  the  rate  of  yolk  deposition  and
with  other  phases  of  reproduction.  Precise  information  on  these  relationships
from  a  number  of  species  with  varying  cycle  characteristics  should  provide  better
insight  into  the  cellular  processes  and  the  control  mechanisms  which  govern  re-
production.

METHODS  AND  MATERIALS

Colonies  of  Periplaneta  americana  were  fed  Purina  laboratory  chow  and  water,
and  maintained  at  26  C,  70%  relative  humidity,  with  a  12:12  hour  photoperiod
in  a  constant  temperature  incubator.  Adult  females  were  staged  according  to  the
time  after  the  ootheca  begins  to  form  (BE)  ;  the  time  of  ootheca  formation  was
designated  as  day  1.

Staged  females  were  selected  every  24  hours  after  ootheca  formation.  Samples
of  blood  were  collected  according  to  the  method  of  Mills  et  al.  (1966),  and  the
ovaries  were  dissected  out  in  Ringers  solution  (van  Asparen  and  van  Esch,  1956).
The  length  and  width  of  the  basal  and  penultimate  oocytes  were  measured  and  the
volume  was  calculated  using  the  formula  for  a  prolate  spheroid,

V  ----  (fF/2)  2  (L/2)(4/37r).

Yolk  proteins  were  obtained  either  by  homogenizing  oocytes  removed  from  the
ovaries  or  by  collecting  the  contents  of  newly  formed  oothecae.  Ten  or  twenty
oocytes  were  homogenized  in  0.4  M  Nad  buffered  at  pH  7.2  and  the  mixture
was  centrifuged  at  10,000  g  for  30  minutes  in  the  cold.  A  lipid  cap  rested
on  the  clear  supernatant  and  a  sediment  of  membrane  and  ovarian  sheath  formed  a
pellet  at  the  bottom  of  the  tube.  \Yhen  oocytes  were  broken  in  0.4  M  NaCl  and

1  Present  address  :  Department  of  Zoology,  University  of  Texas,  Austin,  Texas,  78712.
239

Copyright  1969,  by  the  Marine  Biological  Laboratory
Library  of  Congress  Card  No.  A38-518



240 WILLIAM  I.  BELL

01 cE 6

O
o:
Q. 4

UJ_i
m
<
i-
8 2
o:
H
X
HI

1  2  3

OOCYTE  VOLUME  (mm3)

FIGURE  1.  Protein  content  compared  with  volume  in  vitellogenic  oocytes.
Each  point  is  the  average  of  10  oocytes.

the  behavior  of  yolk  fluid  observed  under  low  power  microscopy,  the  viscous  pro-
tein  fluid  released  from  broken  yolk  spheres  became  soluble  ;  when  broken  in  0.15  M
NaCl,  precipitation  was  noted.  Thus  the  necessity  of  high  ionic  strength  for  oocyte
protein  solubility,  reported  by  Dejmal  and  Brookes  (1968)  for  Leucophaea
niaderae,  was  also  true  for  the  oocyte  proteins  of  Periplaneta.  Yolk  fluid  squeezed
from  newly  formed  oothecae,  however,  differed  in  this  regard.  The  yolk  fluid  was
centrifuged  as  above  and  the  protein  fraction  was  removed  and  a  serial  dilution
was  performed  in  0.15  M  NaCl.  Oocyte  proteins  failed  to  precipitate  when  diluted
to  5%  ;  below  this  critical  point  of  dilution,  the  proteins  were  precipitated.

Cockroach  blood  and  the  supernatant  resulting  from  the  centrifugation  of  ho-
mogenized  oocytes  were  measured  for  total  protein  concentration  using  the  micro-
biuret  method  of  Itzhaki  and  Gill  (1964).  Vitellogenin  concentration  was  measured
by  the  quantitative  immunodiffusion  technique  (Oudin,  1948)  utilizing  an  antiserum
prepared  against  the  yolk  protein  fraction  from  newly  formed  oothecae  (Bell,
1969a).  The  antiserum,  solidified  with  agar  in  glass  tubes,  was  overlayered  with
blood  or  yolk  fluid  and  the  rates  of  migration  of  the  zones  of  precipitation  were
recorded.  The  concentration  of  the  two  vitellogenins  in  female  blood,  relative
to  their  concentrations  in  yolk  fluid,  was  calculated  by  referring  to  a  standard  curve
of  the  log  of  yolk  fluid  antigen  concentration  plotted  against  the  rate  of  migration.

Blood  volume  determinations  were  made  using  the  C  14  -inulin  method  described
by  Wharton,  Wharton  and  Lola  (1965).
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FIGURE  2.  Oocyte  volume  during  the  S-day  cycle.  Each  point  is  the  average  of  25  to  50
females.  Vertical  lines  are  standard  deviations  [basal  oocytes  O,  penultimate  oocytes  ].

RESULTS

Changes  in  oocyte  volume  and  protein  content  during  the  vitellogenic  cycle

The  volume  of  the  oocytes  increased  proportionately  with  the  increase  in  ex-
tractable  yolk  protein  (Fig.  1).  The  total  protein  concentration  of  yolk  fluid  ob-
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FIGURE  3.  Oocyte  protein  content  during  the  5-day  cycle.  Each  point  is  the  average  of
25  to  50  females  [basal  oocytes  O,  penultimate  oocytes  ].
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TABU-: I

Rati- of protein /i/ / miniliiliofi by oorytcs during the 5-day cycle

tained  from  oothecae  was  225  //.g/V-1,  8870  of  which  is  attributed  to  vitellogenins  A
and  B  (Bell,  1969a),  indicating  a  yolk  fluid  vitellogenin  concentration  of  198  /xg//xl.

The  vitellogenic  cycle  w  r  as  found  to  be  a  5  -day  succession  in  which  an  ootheca
was  formed  every  fifth  day.  By  the  time  the  basal  oocytes  had  completed  yolk
formation  and  were  involved  in  chorion  deposition,  the  penultimate  oocytes  had
reached  an  advanced  stage  in  yolk  formation  and  continued  during  and  after  the
basal  oocytes  were  ovulated  ;  thus  two  oocytes  in  each  ovariole  were  supporting  yolk
deposition  simultaneously  (Roth,  1968).  This  relationship  was  observed  in  both
the  volume  (Fig.  2)  and  the  protein  content  (Fig.  3)  of  the  oocytes.  The  con-
tinuum  is  not  regular,  however,  -as  the  amount  of  protein  accumulated  by  the
combined  effort  of  the  basal  and  penultimate  oocytes  (Table  I)  differed  from  one
stage  in  the  cycle  to  another.  There  was  a  peak  of  yolk  formation  between  days
3  and  4,  whereas  at  either  end  of  the  cycle  the  rate  was  about  half  that  at  the  peak.
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FIGURE  4.  Total  blood  protein  concentration  during  the  5-day  cycle.  Each  point  is  the
average  of  20  females.  Vertical  lines  are  standard  deviations.
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FIGURE  5.  Blood  vitellogenin  concentration  during  the  5-day  cycle.  Each  point  is  the
average  of  20  females.  Vertical  lines  are  standard  deviations.  Per  cent  concentration  is
relative  to  the  concentration  in  the  yolk  fluid  standard,  left  ;  estimated  protein  concentration
in  Mg//*l,  right  ;  vitellogenin  A  O,  vitellogenin  B  .

C/ianges  in  blood  protein  and  vitellogenin  concentration  during  the  vitellogenic
cycle

During  the  5-day  cycle  the  total  blood  protein  concentration  (Fig.  4)  increased
gradually  to  80  /y.g//U  on  day  5  and  then  decreased  abruptly  to  52  jug/jitl  while  the
ootheca  was  being  formed.  The  levels  of  vitellogenins  A  and  B,  which  oscillated
synchronously  (Fig.  5),  reached  a  peak  during  ootheca  formation  and  declined
through  days  3  and  4  of  the  cycle.  Vitellogenin  concentration  in  the  blood  was
therefore,  as  might  be  expected,  lowest  when  the  rate  of  yolk  formation  was
highest.  Total  blood  protein,  on  the  other  hand,  while  undergoing  a  5  -day  cycle,
dropped  most  precipitously  on  days  5  to  BF  when  the  rate  of  yolk  formation  was
minimal.  When  the  per  cent  vitellogenin  figures  (resulting  from  Oudin  measure-
ments)  were  converted  into  jj-g/^l  by  referring  to  the  total  protein  concentration
of  the  yolk  fluid  standard  (225  pg/fjl),  the  combined  vitellogenin  concentration  (of
antigens  A  and  B)  was  equivalent  to  only  6.5  pg/p-l  at  ootheca  formation  and
2.0  |U.g/Vl  during  days  3  and  4.  The  changes  in  vitellogenin  concentration  are
therefore  slight  compared  with  the  30  /*g  oscillation  in  total  blood  protein  observed
during  the  cycle.

To  determine  whether  the  fluctuations  in  protein  concentration  might  be  due
to  changes  in  the  blood  volume,  the  average  blood  volume  for  females  during
each  stage  of  the  cycle  was  measured.  The  results,  depicted  in  Figure  6,  show
that  the  blood  volume  gradually  increased  to  207  ^.1  at  day  4  and  then  dropped
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FIGURE  6.  Blood  volume  during  the  5-day  cycle.  Each  point  is  the  average  of
10  females.  Vertical  lines  are  standard  deviations.

to  157  jA  at  the  time  of  ootheca  formation.  A  better  indication  of  the  correlation
between  yolk  formation  and  blood  protein  content  was  obtained  by  multiplying  the
protein  concentration  (mg//xl)  by  the  blood  volume  (/A!)  to  obtain  an  estimate  of
the  total  amount  of  protein  in  the  blood  (Fig.  7).  The  results  indicate  that
changes  in  blood  volume  do  not  explain  the  blood  protein  concentration  changes
shown  in  Figure  4,  but,  on  the  contrary,  amplify  the  drop  in  protein  correlated
with  ootheca  formation.

The  changes  in  the  total  blood  protein  must  be  due  to  changes  in  the  relative
concentration  of  non-vitellogenic  blood  proteins  which  do  not  have  homologous
antibodies  to  the  yolk  proteins  in  the  antiserum  utilized  in  this  study.  That
non-vitellogenic  blood  proteins  undergo  alterations  in  relative  concentration  in
female  Periplaneta  is  also  suggested  by  electrophoretic  analyses  of  blood  proteins
during  the  vitellogenic  cycle  (Nielsen  and  Mills,  1968;  Adiyodi  and  Nayar,  1967).
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FIGURE  7.  Estimation  of  blood  protein  content  during  the  5-day  cycle.  Total
protein  is  designated  as  O,  vitellogenin  A  and  B  combined  as  .
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FIGURE  8.  Food  consumption  during  the  5-day  cycle.  Each  point  is  the

average  of  30  females.  Vertical  lines  are  standard  deviations.

A  similar  treatment  of  the  total  vitellogenin  content  of  the  blood  (Fig.  7,
solid  circles)  dampens  the  fluctuations  observed  in  Figure  5,  but  the  effects  of
yolk  deposition  remain  apparent.  Thus  the  vitellogenin  content  of  the  blood  is
lowest  on  days  3  and  4,  during  the  period  when  yolk  deposition  is  most  rapid
(Table  I),  and  substantially  higher  during  periods  of  reduced  yolk  deposition.
That  there  should  be  such  an  effect  is  not  surprising,  considering  the  fact  that
9  mg  of  vitellogenins  A  and  B  combined  are  incorporated  into  the  oocytes  during
one  ovarian  cycle,  whereas  the  blood  contains  at  any  one  time  no  more  than  1.0  mg.

A  final  indication  of  cyclicity  correlated  with  ovarian  development  was  observed
in  the  feeding  cycle  of  reproductive  females  (Fig.  8).  The  amount  of  food  con-
sumed  by  vitellogenic  females  was  estimated  by  weighing  the  food  pellets  daily
for  30  animals  over  a  60  day  period.  There  is  much  variation  between  individuals,
but  a  hiatus  in  feeding  is  evident  at  the  time  of  ootheca  formation,  whereas  a  peak
in  feeding  is  observed  during  the  nights  of  stages  3  and  4.  The  correlation  of  food
intake  with  the  5  -day  cycle  might  have  been  expected  to  provide  an  explanation  for
the  rise  in  blood  protein  content  during  the  first  two  days  after  ootheca  formation  ;
feeding  however,  is  not  initiated  until  the  rise  in  blood  protein  is  nearly  completed.
This  result  necessitates  the  prediction  that  there  is  a  cycle  in  intracellular  protein
storage  in  tissues  such  as  the  fat  body  (Dr.  Barbara  Stay,  Department  of  Zoology,
University  of  Iowa  in  preparation).

DISCUSSION

There  is  a  wide  range  of  reproductive  diversity  in  cockroaches,  extending  from
oviparity  (Periplaneta  americana),  and  ovoviviparity  (Lcucophaea  maderae,  Nau-
phoeta  cinerca)  to  a  resemblance  of  viviparity  (Diploptem  punctata)  (Roth  and
Willis,  1958).  This  closely  related  group  of  insects  thus  offers  various  types  of
reproductive  cycles  for  study.  All  cycles  which  have  been  adequately  investigated
seem,  nevertheless,  to  entail  as  one  component  the  secretion  of  vitellogenin  by  the
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fat  body  (Pan,  Bell  and  Telfer,  1969)  and  its  sequestration  by  the  oocytes  (Adiyodi,
1967;  Adiyodi  and  Nayar,  1967;  Nielsen  and  Mills,  1968;  Engelmann  and  Penney,
1966).

The  cycles  of  the  ovoviviparous  cockroaches  differ  in  several  important  respects
from  that  described  here  for  Periplancta.  Roth  and  Stay  (1961,  1962),  Roth
(1964)  and  Engelmann  (1960)  have  shown  that  during  pregnancy  in  Leucophaea
and  in  Nauphoeta,  yolk  formation  may  be  blocked  by  a  negative  feedback  from  the
brood  sac  which  inhibits  secretion  of  the  corpus  allatum  gland  hormone.  Yolk
deposition  resumes  after  parturition  in  Leucophaea  and  begins  during  late  pregnancy
in  Nauphoeta.  Engelmann  and  Penney  (1966)  have  shown  that  in  Leucophaea
the  vitellogenin  level  in  the  blood  falls  to  a  low  value  at  ovulation,  remains  un-
detectable  during  pregnancy,  but  rises  again  at  parturition.  The  total  blood  protein
concentration  reflects  the  falling  vitellogenin  level  at  ovulation  (6  g/100  g  of
blood),  but  does  not  reflect  the  absence  of  vitellogenin  during  pregnancy  (10  g/100
g  of  blood).  In  Nauphoeta,  Adiyodi  (1967)  described  two  vitellogenins  (electro-
phoretic  fractions  4  and  5)  which  decrease  in  concentration  relative  to  other  blood
proteins  during  yolk  formation,  comprise  less  than  10%  of  the  total  blood  protein
complement  at  ovulation,  and  then  increase  gradually,  especially  during  middle  and
late  pregnancy,  to  a  20  and  45%  of  the  total  blood  protein  complement.

Two  interesting  points  emerge  from  these  studies.  First,  during  pregnancy,
inhibition  of  the  corpus  allatuin,  promoted  apparently  through  the  proprioception
of  egg  incubation  (Roth  and  Stay,  1961)  or  humoral  ovarian  factors  (Engelmann,
1964),  recedes  gradually  toward  the  end  of  pregnancy  (in  Nauphoeta  and  Diplop-
tera-}  allowing  juvenile  hormone  secretion.  One  of  the  functions  of  juvenile
hormone  is  to  promote  the  synthesis  of  vitellogenin  (Coles,  1964;  Minks,  1967;
Thomas  and  Nation,  1966;  Engelmann  and  Penney,  1966;  Bell  1969b),  and  this
presumably  accounts  for  the  increase  in  blood  vitellogenin  and  the  initiation  of
yolk  formation  during  late  pregnancy  in  Nauphoeta.  In  Leucophaea,  yolk  deposi-
tion  in  the  next  batch  of  oocytes  fails  to  occur  until  parturition,  and  this  correlates
with  the  absence  of  vitellogenin  in  the  blood  of  pregnant  females.  Secondly,  in  the
two  ovoviviparous  species  studied,  the  changes  in  total  blood  protein  concentration
reflect  the  changes  in  vitellogenin  levels  to  a  different  degree.  In  Leucophaea  the
total  blood  protein  level  appears  not  to  correlate  with  the  vitellogenin  level,  while
in  Nauphoeta  the  vitellogenins  occupy  a  large  percentage  of  the  total  blood  protein
and  seem  to  be  responsible  for  changes  in  the  total  blood  protein  levels.  Because
there  is  a  close  correlation  between  yolk  formation  and  depletion  of  total  blood
protein  resources  in  Pyrrhocoris  aptcrus  (Slama,  1964)  and  in  Scliistocerca  gregaria
(Hill,  1962)  it  is  probable  that  the  vitellogenins  occupy  a  large  part  of  the  blood
protein  in  these  species  also.

Reproduction  in  Periplaneta  differs  from  that  in  ovoviviparous  cockroaches  in
that  the  eggs  are  not  incubated  internally,  and  the  ovarioles  contain  two  oocytes
(basal  and  penultimate)  in  zone  V  which  are  simultaneously  forming  yolk  (Bon-
hag,  1959;  Roth,  1968).  Moreover,  vitellogenesis  is  continuous  in  the  American
cockroach,  although  cyclic  variability  is  observed  in  the  rate  of  this  process  (Table
I).  In  contrast  to  the  accumulation  and  depletion  of  vitellogenins,  as  in  Leucophaea
and  Nauphoeta,  the  vitellogenic  proteins  of  Periplancta  do  not  accumulate  in  the
blood  and  comprise  only  about  4%  of  the  total  blood  protein  (Bell,  1969a).  Nor
are  the  blood  vitellogenins  significantly  depleted  during  yolk  formation  ;  instead,
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their  concentrations  in  the  blood  remain  relatively  constant,  with  at  most  a  50%
concentration  change  correlated  with  fluctuations  in  the  rate  of  yolk  formation.  It
appears  likely  that  vitellogenins  A  and  B,  being  selectively  incorporated  by  the
oocytes  (Bell,  1969a  )  are  sequestered  at  a  rate  equal  to  their  rate  of  secretion  by
the  fat  body.

Total  blood  protein  levels  in  the  American  cockroach,  as  depicted  in  this  paper
and  by  Mills  et  al.  (  1966).  are  not  obviously  related  to  the  vitellogenic  cycle.  The
concentration  changes  observed  are  nearly  the  same  in  both  studies,  although  dif-
ferent  assay  methods  were  used  (R.  R.  Mills,  personal  communication),  and  must
eventually  be  related  to  the  schedule  of  blood  protein  synthesis,  feeding  activity,
and  to  blood  protein  utilization.  Changes  in  blood  volume  appear  not  to  cause
the  observed  fluctuations  in  total  blood  protein  concentration.  As  predicted  from
studies  on  diuretic  and  antidiuretic  hormone  titers  in  the  blood  of  Periplaneta
(Mills,  1967;  Mills  and  Nielsen,  1967),  the  blood  volume  reaches  a  peak  on  the
third  or  fourth  day  of  the  cycle.  At  the  same  time  the  blood  protein  concentration
is  higher  than  at  other  periods  during  the  cycle  ;  thus  correction  for  blood  volume-
changes  accentuates,  rather  than  compensates,  for  the  protein  changes  in  the  blood.

The  abrupt  decrease  in  blood  proteins  prior  to  and  during  ootheca  formation,
which  was  not  observed  by  gravimetric  methods  (Pratt,  1967),  may  be  attributed
to  one  or  several  possible  causes.  Fat  body  protein  synthesis  on  the  fifth  day
of  the  cycle  is  at  least  40%  lower  than  on  other  days  in  the  cycle,  and  thus  the
low  blood  protein  may  represent  in  part  a  hiatus  of  protein  secretion  (Pan  et  al.,
1969:  Bell,  1969a).  Another  possible  reason  for  the  drop  in  blood  protein  may  be
the  utilization  of  blood  proteins  by  the  colleterial  glands  for  the  production  of  the
ootheca,  a  proteinaceous  structure  which  weighs  20  mg.  Electrophoretic  protein
fractions  common  to  the  blood  and  to  the  colleterial  glands  have  been  demonstrated
in  Periplaneta  (Adiyodi  and  Nayar,  1966)  and  in  Nauphoeta  (Adiyodi,  1968).
The  structural  proteins  of  the  ootheca,  however,  do  not  have  counterparts  in  the
blood,  and  Adiyodi  concludes,  in  agreement  with  earlier  work  by  Pryor  (1940),
that  the  left  colleterial  gland  sequesters  and  hydrolyzes  specific  blood  proteins  to
obtain  amino  acids  for  the  synthesis  of  structural  ootheca  proteins.  In  analogous
work,  Brunet  (1952)  has  reported  that  the  composition  of  the  cuticle  and  ootheca
of  Periplaneta  are  biochemically  similar,  and  at  least  one  blood  protein  disappears
from  the  blood  during  the  molt  in  several  insects  (Steinhauer  and  Stephen,  1959;
McCormick  and  Scott,  1966;  Chen  and  Levenbook,  1966).  Sequestration  of  spe-
cific  blood  proteins  by  the  colleterial  glands,  as  in  other  insect  tissues  (Locke
and  Collins,  1967;  Laufer  and  Nakase,  1965),  might  explain  the  decrease  in
Periplaneta  blood  proteins  during  ootheca  formation.

The  author  is  grateful  to  Dr.  William  H.  Telfer  for  his  invaluable  advice  during
the  course  of  this  study.  This  work  was  supported  by  research  grants  from  NSF
(GB-4463)  andNIH  (5-TO1-GM-OOS49-07).

SUMMARY

1.  The  5-day  reproductive  cycle  of  Periplaneta  is  continuous  with  an  ootheca
being  formed  every  fifth  day.  The  rate  of  yolk  formation  is  lowest  during  ootheca
formation  (day  1)  and  reaches  a  peak  during  days  3  and  4.
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2.  Vitellogenic  blood  protein  levels  fluctuate  between  1  and  6  ^.g/^1  and  their
concentrations  correlate  with  the  rate  of  yolk  formation.  The  two  vitellogenins
oscillate  synchronously  during  the  cycle.

3.  The  total  blood  protein  concentration  increases  to  80  ^g/jul  on  day  5,
decreases  abruptly  to  52  ^g/ju,l  when  ootheca  formation  is  initiated,  and  increases
gradually  to  the  concentration  peak  on  day  5.  The  changes  in  total  blood  protein
concentration  are  not  obviously  correlated  with  the  vitellogenic  cycle.

4.  Changes  in  blood  volume  occur  during  the  cycle,  and  these  changes  amplify
rather  than  diminish  the  blood  protein  fluctuations.

5.  A  hiatus  in  food  consumption  is  observed  during  ootheca  formation  ;  feeding
is  resumed  after  the  third  day  following  oviposition.

LITERATURE  CITED

ADIYODI,  K.  G.,  1967.  The  nature  of  haemolymph  proteins  in  relation  to  the  ovarian  cycle
in  the  viviparous  roach,  Nanphoeta  cincrca.  J.  Insect  Physio!.,  13:  1189-1196.

ADIYODI,  K.  G.,  1968.  Left  colleterial  proteins  in  the  viviparous  cockroach  Nauphoeta  cinerca.
J.  Insect  Physiol,  14  :  309-316.

ADIYODI,  K.  G.,  AND  K.  K.  NAYAR,  1966.  Haemolymph  proteins  and  reproduction  in  Pcriplancta
auicricana.  Citrr.  Sci.,  23  :  587-588.

ADIYODI,  K.  G.,  AND  K.  K.  NAYAR,  1967.  Hemolymph  proteins  and  reproduction  in  Pcriplancta
aniericana:  the  nature  of  conjugated  proteins  and  the  effect  of  cardiac-allatectomy  on
protein  metabolism.  Biol.  Bull.,  133  :  271-286.

ASPAREN,  K.  VAN",  AND  I.  VAN  ESCH,  1956.  The  chemical  composition  of  the  haemolymph  in
Pcriplancta  auicricana  with  special  reference  to  the  mineral  constituents.  Arch.  Necrl.
ZooL,  11:  342-360.

BELL,  W.  J.,  1969a.  The  role  of  blood  proteins  and  juvenile  hormone  in  yolk  formation  by
Pcriplancta  auicricana  (Blattaria:  Blattidae).  Ph.D.  thesis,  University  of  Pennsyl-
vania, 69 pp.

BELL,  W.  J.,  1969b.  Dual  role  of  juvenile  hormone  in  the  control  of  yolk  formation  in
Pcriplaneta  auicricana.  J.  Insect  Physiol.,  in  press.

BONHAG,  P.  F.,  1959.  Histological  and  histochemical  studies  on  the  ovary  of  the  American
cockroach,  Pcriplancta  auicricana  (L.).  Univ.  Calif.  Publ.  Entomol.,  16:  81-124.

BRUNET,  P.  C.  J.,  1952.  The  formation  of  the  ootheca  by  Pcriplaneta  americana  II.  The
structure  and  function  of  the  left  colleterial  gland.  Quart.  J.  Microscop.  Sci.,  93  :
47-69.

CHEN,  P.  S.,  AND  L.  LEVENBOOK,  1966.  Studies  on  the  haemolymph  proteins  of  the  blowfly
Phonnia  rcgina  I.  Changes  in  ontogenetic  patterns.  /.  Insect  Physiol.,  12:  1595-
1609.

COLES,  G.  C.,  1964.  Some  effects  of  decapitation  on  metabolism  in  Rhodnins  proli.vns.  Nature,
203: 323.

DEJMAL,  R.  K.,  AND  V.  J.  BROOKES,  1968.  Solubility  and  electrophoretic  properties  of  ovarial
protein  of  the  cockroach,  Leucophaea  madcrac.  J.  Insect  Physiol.,  14:  371-381.

ENGELMANN,  F.,  1960.  Mechanisms  controlling  reproduction  in  two  viviparous  cockroaches.
Ann.  New  York  Acad.  Sci.,  89:  516-536.

ENGELMANN,  F.,  1964.  Inhibition  of  egg  maturation  in  a  pregnant  cockroach.  Nature,  202  :
724-725.

ENGELMANN,  F.,  AND  D.  PENNEY,  1966.  Studies  on  the  endocrine  control  of  metabolism  in
Leucophaea  maderae.  1.  The  haemolymph  proteins  during  egg  maturation.  Gen.  Comp.
Endocrinol.,  7 :  314-325.

HILL,  L.,  1962.  Neurosecretory  control  of  haemolymph  protein  concentration  during  ovarian
development in the desert  locust.  /.  Insect  Physiol.,  8  :  609-619.

V '-."-  .



CONTINUOUS  REPRODUCTIVE  CYCLE  249

ITZHAKI,  R.  F.,  AND  D.  M.  GILL,  1964.  A  micro-biuret  method  for  estimating  proteins.  Anal.
Biochem..  9:  401-410.

LAUFER,  H.,  AND  Y.  NAKASE,  1965.  Salivary  gland  secretion  and  its  relation  to  chromosomal
puffing  in  the  Dipteran  Chironomits  thunnni.  Proc.  Nat.  Acad.  Sci.,  53:  511-516.

LOCKE,  M.,  AND  J.  V.  COLLINS,  1967.  Protein  uptake  in  multivescicular  bodies  in  the  molt-
intermolt cycle of an insect.  Science, 155 :  467.

McCoRMicK,  F.  W.,  AND  A.  SCOTT,  1966.  A  protein  fraction  in  locust  hemolymph  associated
with  the  molting  cycle.  Expcricntia  (Basel),  22:  228-229.

MILLS,  R.  R.,  1967.  Hormonal  control  of  excretion  in  the  American  cockroach.  I.  Release
of  a  diuretic  hormone  from  the  terminal  abdominal  ganglion.  /.  E.rp.  Biol.,  46:  35-41.

MILLS,  R.  R.,  AND  D.  J.  NIELSEN,  1967.  Changes  in  the  diuretic  and  antidiuretic  properties
of  the  haemolymph  during  the  six-day  vitellogenic  cycle  in  the  American  cockroach.
Gen. Comp. Endoennol..  9:  380-382.

MILLS,  R.  R.,  F.  C.  GREENSLADE,  AND  E.  F.  COUCH,  1966.  Studies  on  vitellogenesis  in  the
American  cockroach.  /.  Insect  Physiol.,  12  :  767-779.

MINKS,  A.  K.,  1967.  Biochemical  aspects  of  juvenile  hormone  action  in  the  adult  Locusta
inii/ratoria.  Arch  A'ecrl.  Zool.,  17:  175-258.

NIELSEN,  D.  J.,  AND  R.  R.  MILLS,  1968.  Changes  in  electrophoretic  properties  of  haemolymph
and  terminal  oocyte  proteins  during  vitellogenesis  in  the  American  cockroach.  /.
Insect  Physiol.,  14:  163-170.

OUDIN,  J.,  1948.  L'analyse  immunochimique  qualitative  ;  methodes  par  diffusion  des  antigenes
au  sein  de  1'immunoserum  precipitant  gelose.  Ann.  Inst.  Pasteur  (Paris),  75:  30-52.

PAN,  M.  L.,  W.  J.  BELL  AND  W.  H.  TELFER,  1969.  Vitellogenic  blood  protein  synthesis  by
insect fat body. Science,  165 :  393-394.

PRATT,  G.  E.,  1967.  Association  of  Folin-positive  material  with  the  blood  proteins  of  the
American  cockroach  and  the  oviposition  cycle.  Nature,  214  :  1034-1035.

PRYOR,  M.  G.  M.,  1940.  On  the  hardening  of  the  ootheca  of  Blatta  oricntalis.  Proc.  Ray.  Soc.
London Series B., 128 : 378-393.

ROTH,  L.  M.,  1964.  Control  of  reproduction  in  female  cockroaches  with  special  reference  to
Nmiphoeta  cinerea.  II.  Gestation  and  postparturition.  Psvchc  J.  Entonwl.  (Cambridge,
Massachusetts},  71:  198-244.

ROTH,  L.  M.,  1968.  Ovarioles  of  the  Blattaria.  Ann.  Entomol.  Soc.  Anicr..  61:  132-139.
ROTH,  L.  M.,  AND  B.  STAY,  1961.  Oocyte  development  in  Diploptera  punctata  (Eschsholtz)

(Blattaria).  /.  Insect  Physiol.,  7  :  186-202.
ROTH,  L.  M.,  AND  B.  STAY,  1962.  Comparative  study  of  oocyte  development  in  false  ovovivipar-

ous  cockroaches.  Psyche  J.  Entomol.  (Cambridge,  Massachusetts),  69:  165-208.
ROTH,  L.  M.,  AND  E.  R.  WILLIS,  1958.  An  analysis  of  oviparity  and  viviparity  in  the  Blattaria.

Trans.  Amcr.  Entomol.  Soc.,  83:  221-238.
SLAMA,  K.,  1964.  Hormonal  control  of  haemolymph  protein  concentration  in  the  adults  of

Pyrrhocoris  aptcnts,  L.  (Heiniptera).  /.  Insect  Physiol..  10:  773-782.
STEINHAUER,  A.  L.,  AND  W.  P.  STEPHEN,  1959.  Changes  in  blood  proteins  during  the  develop-

ment  of  the  American  cockroach,  Periplaneta  ainericana.  Ann.  Entomol.  Soc.  .liner..
52: 733-738.

THOMAS,  K.  K.,  AND  J.  L.  NATION,  1966.  Control  of  a  sex-limited  haemolymph  protein  by  the
corpus  allatum  during  ovarian  development  in  Periplaneta  ainericana.  Biol.  Bull.,  130  :
254-264.

WHARTON,  D.  R.  A.,  M.  L.  WHARTON  AND  J.  LOLA,  1965.  Blood  volume  and  water  content
of  the  male  American  cockroach,  Periplaneta  ainericana  L.  methods  and  the  influence
of  age  and  starvation.  /.  Insect  Physiol.,  11  :  391-404.



Bell, William J. 1969. "CONTINUOUS AND RHYTHMIC REPRODUCTIVE CYCLE
OBSERVED IN PERIPLANETA AMERICANA (L.)." The Biological bulletin 137, 
239–249. https://doi.org/10.2307/1540096.

View This Item Online: https://www.biodiversitylibrary.org/item/17205
DOI: https://doi.org/10.2307/1540096
Permalink: https://www.biodiversitylibrary.org/partpdf/16439

Holding Institution 
MBLWHOI Library

Sponsored by 
MBLWHOI Library

Copyright & Reuse 
Copyright Status: In copyright. Digitized with the permission of the rights holder.
Rights Holder: University of Chicago
License: http://creativecommons.org/licenses/by-nc-sa/3.0/
Rights: https://biodiversitylibrary.org/permissions

This document was created from content at the Biodiversity Heritage Library, the world's
largest open access digital library for biodiversity literature and archives. Visit BHL at 
https://www.biodiversitylibrary.org.

This file was generated 25 August 2023 at 14:17 UTC

https://doi.org/10.2307/1540096
https://www.biodiversitylibrary.org/item/17205
https://doi.org/10.2307/1540096
https://www.biodiversitylibrary.org/partpdf/16439
http://creativecommons.org/licenses/by-nc-sa/3.0/
https://biodiversitylibrary.org/permissions
https://www.biodiversitylibrary.org

