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ABSTRACT. The effects of four diets (commercial rat food, 5, 25, and 65% protein) on
reproduction and daily food consumption of male and female German cockroaches were
investigated. Females compensate for low dietary protein levels by elevating consumption
rates and reproduce normally. Conversely, a high-protein diet significantly delayed mating
in females and resulted in smaller odthecae. Percentage hatch of o6thecae and male sexual
maturation were unaffected by dietary protein content. Males that were allowed to copulate
twice a week, ate more, and died sooner than males allowed to mate only once. The role of
diet composition in regulating feeding behavior is discussed.
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NITROGEN, particularly as proteins, is often impli-
cated as a limiting factor in insect reproduction
(McCaffery 1975, Barton Browne et al. 1980). The
interaction between protein feeding and egg pro-
duction has been studied most extensively in Dip-
tera (Dethier 1961, Roberts & Kitching 1974, Bel-
zer 1978, Barton Browne et al. 1979, Barton Browne
& Kerr 1986). For example, Barton Browne et al.
(1976) documented that females of the Australian
sheep blowfly, Lucilia cuprina Wiedemann, be-
come sexually receptive only after ingesting a pro-
tein meal. Representatives from other orders also
have been examined and tend to show similar re-
lationships between feeding and reproduction.
Slansky (1980) demonstrated that egg production
was delayed in female milkweed bugs on reduced
food rations. Odcyte development in the migratory
locust, Locusta migratoria migratorioides R. and
F., is arrested when food quality is poor (McCaffery
1975). When female locusts that previously have
been fed adequate food are placed on a low-protein
food source, the rate of egg pod production falls
and odcyte resorption increases. Although starva-
tion is known to delay or inhibit mating and in-
crease oocyte resorption in cockroaches (Roth &
Stay 1962, Bell 1971, Bell & Bohm 1975, Sams
1975), the effects of diet quality on sexual recep-
tivity and odcyte maturation have not been inves-
tigated in cockroaches.

Early studies on cockroach feeding have cen-
tered on developing adequate diets by varying levels
and ratios of essential nutrients (House 1949a,b;
Noland et al. 1949a,b; Noland & Baumann 1951;
Haydak 1953; Gordon 1959). In this early litera-
ture, the optimum level of dietary protein for Blat-
tella germanica (L.) was reported to range from

11% (Haydak 1953) to 40% (Noland & Baumann
1951). Haydak (1953) reported that longevity of
three species of cockroaches (German, oriental,
and American) decreases as dietary nitrogen in-
creases. He noted that insects fed a high-protein
diet died with distended abdomens, presumably
because of the accumulation of excess urate crystals
between the intersegmental membranes. In later
studies with American cockroaches, Mullins &
Cochran (19783, 1975a) documented the toxic ef-
fects of high-protein diets and urate accumulation.

Because of its low toxicity and low solubility in
water, uric acid (as urates) is the most common
nitrogenous excretory product of terrestrial insects.
However, few cockroaches void detectable levels
of uric acid in their feces (Mullins & Cochran 1972,
Cochran 1981). Excess dietary nitrogen is con-
verted to urates and stored in urate cells (urocytes)
of the fat body (Cochran et al. 1979, Mullins 1979,
review: Cochran 1985). Urocytes are surrounded
by mycetocytes that contain symbiotic microbes.
It is believed that these intracellular bacteria are
capable of metabolizing stored urates (Cochran
1985). Curiously, even when fed extremely high
levels of dietary nitrogen, American and German
cockroaches continue to produce and store uric acid
in the fat body and other tissues, which may ul-
timately lead to their death (Haydak 1953, Mullins
& Cochran 1975a). However, when dietary nitro-
gen becomes limited, internal urate stores are mo-
bilized, presumably with the help of mycetocyte
bacteria (Mullins & Cochran 1975b). Thus, uric
acid appears to act as a nitrogen store for use when
dietary nitrogen is limited.

Several patterns of uric acid excretion have been
reported in cockroaches (see Cochran 1985 for a
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full account). Although most cockroaches do not
void uric acid in the feces, within the Blattellidae
a few genera void discrete urate pellets when levels
of dietary nitrogen are high. German cockroaches
do not void urates in the feces, but males release
uric acid along with the spermatophore during cop-
ulation (Roth & Dateo 1964). Roth & Dateo (1964)
state that “mating appears to be an important means
of excreting uric acid in males of B. germanica.”

However, Cochran (1975) speculated that uric
acid released during copulation does not serve an
excretory function, but rather, acts as a nutrient
source for reproducing females. Mullins & Keil
(1980) documented that females of B. germanica
mobilize male-derived “C-labeled uric acid as a
nitrogen source for dothecal production.

Several studies have examined the relationship
between feeding and reproduction in the German
cockroach (Roth & Stay 1962, Kunkel 1966, Coch-
ran 1983, Durbin & Cochran 1985), but they all
have used commercial dog food diets. Our study
was undertaken to examine the interaction be-
tween dietary protein levels, daily consumption,
and reproduction in German cockroaches.

Materials and Methods

Insects. Approximately 500 late-instar nymphs
of the VPI-normal strain of German cockroaches
(voucher specimens located at Rutgers University
Entomology Museum) were held in an emergence
cage in a Percival incubator (Percival Manufac-
turing Company, Boone, Iowa) at 27°C, 50% RH,
and a 12:12 (L::D) photoperiod. Nymphs were fed
on a standard diet of Purina #5012 Rat Chow
pellets (Ralston Purina Company, St. Louis, Mo.)
and water until adult eclosion. Newly emerged
adults were collected hourly during the light cycle.
Food was removed when collection of emergent
adults was not possible. Insects that emerged while
the food was removed were also included in the
treatment groups (i.e., <12 h old and unfed). This
procedure assured that insects fed exclusively upon
the experimental diets following adult emergence.
Males and females were placed into separate ex-
periments as described below.

Females. All females that emerged on a given
day were divided equally among four treatments
until each group contained 20 insects. Treatments
consisted of a low-protein diet (5%), a medium-
protein diet (25%), a high-protein diet (65%), and
ground Rat Chow (approximately 23% protein).
The diet formulations that were used are shown in
Table 1 and are slightly modified from Cochran et
al. (1979). Rat food was included as an experi-
mental treatment and served as a reference with
which our data can be compared to those of pre-
vious workers. The diets were finely ground, mixed
extensively with glass beads to ensure homogeneity
and packed into small embedding capsules (Beem
Capsules size 3, Better Equipment for Electron
Microscopy, Bronx, N.Y.). These food vials were
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Table 1. Composition (grams) of experimental diets

Diets
5% protein  25% protein 65% protein
Yeast® 10 10 10
Salt mixtureb 4 4 4
Dextrin 85 61 13
Cellulose 20 20 20
Casein 1 25 73
Cholesterol 0.1 0.1 0.1

% Yeast contains approximately 50% protein.
b Wesson’s Modified Salt Mixture, Bio-Serv, Frenchtown, N.J.

presented to females from the first day of adult life
and were continuously available thereafter. Fe-
males were provided water ad lib. and housed in-
dividually in clear plastic cages (11 by 11 by 2 cm),
which allowed gravimetric quantitation of food
consumption. Daily consumption by individual fe-
males was measured during the first 2 h of each
light period using a Mettler HK 160 balance (Mett-
ler Balances and Instruments, Hightstown, N.J.).
Because the incubator controlled humidity pre-
cisely (50 = 5%), it was unnecessary to correct for
fluctuations in water content of food. Consumption
data were converted to dry weight based upon a
conversion factor (0.95) obtained by drying 20 sam-
ples of each diet to constant weight in a 60°C oven.

Four days after adult emergence, each female
was presented daily with two males (2 h in the
middle of the dark period) until she mated. During
the 2-h interval, females were examined every 15
min until observed copulating. The age when mat-
ing occurred was recorded along with the ages of
formation and hatch of 6othecae. Daily food con-
sumption and timing between these events were
analyzed using SAS Institute (1982) Analysis of
Variance (ANOVA) and Duncan’s (1955) Multiple
Range procedures.

Males. Males were treated in a similar manner
(i.e., 20 insects per treatment; 5, 25, 65%, and rat
food diets), but only daily consumption, age at first
mating, and longevity were recorded. Two addi-
tional treatments were included: 5% protein diet
and access to receptive females twice per week,
65% protein diet and access to females twice per
week. From the day of emergence (day 0), all males
were presented with 8-d-old virgin females for 2 h
in the middle of the dark cycle until they were
observed copulating. From that point, only males
in the frequent copulation groups were allowed to
mate twice per week. The rationale for these treat-
ments was based on the data of Haydak (1953),
which reported that high protein levels increase
mortality in B. germanica and Roth & Dateo (1964),
which reported that mating is a means of uric acid
release. Therefore, frequent matings should in-
crease longevity in males fed a high-protein diet.
Males on a low-protein diet with frequent copu-
lations were included to investigate the effects of
copulation on meal size. Daily consumption for all
groups of males was monitored for 60 d.
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Table 2. Days between landmark events in reproduc-
tive cycle of B. germanica females at 27°C
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Table 3. Percentage mating, number of eggs, and hatch
per ootheca of B. germanica females

b Intervals Diet % mating E® % hatch
iet

A-M M-EC EC-H 5% protein 90 40.8 + 4.9a 87.9 + 114

25% tei 80 40.3 + 3. 3 4

5% protin 7.2 £ 11b 28 02b 187 + 05b 65% rotein 40 ool oS x a9
25% protein 79+ 11b 28 +02b 181 + 0.9¢ Rat food 85 432 + 3.8a 875 ¥ 107
65% protein 115+ 122 4.1 £0.2a 183 + 0.5bc R ) .
Rat food 77+ 14b 31 x=02b 198 + 04a

Means (£SD) in the same column with the same letter are not
significantly different (P < 0.05; ANOVA; Duncan’s [1955] mul-
tiple range test).

a A, day of imaginal molt; M, mating; EC, formation of o6theca;
H, hatch.

Results and Discussion

Rat Food. Females fed standard rat food (ap-
proximately 23% protein) mated on average 7.7 d
after the imaginal molt (Table 2). O6thecae ap-
peared 3.1 d after mating, were incubated for 19.8
d (Table 2), and contained 43.2 eggs, 87.5% of
which hatched (Table 3). These results are similar
to those of Cochran’s (1983) work that used the
same strain of B. germanica. We observed some-
what shorter reproductive intervals than those re-
ported by Cochran (1983). However, differences
in rearing temperatures between the two experi-
ments (21-25°C compared with 27°C) are sufficient
to explain the slight inconsistencies between the
studies.

Females. With all diets, females had cyclical
feeding patterns as documented for B. germanica
(Cochran 1983) and other oviparous and ovovivip-
arous cockroaches (Engelmann & Rau 1965, Bell
1969, Rollo 1984, Cochran 1986). Before mating
and the production of an o6theca, females have a
period of intense feeding. While carrying an o6the-
ca, feeding is sporadic and consumption is low
(Fig. 1).

Females fed 5% protein, 25% protein, and rat
food showed no significant differences (ANOVA;
Duncan’s Multiple Range Test, P > 0.05) in their
premating interval (7.2-7.9 d; Table 2), percentage
of females that mated successfully (80-90%; Table
3), number of eggs per Sotheca (40.3-43.2; Table
3), and percentage of embryos that hatched (87.5-
91.3%; Table 3). Insects that fed on the 25% ex-
perimental diet and ground rat food consumed
similar amounts of food throughout each respective
interval in the reproductive cycle (Table 4). This
indicates that the diet containing 25% protein may
be as adequate as the standard rat food diet for
supporting the prereproductive nutritional re-
quirements of an adult female B. germanica.

Based upon previous work with locusts (Mc-
Caffery 1975) and blowflies (Barton Browne et al.
1979), low levels of dietary protein would be ex-
pected to arrest or delay odcyte maturation until
sufficient nitrogen stores became available. Neither
of these alternatives occurred. Thus, either a 5%
protein diet is sufficient to support at least one
reproductive cycle, or females can alter feeding

Means (+SD) in the same column with same letter are not
significantly different (P < 0.05; ANOVA; Duncan’s [1955] mul-
tiple range test).

9 E, no. eggs per ootheca.

patterns, meal sizes, or both, to compensate for the
low levels of dietary protein.

Females that fed on a low-protein diet ate sig-
nificantly more food before mating compared with
other treatments (Table 4). These results suggest
that Blattella females compensate for low protein-
high carbohydrate levels in the diet by consuming
at higher rates. Apparently to some extent, Blat-
tella females regulate the quality of food by mod-
ulating the quantity consumed depending upon the
protein—carbohydrate levels. Whether individual
meals were larger or more frequent cannot be an-
swered from these data. In a study that specifically
addressed compensatory mechanisms in locusts,
Simpson & Absigold (1985) found that meal fre-
quency, not meal size, increased when food quality
was low. However, when recovering from a period
of starvation, American cockroaches increase meal
size, not frequency of meals (Rollo 1984). A study
of this type would be appropriate for Blattella.

Although before mating, females on a low-pro-
tein diet ate more than females on other diets, they
consumed less in the 2.8-d period between mating
and oviposition (Table 4). This may indicate that
if excess food is consumed during one interval, less
is needed subsequently. Another, more plausible
explanation, may be that females will remain un-
receptive to courting males until sufficient nitrogen
stores for oothecal production have been accu-
mulated. After this requirement has been met, high
levels of carbohydrate may be necessary for pro-
duction of odthecae and possibly for use during the
subsequent gestation period. This would explain
the high rate of consumption of the low-protein-
high-carbohydrate diet before mating (in order to
accumulate proteins), and the low intake during
oothecal production (high carbohydrate levels).

Conversely, females on the high protein-low car-
bohydrate diet ate less before mating and signifi-
cantly more than either of the experimental diets
during odthecal production (Table 4). Moreover,
though not statistically significant, females on a
high-protein diet appear to consume more during
gestation than females in other treatments; this sug-
gests that carbohydrates may be limiting during
this stage.

When female American cockroaches are switched
from an adequate diet (i.e., dog food or equivalent)
to a protein-free diet, their reproductive cycles con-
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Table 4. Total food consumed (mg) per female between landmark events in the reproductive cycle of Blattella

Interval®
Diet
A-M M-EC EC-H A-H
5% protein 753 + 8.1la 49 + 43c 223 £ 7.0a 103.7 + 59a
25% protein 52.6 + 8.8b 122 + 55b 255 + 82a 93.5 + 8.3b
65% protein 37.2 + 10.0c 22.8 + 16.4a 35.4 £ 11.3a 1045 £ 4.8a
Rat food 58.1 + 11.8b 158 £ 7.7ab 23.3 = 12.2a 101.3 + 11.0a

Means (£SD) in the same column with same letter are not significantly different (P < 0.05; ANOVA; Duncan’s [1955] multiple

range test).

4 A, day of imaginal molt; M, mating; EC, formation of odtheca; H, hatch.

tinue at a near normal (Rollo 1984) or slightly el-
evated rate (Mullins & Cochran 1975b). The effects
of nutrient limitation should be more pronounced
in Blattella than Periplaneta because Blattella fe-
males use 90% of accumulated reserves for the
production of each odtheca, whereas Periplaneta
females can produce up to 5 egg cases without
refeeding (Kunkel 1966). Apparently, during dif-
ferent stages of the reproductive cycle, females
have different nutritional demands, and they may
select foods to meet these demands. A self-selection
experiment throughout the reproductive cycle of
Blattella may be needed to test this hypothesis.
Interestingly, there are no differences among rat
food, high-protein, and low-protein diets in the
total amount consumed from the imaginal molt to
hatch of o6thecae (Table 4).

A high-protein content in the diet was detri-
mental to survival and reproduction of female Blat-
tella. Twenty-five percent of the 20 females died
before mating and only 40% (6) of the survivors
copulated. Mating was delayed by about 4 d, 06-
thecae were formed more slowly after copulation
(4.1 d; Table 2) and contained significantly fewer
eggs (Table 3). However, females on a high-protein
diet that successfully mated and oviposited did not
differ from females in other treatments in incu-
bation time (Table 2) and percentage of hatch (Ta-
ble 3) of odthecae. Therefore, it appears that fe-
males that survive a stressful pre-ovipositional
period are as successful as other females. This im-
plicates dose-dependent toxic effects by the high-
protein diet. Haydak (1953) attributed the toxicity
of high-protein diets to a “choking” of the fat body
by uric acid. Mullins & Cochran (1975a) suggested
that the toxic effects of a high-protein diet in P.
americana may be due to the accumulation of
ammonia or tryptophan metabolites. They impli-
cate the quinoline compounds xanthurenic and 8-
hydroxyquinaldic acids as contributing to gut le-
sions (Mullins & Cochran 1973).

Females fed a low-protein diet are able to elevate
consumption to support normal growth and repro-
duction. Conversely, females fed a high-protein
diet have increased mortality, and decreases in con-
sumption and reproduction. Thus, it appears that
females can compensate for low levels of dietary
protein more easily than they can for high-protein
diets. However, feeding exclusively upon high-pro-
tein foods is relatively rare in the natural habitat,

and regulation and detoxification can be accom-
plished less readily.

Although not specifically examined in these in-
vestigations, it was observed that all females, re-
gardless of diet, elicited male courtship starting on
day 4 (days 0-3 were not tested). Females fed 65%
protein were courted starting on day 4, but mated
on day 11.5, approximately 4 d after the other
treatments (Table 2). Apparently, female receptiv-
ity, not attractiveness to males, is altered by fluc-
tuations in dietary protein.

Males. Unlike females, males did not have feed-
ing cycles (Fig. 2). Males among all treatments had
the same pattern of small daily meals (1-2 mg).

The effect of dietary protein level on males’ daily
consumption, sexual maturation, and longevity is
shown in Table 5. Unlike females, male sexual mat-
uration (A-M) was unaffected by dietary protein
content. However, daily consumption and longev-
ity appear to be closely related to diet composition.
Males fed 5% dietary protein ate the smallest daily
meals (1.2 mg) and lived the longest (214 d), where-
as males fed 65% dietary protein had the shortest
lifespan (67.4 d) and largest daily consumption (2.1
mg). If males were optimizing nitrogen intake, then
the daily consumption data would be reversed (i.e.,
lowest intake of highest protein diet). Therefore,
it appears that dietary carbohydrate levels are more
important for males. Because the low-protein diet
has a high carbohydrate content and the high-pro-
tein diet has low carbohydrate levels (Table 1),
males may be regulating intake to consume more
of the low-carbohydrate diet and less of the high-
carbohydrate diet. Further experiments are needed
to elucidate whether this relationship is maintained
over a wide range of diet compositions.

Because their reproductive costs are low, males
of most insect species require considerably less pro-
tein than do females. Mullins & Cochran (1975b)
found that male American cockroaches are in a
positive nitrogen balance when fed 5% dietary pro-
tein; females, however, fluctuate between positive
and negative, but end up in a negative nitrogen
balance after 17 wk on this diet. Therefore, the
thesis that males are not optimizing nitrogen intake
has some empirical basis. Of particular interest is
whether a bimodal relationship exists between dai-
ly consumption and dietary protein level. As pro-
tein content in the diet decreases further, males
would be expected to increase consumption to sup-
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Table 5. Daily consumption, longevity, and premating
interval of male B. germanica

Daily Interval®
Diet consumption A-M A-D
(me) C) (d)

5% protein 1.2 +£04d 40+18 2141 +451a
25%% protein 1.4 + 0.3¢c 4.0 + 1.6a 129.7 + 34.0c
65% protein 21 +05 38 % 1.5a 67.4 + 10.4d
Rat food 1.6 £ 0.4b 3.8 + 1.8a 151.1 % 23.4b

Means (+SD) in the same column with the same letter are not
significantly different (P < 0.05; ANOVA; Duncan’s [1955] mul-
tiple range test).

a A, day of imaginal molt; D, death; M, mating.

port reproductive tissues, particularly if they cop-
ulate frequently.

The effects of frequent copulation on daily con-
sumption and longevity of males on two diets are
presented in Table 6. Our hypothesis was that fre-
quent copulation (twice per week) would increase
longevity in males fed a high-protein diet by pro-
viding an opportunity to dispose of uric acid. How-
ever, males fed a 65% protein diet and allowed
frequent copulation also consumed significantly
more (t = 7.7, df = 128, P = 0.05; Student’s ¢ test)
and died earlier (¢t = 3.33, df = 38) than once-mated
controls. In males fed 5% protein and allowed fre-
quent copulation, daily consumption was also sig-
nificantly elevated (¢ = 4.44, df = 122, P = 0.05
Student’s ¢ test) and longevity was shortened (¢ =
3.09, df = 26). The time to sexual maturation was
the same between treatments (Table 6).

Thus, on high- and low-protein diets, males that
are allowed frequent copulation consume at higher
rates, presumably to meet the demands of high
spermatophore and uric acid production. However,
the elevated consumption rates seen in both groups
may reflect different metabolic demands. Males on
a 5% protein diet may consume at high rates in
order to accrue sufficient nitrogen for spermato-
phore and uric acid production; the males on 65%
protein diet may consume and process large
amounts of food to secure carbohydrates. Concur-
rent with this increased consumption rate in both
groups is an increased demand to metabolize and
process large quantities of food. This added cost of
frequent copulation may manifest itself in a shorter
total lifespan. Unfortunately, this experiment did
not include a treatment of intermediate protein
and carbohydrate levels (i.e., 25% diet) with fre-
quent copulation. According to our hypothesis,
males under these conditions would not be ex-
pected to have elevated consumption rates when
compared with controls that have mated once, be-
cause adequate levels of protein and carbohydrate
levels would be available in the diet.

Our results suggest some interesting interactions
between diet composition, feeding, the reproduc-
tion in the German cockroach, Blattella germani-
ca. In females, specific “hungers” throughout var-
ious stages in the ovarian cycle are suggested, but
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Table 6. Effect of frequent copulation on daily food
consumption and longevity of male B. germanica fed low-
and high-protein diets

Daily Interval®
Diet consumption A-M A-D
(me) (d) (d)
5% protein 12 +04a 40+ 18 2141 + 45.1a
5% protein
(+ mating) 16 +06b 37+ 1.8a 153.6 = 56.6b
65% protein 2.1 + 0.5a 3.8 £ 1.5a 67.4 + 10.4a
65% protein
(+ mating) 29 +08b 37 *17a 541 = 5.9b

Means (+£SD) for daily consumption and lifespan are signifi-
cantly different (Student’s ¢ test P < 0.05) between groups allowed
to mate and their respective control group.

a A, day of imaginal molt; D, death; M, mating.

these require further study. The effects of very low
levels of dietary protein (i.e., less than 5%) on feed-
ing and reproduction would provide useful infor-
mation on nitrogen budgeting in this species. The
physiological basis for decreased longevity in fre-
quently copulating males awaits further documen-
tation. Finally, the role of diet composition in reg-
ulating cockroach meal dynamics would add
valuable information to our understanding of feed-
ing behavior.
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