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d Department of Entomology, University of Georgia, Athens, GA 30602, USA 
e School of Science, Western Sydney University, Hawkesbury Campus, Locked Bag 1797, Richmond, NSW 2753, Australia 
f Department of Industrial Engineering and Department of Statistics, Pennsylvania State University, 357 Leonhard Building, University Park, PA 16802, USA   

A R T I C L E  I N F O   

Keywords: 
Apoptosis 
Carbohydrate 
Cockroaches 
Geometric Framework of Nutrition 
Oosorption 
Protein 

A B S T R A C T   

When the likelihood of reproducing successfully is low, any prior investment in developing oocytes may be 
wasted. One means of recouping this investment is oosorption – where ova are absorbed and resources salvaged 
so they can be re-allocated to other traits. Food-limited female speckled cockroaches (Nauphoeta cinerea) appear 
to use this strategy. However, it is unclear if total food intake or the availability of specific nutrients induces this 
process. Here, we used the geometric framework of nutrition to determine how protein, carbohydrate and energy 
intake affect levels of ovarian apoptosis and necrosis (controlled versus uncontrolled cell death) in the terminal 
oocytes of female N. cinerea. We then compare the effects of nutrient intake on apoptosis (a key step towards 
oosorption) and offspring production to better understand the relationship between diet, apoptosis and female 
fitness. We found that even when food was abundant, females experienced high levels of apoptosis if their diet 
lacked carbohydrate. Necrosis was reduced when energy intake was high, but largely irrespective of nutrient 
ratio. Offspring production peaked on a low protein, high carbohydrate nutrient ratio (1P:7.96C), similar to that 
which minimized apoptosis (1P:7.34C) but not in the region of nutrient space that minimized necrosis. Thus, 
females consuming an ideal nutrient blend for reproduction can invest heavily in their current brood without 
needing to salvage nutrients from developing ova. However, offspring production was more dependent on car-
bohydrate consumption than apoptosis was, suggesting that the importance of carbohydrate in reproduction goes 
beyond regulating oosorption. This reliance on carbohydrate for female reproduction may reflect the unusual 
reproductive and nutritional physiology of speckled cockroaches; attributes that make this species an exciting 
model for understanding how diet regulates reproduction.   

1. Introduction 

Reproduction is costly - it requires time and energy (Butte et al., 
1999; Somjee et al., 2018), can elevate the risk of predation (Ryan et al., 
1982; Rowe, 1994) and parasitism (Wagner, 1996), and result in dam-
age caused by rivals (Bean and Cook, 2001) or by mates (Stutt and Siva- 
Jothy, 2001; Wigby and Chapman, 2005). These high costs are predicted 
to drive reproductive trade-offs, where increased investment in current 
reproduction can come at the expense of reduced future reproduction or 
survival (Cruz-Flores et al., 2021; Festa-Bianchet et al., 2019). Accord-
ingly, individuals are expected to have evolved physiological 

mechanisms to balance investment in current versus future reproduction 
to maximize their lifetime reproductive success. Despite trade-offs 
involving the costs of reproduction being widespread, their underlying 
physiological mechanisms are often unclear (Harshman and Zera, 2007; 
Zera and Harshman, 2001). However, one factor that frequently drives 
trade-offs and influences how they are resolved, is diet (Boggs, 2009; 
Schwenke et al., 2016; Zera and Harshman, 2001). 

An organism’s diet can influence trade-offs in different ways. First, 
the nutrient ratio that maximizes the expression of one trait can differ 
from the ratio that maximizes expression of a second trait. In this case, 
organisms cannot consume a single nutrient ratio to simultaneously 
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optimize the expression of both traits, forcing an obligate dietary 
mediated trade-off. This scenario is common in female insects where 
high protein consumption promotes egg laying but reduces survival (e.g. 
Carey et al., 2022; Harrison et al., 2014; Jensen et al., 2015; Lee et al., 
2008; Maklakov et al., 2008; Rapkin et al., 2017). The nutrient ratio that 
individuals ultimately consume determines the relative expression of the 
traits involved in this trade-off. After consumption, nutrients must be 
allocated towards competing traits and this can promote allocation- 
based trade-offs - if a single nutrient limits expression of multiple 
traits, elevated investment in one trait necessitates reduced investment 
in another. For example, pregnant female white-footed mice fed low 
calcium diets face a trade-off between preserving the integrity of their 
own skeleton and mobilizing calcium from their bones to promote 
skeletal quality in their developing young (Schmidt and Hood, 2016). 
Dietary based trade-offs such as these appear widespread, but it is often 
unclear which nutrient(s) are responsible (Schwenke et al., 2016). 
Moreover, the cellular mechanisms that determine how resources are 
allocated towards different traits, or shift resources away from one trait 
and towards another as optimal investment strategies change, are 
largely unknown (Schwenke et al., 2016). 

One mechanism that may play a role in mediating female investment 
in current versus future reproduction or survival is oocyte resorption (i. 
e. oosorption). Resorption of ova or embryos has been observed in taxa 
including mammals (Holinka et al., 1979), fish (Kurita et al., 2003) and 
insects (Boggs and Ross, 1993; Ohgushi, 1996) and may provide a means 
of recouping resources invested in reproduction such that they can be 
allocated to other traits (Bell and Bohm, 1975; Osawa, 2005). In support 
of this idea, oosorption occurs most often when conditions for repro-
duction are poor and investment in reproduction is likely to be wasted; 
for example, where mates (Kotaki, 2003; Moore and Sharma, 2005) or 
food (Barrett et al., 2008) are limited, or in stressed animals exposed to 
disrupted day-light cycles (Li et al., 2019), suboptimal temperatures 
(Naseer et al., 2017) or parasite infection (Almeida and Suesdek, 2017; 
Hopwood et al., 2001). While this hints at oosorption being an adaptive 
strategy to mobilize and redirect resources from ova, there are few 
demonstrations that oosorption improves female fitness (discussed in 
Barrett et al., 2009a,b). In the speckled cockroach (Nauphoeta cinerea) 
however, positive associations between oosorption and some fitness 
traits have been demonstrated. 

Reproduction in N. cinerea is unlike that of many insect models. In 
females, oocytes mature after adult emergence (Roth, 1964). Females 
are subsequently receptive to mating, and mating triggers rapid oocyte 
growth. Fertilized ova develop inside a brood pouch and emerge as first- 
instar nymphs (Roth and Willis, 1954). Parturition initiates the devel-
opment of the next oocyte batch. Accordingly, females reproduce in 
cycles, each lasting around 50 days. Moreover, females seldom live 
much longer than 200 days, meaning that each cycle is equivalent to a 1/ 
4th of a female’s adult lifespan (Moore et al., 2003). There are costs 
associated with maintaining unfertilized oocytes (Moore et al., 2007), 
and eggs that are not used in one cycle cannot be carried over to the next 
reproductive bout. This means that female ova effectively have a “use-by 
date” (Barrett, 2009), and if the eggs in a clutch are not fertilized, a 
female has lost at least 25 % of her total reproductive potential (i.e. one 
reproductive cycle has failed out of four). 

Some lines of evidence suggest that N. cinerea may use oosorption to 
recoup some of this investment. Namely, ovarian apoptosis (pro-
grammed or controlled cell death; D’Arcy, 2019) increases when the 
environment for reproduction is poor. For example, female N. cinerea 
that reproduce late relative to the age of sexual maturation produce 
fewer young (Moore and Moore, 2001) due to increased levels of 
apoptosis rather than necrosis (uncontrolled cell death; D’Arcy, 2019) or 
embryo death (Moore and Harris, 2003; Moore and Sharma, 2005). 
Similarly, levels of apoptosis are high in unmated females held without 
food (Barrett et al., 2008). Moreover, there are signs that elevated 
ovarian apoptosis may have positive impacts on the expression of other 
fitness traits. For example, when unmated, food-deprived females are 

provided with a mate and again receive food, high levels of prior 
apoptosis are associated with improved female fecundity and survival 
(Barrett et al., 2009a). Moreover, levels of ovarian apoptosis in females 
prevented from mating are accompanied by reductions in ovariole 
numbers, but resources salvaged from oocytes that have undergone 
apoptosis are reallocated to surviving oocytes, such that these become 
larger (Barrett et al., 2009b). In this instance, ovarian apoptosis may 
provide an immediate fitness benefit by allowing females to produce 
fewer, but larger young. However, the associated loss of ovarioles may 
reduce future reproductive success. While these results suggest that 
oosorption may be a means of females reallocating limited resources to 
maximize their fitness in a given environment, there are aspects of this 
process that we do not understand. In particular, do levels of apoptosis 
respond to general restrictions in food availability, or reduced avail-
ability of a specific nutrient? If the latter, which nutrient(s) is/are 
responsible? 

Here, we use a dietary mapping technique called the geometric 
framework of nutrition (Simpson and Raubenheimer, 1995) to explore 
the nutritional regulation of apoptosis. We test how protein, carbohy-
drate and energy intake affect levels of apoptosis and necrosis in the 
terminal oocytes of female N. cinerea. We also compare the effects of 
nutrient intake on apoptosis to the effects on offspring production, to 
better understand the relationship between diet, apoptosis and female 
fitness in this species. To achieve this, we conducted two experiments. In 
the first, we restricted females to feed on one of 24 artificial, semi- 
holidic (i.e. chemically defined) diets and then measured levels of 
apoptosis and necrosis in terminal oocytes. In the second experiment, a 
different group of females were mated and restricted to the same diets 
until parturition, when offspring were counted. We predicted that low 
levels of apoptosis would be associated with high offspring production, 
as females would not need to salvage nutrients from ova when fed an 
optimal nutrient ratio for reproduction. Further, the nutrient ratio 
associated with high levels of apoptosis should reveal which limiting 
nutrient(s) induce oosorption. We predicted that this may be carbohy-
drate given that, unusually for female insects, fecundity is largely 
dependent on carbohydrate and independent of protein consumption in 
N. cinerea (Bunning et al., 2016). High oosorption may help maintain 
energy (and therefore buffer lifetime offspring production) during pe-
riods of carbohydrate limitation. 

2. Material and methods 

2.1. Experimental animals 

Experimental animals were taken from a laboratory colony of 
N. cinerea containing over 200,000 individuals housed in ten large 
plastic containers (80 × 50 × 30 cm) in an incubator set at 28 ± 1 ◦C and 
a 14L:10D lighting regime. Colonies were fed dry rat chow (SDS diets, 
Essex, UK) weekly and given water in eight test tubes (15 cm long, 4 cm 
diameter), plugged with cotton wool. To maintain genetic diversity, 
several thousand individuals were transferred at random between con-
tainers every two months when cultures were cleaned. This protocol 
ensures ample gene flow and preserves substantial levels of genetic 
variation in this mass culture (Corley et al., 2001). 

Late instar nymphs were collected at random from each of these large 
culture containers and sorted into two smaller single-sex containers (17 
× 12 × 6 cm). These single-sex containers were checked daily for any 
newly eclosed adults, which were immediately removed and established 
in individual containers. Newly eclosed males were kept as mating 
partners for focal experimental females and housed in individual con-
tainers (11 × 11 × 3 cm), fed an ad libitum supply of rat chow and 
provided with water in a small test tube (8 cm long, 1.5 cm diameter) 
plugged with cotton wool. Newly eclosed females were housed in indi-
vidual containers (20 × 10 × 10 cm) and randomly assigned to either 
Experiment 1 or Experiment 2 and an experimental diet (detail below). 
All animals were maintained in a constant temperature room set to 28 ±
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1 ◦C, under a 14L:10D lighting regime. 

2.2. Artificial diets and measuring nutrient intake 

We made twenty-four artificial, dry diets that varied in protein (P) to 
carbohydrate (C) ratio (P:C), as well as in total nutrition (i.e. P plus C 
content), following the established protocol of Simpson and Abisgold 
(1985). In each diet, P consisted of a 3:1:1 mixture of casein, albumen 
and peptone, while digestible C was a 1:1 mixture of sucrose and dextrin. 
All diets contained Wesson’s salts (2.5 %), ascorbic acid (0.28 %), 
cholesterol (0.55 %) and an insect vitamin mix (0.18 %). After the 
appropriate dry weights of P and C were added to the diet mixture, the 
mixture was diluted to the appropriate level with crystalline cellulose. 
Diluting diets in this way serves to create depth in the nutritional 
landscape while allowing animals to feed ad libitum – animals fed 
nutrient dense diets must consume relatively high levels of P and C, 
whereas animals fed diluted diets tend to eat lower amounts of each 
nutrient. Figure S1 shows the distribution of these diets in nutritional 
space and their compositions are provided in Table S1. The same twenty- 
four diets have been used in previous nutritional studies on N. cinerea 
(Bunning et al., 2016, Bunning et al., 2015). 

Food and water were provided in feeding platforms constructed by 
gluing a vial lid (1.6 cm diameter, 1.6 cm deep) upside down onto a petri 
dish (5.5 cm diameter). This design allowed any diet spilled during 
feeding to be collected in the petri dish. Diets were kept in a drying oven 
(Binder, model FD 115) at 30 ◦C for 48 h to remove moisture prior to 
weighing. On their day of adult eclosion, each experimental female was 
given a feeding platform containing one diet of known dry weight. Diets 
were replaced every 5 days for the duration of each experiment (in 
Experiment 1 until oocyte sampling on day 15 post-eclosion and in 
Experiment 2 until parturition). Feeding platforms containing diet were 
weighed before and after each feeding period using an electronic bal-
ance (Ohaus Explorer Professional, model EP214C). Prior to weighing 
retrieved diet, faeces were removed from the feeding platform using fine 
forceps and diets were dried (as described previously). Diet consumption 
was calculated as the difference in the dry weight of diet before and after 
feeding and then converted to a weight of P and C consumed. As the 
duration of Experiments 1 and 2 differed (see below), the intake of P and 
C were expressed in milligrams per day of feeding to allow comparison 
of results between experiments. 

2.3. Experiment 1: The effects of nutrient intake on oocyte apoptosis and 
necrosis 

To determine how P and C consumption influence oocyte apoptosis 
and necrosis, at adult eclosion ten females were established at random 
on each of the twenty-four diets (total n = 240 females). Females were 
fed for 10 days and then mated to a random virgin male of the same age 
that had been maintained on a standard, rat chow diet. After a further 5 
days of feeding (i.e. 15 days post-eclosion) females were dissected to 
remove ovaries. 

A Vybrant® Apoptosis Essay Kit #4 (Catalog number V13243, Life 
TechnologiesTM) was used to quantify apoptosis and necrosis in terminal 
oocytes. This kit contains two stains: the nucleic acid dye (YO-PRO-1) 
and propidium iodide (PI). YO-PRO-1 is excluded from healthy cells but 
can enter apoptotic cells, whereas PI is impermeant to live and apoptotic 
cells but can enter late-stage apoptotic and necrotic cells (Willingham, 
1999). In this assay, healthy cells are unstained, apoptotic cells show 
green fluorescence in their nuclei because YO-PRO-1 can enter but PI 
cannot, while necrotic and late-stage apoptotic cells show red fluores-
cence in their nuclei as their membranes become permeable to PI (see 
Figure S2 for examples). To perform this assay, we removed both ovaries 
from each female cockroach using fine forceps and placed them in 1 ml 
of cockroach ringer solution (150 mM NaCl, 3.1 mM KCl, 85.4 mM CaCl, 
2.0 mM MgCl, 5 mM TES) in a 1.5 ml Eppendorf tube, to which 2 µl of 
YO-PRO-1 and 1 µl of 1 mg/ml PI were added. The mixture was then 

incubated on ice for 30 min. Ovaries were removed, mounted on a 
depression well slide and viewed under 2x magnification using an epi-
fluorescent microscope (Olympus BX51) fitted with a digital camera 
(Olympus DP70) and associated Java-script based software (Olympus 
Stream version 2.2). Photomicrographs were captured for 10 mature 
follicles selected at random from each female. 

We measured levels of apoptosis and necrosis using two approaches. 
First, images were assigned a subjective score, between 1 and 7, for the 
level of staining. Following the protocol outlined in Moore & Sharma 
(2005) we scored the follicles as 1 (<5% of follicular epithelium cells 
stained), 2 (5–10 % stained), 3 (10–20 % stained), 4 (30–50 % stained), 
5 (50–70 % stained), 6 (70– 80 % stained) and 7 (80–100 % stained). A 
mean score for each female was calculated. Second, we provided a more 
quantitative assessment of the level of staining by analysing images with 
ImageJ software (version 1.48). Images were split into component col-
ours and the mean pixel brightness of each mature follicle was measured 
in the green (for apoptosis) and red (for necrosis) channels. Again, we 
calculated a mean value for apoptosis and necrosis from the 10 images of 
each female. We found a significant positive relationship between the 
two methods used for assessing apoptosis (β ± SE: 0.3 ± 0.003, F1,239 =

79.08, P = 0.0001, r2 = 0.25) and necrosis (β ± SE: 0.01 ± 0.001, F1,239 
= 58.09, P = 0.0001, r2 = 0.19) (Figure S3). Consequently, the results 
presented are those collected using the second, quantitative method. 

To verify that the YO-PRO-1 stain was measuring apoptosis rather 
than necrosis or autophagy, an Image-iT® LIVE Green Caspase-3 and − 7 
Detection Kit (Catalog number I35104, Life TechnologiesTM) was used. 
This kit stains cells green that contain caspase-3 and − 7 enzymes that 
are known indicators of apoptosis (Walsh et al., 2008). To achieve this, 
we collected the paired ovaries of 20 random females that had been 
maintained for 15 days post-eclosion on a standardized diet of rat chow. 
For 10 females chosen at random we measured apoptosis in both ovaries 
using the YO-PRO-1 kit and used the ICC package version 2.13.0 (Wolak 
et al., 2012) in R (R Core Development Team, 2020) to estimate the 
repeatability (and 95 % Confidence Intervals (CIs)) across the two 
ovaries. Not surprisingly, we found that YO-PRO-1 staining was highly 
repeatable across the pair of ovaries (repeatability (95 %CI) = 0.99 
(0.97, 1.00) (Figure S4a). For the remaining 10 females, one ovary was 
randomly selected and stained using the YO-PRO-1 kit and the other 
using the Caspase-3 and − 7 kit, with levels of staining quantified using 
the green channel in ImageJ (as described above). We found the level of 
green staining was highly repeatable across the pair of ovaries (repeat-
ability (95 %CI) = 0.81 (0.58, 1.03)) demonstrating that the pro-
grammed cell death measured using the YO-PRO-1 kit is most likely due 
to apoptosis (Figure S4b). 

2.4. Experiment 2: The effects of nutrient intake on offspring number 

To determine how protein and carbohydrate intake affect clutch size, 
a further 10 females were established at random on each of the twenty- 
four diets (total n = 240 females) on their day of adult eclosion. Females 
were fed for 10 days and then mated to a virgin male of the same age. 
After mating, all females were fed their allocated diet every 5 days until 
parturition, which can take between 35 and 45 days after mating. Fe-
males were checked daily and on the day of parturition, the number of 
offspring produced were counted. 

2.5. Statistical analysis 

We characterized the linear and nonlinear (quadratic and correla-
tional) effects of P and C on our response variables (necrosis, apoptosis 
and offspring number) using a multivariate response surface approach 
(Lande and Arnold, 1983). Following this approach, the linear effects 
were estimated from a model containing only the linear terms (P and C), 
whereas the nonlinear effects were estimated from a model containing 
both the linear and nonlinear terms (P, C, PxP, CxC and PxC). Prior to 
analyses, we standardized daily nutrient intake and our response 
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variables to a z-score (i.e. a mean of zero and a standard deviation of 1) 
to ensure that any difference in nutritional coefficients between traits 
were not driven exclusively by differences in scale. We constructed 
nonparametric thin-plate splines using the “Tps” function in the R (R 
Core Development Team, 2020) “Fields” package (version 4.0.4) 
(Nychka et al., 2015) to visualize the nutritional landscape for each 
response variable. For each nutritional landscape, we used the 
smoothness (λ) value that minimized the generalized cross-validation 
score (Green and Silverman, 1993). To aid interpretation, each nutri-
tional landscape was constructed using unstandardized data. 

In instances where a significant positive (i.e. a trough) or negative (i. 
e. a peak) quadratic coefficient were detected, we estimated the global 
minimum or maximum of nutrient intake for each trait. That is, we 
characterized the location of each trough or peak in nutritional space. 
We estimated these locations and quantified associated 95 % confidence 
regions for each response variable using the “OptRegionTps” function in 
the “OptimaRegion” package (del Castillo et al., 2020) in R. Full details 
of this approach are provided in Rapkin et al. (2018) and a brief over-
view is presented in Text S1. 

We used a sequential model-building approach (Draper and John, 
1988) to determine whether the linear and nonlinear effects of P and C 
differed in sign and/or magnitude across our response variables. The 
benefit of this model-building approach is that it enables the indepen-
dent quantification of linear effects of P and C on the traits of interest (i. 
e. does trait expression rise or fall in a linear way as nutrient intake 
changes?), quadratic effects (i.e. does trait expression peak or trough at a 
particular intake of P and C?) and correlational effects (i.e. how does 
trait expression change in relation to P and C combined?). In instances 
where significant differences in the linear or nonlinear effects of nutrient 
intake were observed, we used individual interaction terms from the 
complete model to determine which specific nutrient(s) were driving 
these effects. We have explained this approach in detail elsewhere 
(Rapkin et al., 2018, 2016; South et al., 2011) and provide a brief 
overview in Text S2. 

The sequential model-building approach, however, does not 
adequately capture the direction of any differences in nutritional space. 
We therefore provide two additional measures to quantify the direction 
of differences in nutrient effects across our response variables. First, we 
estimated the angle (θ) and 95 % Bayesian Intervals (BIs) between the 
linear nutritional vectors using an approach implemented in the 
“MCMCglmm” package (Hadfield, 2010) of R. Full details of this 
approach are provided in Rapkin et al. (2018) and we give a brief 
overview (with annotated R code) in Text S3. Importantly, when θ =
0◦ the linear nutritional vectors are perfectly aligned, whereas θ = 180◦

represents the maximum possible divergence between these linear vec-
tors (Rapkin et al., 2018). This approach, however, is not the best way to 
determine if the minimum for one response variable and the maximum 
for another are co-located in nutrient space. We needed to be able to do 
this when comparing traits that are positively associated with fitness (e. 
g. offspring production) and negatively associated with fitness (e.g. 
apoptosis), that is, to compare peaks for offspring production with 
troughs for apoptosis and necrosis. This is best achieved by calculating 
the angle between the location of the minimum (x*

A) and maximum (x*
B) 

of the two quadratic polynomials as: 

θ = arccos
(

x*
A′x*

B

||x*
A|| • ||x

*
B||

)

where ||x*
A|| and ||x*

B|| denote the magnitude of the vectors x*
A and x*

B, 
respectively. We used the “OptimaRegion” package in R to estimate x*

A 

and x*
B(del Castillo et al., 2020). To estimate the 95 % confidence in-

terval (CI) for θ, we developed a custom R code that bootstraps the re-
siduals of the fitted quadratic polynomial regression equation of each 
response variable to obtain a series of new bootstrapped data sets (in our 
case, B = 500). For each data set, we then fit new quadratic polynomials 

to obtain B bootstrapped estimates of x*
A and x*

B by optimizing each fitted 
response using the “OptRegionQuad” function in the “OptimaRegion” 
package of R. We then computed θ for each of these B pairs and the lower 
2.5 % and upper 97.5 % percentiles of the θ distribution to provide the 
95 % CIs. Full details of this approach, as well as annotated R code, are 
provided in Text S4. 

Second, we estimated the Euclidean distance (d) between the loca-
tions of the maximum and minimum of two nutritional landscapes using 
the “CRcompare” function in the “OptimaRegion” package of R (del 
Castillo et al., 2020). Full details of this analysis are provided in Rapkin 
et al. (2018) and we provide a brief overview in Text S5. 

Fig. 1. The nutritional landscapes examining the effects of protein and car-
bohydrate intake on (A) necrosis and (B) apoptosis in terminal oocytes, as well 
as (C) the number of offspring produced by female Nauphoeta cinerea. In each 
landscape, the red regions represent regions of higher expression of the 
response variable and blue regions represent regions of lower expression. 
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3. Results 

There was a linear decrease in necrosis with the intake of P and C, 
with this decline being roughly equal for the intake of both nutrients 
(Fig. 1A, Table 1). There were however, no peaks or troughs in necrosis, 
as evidenced by the absence of significant nonlinear coefficients for 
nutrient intake (Fig. 1A, Table 1). Apoptosis also decreased with the 
intake of C but not with the intake of P (Fig. 1B, Table 1). Moreover, 
there was a significant positive quadratic coefficient for C intake (but not 
P intake) on the degree of apoptosis, as well as a significant positive 
correlational coefficient (Fig. 1B, Table 1). This significant positive 
quadratic coefficient indicates a trough in apoptosis with C intake, 
centred at a ratio of 1P:7.34C (global minimum: 1.23 mg/day of P and 
9.03 mg/day of C, Fig. 2A). The positive correlational coefficient further 
confirms that apoptosis is minimized at a low intake of P and a high 
intake of C (Fig. 1B and 2A). Quantitatively similar effects of P and C 
intake were found if necrosis and apoptosis were quantified using the 
subjective measure of Moore & Sharma (2005)(Table S2, Figure S5). 

In contrast to necrosis and apoptosis, the number of offspring pro-
duced increased with the intake of both nutrients, although this increase 
was over 4 times larger for the intake of C than P (Fig. 1C, Table 1). 
There were also significant negative quadratic coefficients for the intake 
of P and C on the number of offspring produced, as well as a significant 
negative correlation coefficient (Fig. 1C, Table 1). The significant 
negative quadratic coefficients indicate a peak in offspring number for 
the intake of both nutrients, which is centred at a ratio of 1P:7.96C 
(global maximum: 1.03 mg/day of P and 8.20 mg/day of C, Fig. 2B). The 
significant negative correlational coefficient further illustrates that 
offspring production is maximized at a high intake of C and a low intake 
of P (Fig. 1C and 2B). 

The effects of P and C intake on necrosis and apoptosis differed 
significantly (Table 2). In particular, necrosis decreased as P intake rose 
while apoptosis did not. Similarly, as C intake rose the decrease in 
apoptosis was over 3 times greater than the observed decrease in ne-
crosis (see linear effects in Table 1). The angle between the linear 
nutritional vectors for necrosis and apoptosis was 47.16◦ (95 % CIs: 
12.54◦, 79.76◦). The difference in quadratic effects was because there 
was a trough in apoptosis with C intake but not for necrosis (Table 2). 
The linear, quadratic and correlational effects of P and C intake on ne-
crosis and offspring number also differed significantly (Table 2). The 
difference in linear effects was due to both P and C intake increasing 
offspring number but decreasing necrosis (Table 2). Not surprisingly, the 
angle between the linear nutritional vectors for necrosis and offspring 

number was large and almost directly opposing (151.11◦, 95 % BIs: 
124.73◦, 179.95◦). The difference in quadratic effects occurred because 
there was a peak in offspring number (but not necrosis) with the intake 
of both P and C (Table 2). The difference in the correlational effect was 
due to there being a significant negative correlational coefficient for 
offspring number but not for necrosis (Table 2). 

Offspring number rose as P intake increased, but P did not signifi-
cantly influence apoptosis. Further, offspring number increased with C 
intake while apoptosis decreased. These effects are demonstrated by 
significant differences in the linear effects of P and C on each trait 
(Table 2). The angle between linear nutritional vectors was also large 
(161.01◦, 95 % BIs: 149.59◦, 172.49◦) illustrating the opposing linear 
effects of nutrient intake on apoptosis and offspring number. There were 
also difference in quadratic effects of nutrients on each trait. This is 
because there was a peak in offspring number with C intake but a trough 
in apoptosis i.e. medium-high C intake was associated with particularly 
high levels of offspring production and particularly low levels of 
apoptosis. Similarly, there was a peak in offspring number with P intake 
but no quadratic effect of this nutrient on apoptosis (Table 2). The angle 
(2.99◦, 95 % BIs: 0.16◦, 9.46◦) and Euclidean distance (0.96 mg/day, 95 
% CIs: 0.91 mg/day, 0.99 mg/day) between the global maximum for 
offspring number and global minimum for apoptosis were both small 

Table 1 
The linear and nonlinear effects of daily protein (P) and carbohydrate (C) con-
sumption on reproductive measures in female Nauphoeta cinerea. SE refers to 
standard error and t239 to the test of the coefficient with 239 degrees of freedom.   

Linear effects Nonlinear effects 

Response 
variable 

P C P × P C × C P × C 

Necrosis      
Coefficient ±

SE 
− 0.15 ±
0.06 

− 0.17 ±
0.06 

0.06 ±
0.07 

0.05 ±
0.07 

0.08 ±
0.12 

t239 2.38 2.63 0.85 0.76 0.68 
P value 0.018 0.009 0.40 0.45 0.50 
Apoptosis      
Coefficient ±

SE 
0.05 ±
0.05 

− 0.59 ±
0.05 

0.01 ±
0.05 

0.35 ±
0.05 

0.32 ±
0.09 

t239 0.98 11.32 0.11 6.99 3.56 
P value 0.33 0.0001 0.92 0.0001 0.0001 
Offspring 

number      
Coefficient ±

SE 
0.21 ±
0.05 

0.85 ±
0.05 

− 0.18 ±
0.04 

− 0.50 ±
0.03 

− 0.75 ±
0.07 

t239 4.41 17.70 4.11 14.76 11.76 
P value 0.0001 0.0001 0.0001 0.0001 0.0001  

Fig. 2. The locations of the dietary (A) minimum for apoptosis and (B) 
maximum for offspring number, as well as 95 % confidence regions surrounding 
these estimates. Nutritional optima are given as P,C coordinates for (A) 
apoptosis = 1.23P, 9.03C and (B) offspring number = 1.03P,8.2C. Nutritional 
optima are shown as black points and the grey regions surrounding these are 
95 % confidence regions. 
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(Fig. 2A & B). Furthermore, the overlapping 95 % confidence regions for 
these estimates indicate that the peak in offspring number and trough in 
apoptosis are located in the same region of nutritional space (Fig. 2A & 
B). The difference in the correlational effect was the result of a signifi-
cant negative correlational coefficient for offspring number but a sig-
nificant positive correlational coefficient for apoptosis (Table 2). 

4. Discussion 

Previously, apoptosis has been shown to be elevated in food- 
deprived female speckled cockroaches (Barrett et al., 2008). Here, we 
show that even when food is abundant, females experience particularly 
high levels of apoptosis if their diet lacks C. Levels of necrosis also 
depended critically on nutrition but total nutrient intake influenced un- 
programmed cell death more than the specific ratio of nutrients 
consumed. Offspring production was maximized on the same low P, high 
C nutrient ratio that minimized apoptosis (~1P:8C) but not in the region 
of nutrient space that minimized necrosis. This shows that females 
consuming a diet optimal for reproduction can invest in their current 
brood without salvaging nutrients from developing ova. However, 
offspring production responded more strongly to C intake than apoptosis 
did, suggesting that the importance of this nutrient to female repro-
duction goes beyond simply reducing apoptosis. A reliance on high C 
intake for reproduction in female N. cinerea has been shown before 
(Bunning et al., 2016), but is unusual for female insects that generally 
rely more heavily on P to maximize their fecundity (e.g. Jensen et al., 
2015; Rapkin et al., 2017, 2018). We speculate that this result may 
indicate unusual aspects of the reproductive and / or nutritional phys-
iology of speckled cockroaches that makes this species an interesting 
model for understanding how diet constrains reproduction and mediates 
life-history trade-offs. 

Levels of apoptosis and necrosis were both influenced by nutrition 
but in different ways. Apoptosis was lowest in females fed a C rich-diet 
(1P:7.34C) and greatest in females consuming low levels of dietary C. P 
consumption also had an impact on apoptosis - a significant, positive 
correlational term suggests that eating large volumes of diets rich in P 
and low in C also elevated apoptosis levels – but the impact of P on 
apoptosis was minor. Overall, this suggest that C limitation stimulates 
apoptosis more than P or general energy limitation. It is also worth 

noting that apoptosis levels began to rise again when females consumed 
particularly high levels of C. While nutrient ratio was key to regulating 
apoptosis, necrosis was reduced by consuming large amounts of P and C, 
with each nutrient having broadly similar impacts on necrosis. This in-
dicates that the total nutritional value of a diet (i.e. its overall energy 
content) may be more important in shaping the incidence of necrosis 
than the P:C ratio. This suggests that maintaining a large number of 
viable eggs may have substantial metabolic costs, and females that 
cannot meet these costs (i.e. because they are consuming nutrient poor 
diets) experience the greatest levels of uncontrolled cell death. 

Diets associated with high reproductive output (i.e. where greater 
numbers of offspring were produced) were associated with low levels of 
apoptosis. That is, the nutritional landscapes showed that the peak for 
offspring number (1P:7.96C) overlapped with the minimum for apoptosis 
(1P:7.34C). This finding was supported by the small angle (2.99◦) and 
Euclidean distance (0.96 mg/day) between these maximum and mini-
mum values. Conversely, the nutritional landscapes for offspring num-
ber and necrosis showed much lower resemblance as indicated by the 
significant differences in the linear, quadratic and correlational effects 
of P and C intake on levels of necrosis and offspring production and the 
large angle between the linear nutritional vectors for these traits 
(151.11◦). This result is in keeping with the idea that when females are 
fed an optimal nutrient ratio for producing offspring, apoptosis is low 
because females do not need to recycle nutrients that have already been 
invested in reproduction. However, we cannot exclude a direct mecha-
nistic link between apoptosis and C intake in our study. The cellular 
mechanisms driving apoptosis are complex (Solano-Gálvez et al., 2018) 
and it is possible for example, that sub-optimal diets that are low in C 
and high in P disrupt redox homeostasis and elevate oxidative damage 
(Archer et al., 2015; Malod et al., 2022), which in turn may influence 
levels of apoptosis (Simon et al., 2000). More work is needed to eluci-
date mechanistic link(s) between nutrient intake and ovarian apoptosis 
in N. cinerea. 

While our results are broadly in keeping with apoptosis playing a role 
in nutrient cycling, and being driven by the scarcity of particular dietary 
components, our results do not show that apoptosis is adaptive. This 
would require demonstration that apoptosis has positive impacts on 
either future female reproductive investment, or longevity or, on the 
quality of surviving oocytes. Previous work however, suggests that 
apoptosis can have positive fitness consequences in females that have 
been food restricted and held without mates (Barrett et al., 2009a). 
Collectively, this suggests that apoptosis is tightly regulated and may be 
a means of salvaging dietary C from ova when the chances of repro-
ducing successfully are low. 

Interestingly, we found that offspring number responded much more 
strongly to C intake than apoptosis did. That is, offspring number 
increased more with each additional unit of C consumed than apoptosis 
levels declined with each unit of C consumed (i.e. the slope of the linear 
coefficient for C intake was greater for offspring number than 
apoptosis). Thus, results show that first, female speckled cockroaches 
rely heavily on C to increase offspring production and that when this 
nutrient is lacking, apoptosis results and second, that the role of C in 
reproduction goes beyond preventing programmed cell death. This 
finding is unusual – in crickets (Archer et al., 2015; Harrison et al., 2014; 
Hawkes et al., 2022; Maklakov et al., 2008; Rapkin et al., 2017), flies 
(Carey et al., 2022; Jensen et al., 2015; Lee et al., 2008; Reddiex et al., 
2013), mice (Solon-Biet et al., 2015) and sticklebacks (Moatt et al., 
2019), protein intake affects the expresion of reproductive traits. One 
possible reason why female speckled cockroaches defy this general trend 
is rooted in the nutritional physiology of this species. Cockroaches, 
including N. cinerea, host endosymbiotic bacteria that can recycle ni-
trogen from stored waste and provision hosts with amino acids 
(Kambhampati et al., 2013; Patiño-Navarrete et al., 2014). The presence 
of these bacteria allow cockroaches to recycle nitrogen stored as uric 
acid, whenever dietary nitrogen is limited (Patiño-Navarrete et al., 
2014). Females in our current experiments were fed high P rat chow 

Table 2 
Results from sequential models comparing the linear and nonlinear effects of 
protein and carbohydrate consumption on necrosis, apoptosis and offspring 
number in female Nauphoeta cinerea. SS stands for sums of squares (where the 
subscripts R and C refer to the reduced and complete model, respectively), DF 
stands for degrees of freedom (where the subscripts 1 and 2 refer to the 
numerator and denominator degrees of freedom, respectively), F is the test 
statistic and P is the significance value. Superscripts after each P-value refer to 
post-hoc univariate test results, that are provided immediately underneath this 
table.   

SSR SSC DF1 DF2 F P value 

Necrosis vs Apoptosis 
Linear  409.64  381.30 2 474  17.61 0.0001A 

Quadratic  364.39  354.96 2 470  6.24 0.002B 

Correlational  349.75  347.95 1 468  2.42 0.12 
Necrosis vs Offspring number 
Linear  432.53  326.47 2 474  76.99 0.0001C 

Quadratic  314.78  301.23 2 470  10.57 0.0001D 

Correlational  292.44  273.11 1 468  33.12 0.0001 
Apoptosis vs Offspring number 
Linear  474.97  251.88 2 474  209.91 0.0001E 

Quadratic  250.29  202.68 2 470  55.20 0.0001F 

Correlational  200.32  168.44 1 468  88.58 0.0001 

Univariate tests: AP: F1,474 = 6.05, P = 0.014, C: F1,474 = 26.48, P = 0.0001; BP: 
F1,470 = 0.72, P = 0.40, C: F1,470 = 12.08, P = 0.001; CP: F1,474 = 19.62, P =
0.0001, C: F1,474 = 153.75, P = 0.0001; DP: F1,470 = 4.40, P = 0.04, C: F1,470 =

20.52, P = 0.0001; EP: F1,474 = 4.96, P = 0.03, C: F1,474 = 400.33, P = 0.0001; FP: 
F1,470 = 4.31, P = 0.04, C: F1,470 = 105.70, P = 0.0001. 
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during development, which may provide a ready store of P during ju-
venile stages that can be utilized (with the help of endosymbionts) by 
adults. This idea can be tested by formally comparing our nutritional 
landscapes to ones created for females where their endosymbiotic bac-
teria have been perturbed. Under this scenario, any perturbation to the 
gut microbiota of females should shift the optimal intake of nutrients 
needed for reproduction towards higher P regions of the nutritional 
landscape and increase the reliance of apoptosis on P intake. 

A second possible explanation for female reliance on C is linked to 
reproductive physiology of speckled cockroaches, which is unlike that of 
many other laboratory models. As female N. cinerea reproduce in distinct 
cycles, any delays in offspring development will inevitably postpone the 
next reproductive bout. Furthermore, because females gestate their 
offspring in a specialized brood pouch, any reproductive success in a 
given reproductive cycle may be lost if the female dies before parturi-
tion. Consequently, rapid offspring development may be a particularly 
important determinant of fitness in female speckled cockroaches, espe-
cially in comparison with other species where maternal investment ends 
once eggs are laid and offspring are produced continuously. In N. cinerea 
high C intake is known to reduce gestation time (Bunning et al., 2016). If 
female fitness depends on the rapid development of offspring, and this 
requires high intake of C, this may help explain why C is a particularly 
important nutrient for reproduction in N. cinerea and why low C avail-
ability triggers apoptosis. This hypothesis could explain why resources 
salvaged from resorbed oocytes appear to be allocated to the surviving 
oocytes to make them larger (Barrett et al., 2009b), and why females 
that have been starved prior to mating produce offspring sooner than 
females that were fed ad libitum but were mate deprived (Barrett et al., 
2009a). That is, if apoptosis allows greater investment in surviving ova 
and thus accelerates their development. While speculative, this idea il-
lustrates that the apparent high P requirements for offspring production 
frequently observed in insect models are not ubiquitous, and indicates 
how variation in species’ reproductive strategies could drive differences 
in their nutritional demands. Offering potential mechanisms explaining 
why both apoptosis and offspring production began to decline when C 
intake rose beyond the optimum is more challenging. However, many 
nutrients have costly fitness impacts when consumed in excess (Rau-
benheimer and Simpson, 2009). Crucially however, the costs of under- 
consuming C observed here, with respect to a slight reduction in 
offspring production and increased apoptosis, vastly exceed the costs 
that began to manifest when females over-consumed C. 

5. Conclusions 

In a changing environment, where individual reproductive success 
depends on unknown quantities like the future availability of resources 
and mates, optimal strategies of investment in reproduction versus the 
soma may not be static. Accordingly, being able to reallocate resources 
from reproduction towards somatic maintenance when the optimal 
allocation strategy shifts has clear fitness benefits. However, the mech-
anisms that can allow such flexible allocation – including oosorption - 
are poorly understood. We show that limited C intake, rather than 
reduced energy intake overall, triggers ovarian apoptosis. Conversely, 
energy limitation drives necrosis. Tight convergence between nutrient 
landscapes for offspring production and apoptosis demonstrates that 
when consuming balanced nutrient blends, females can invest heavily in 
offspring without having to salvage resources via apoptosis. While these 
results give insight into the nutritional regulation of oosorption, future 
work exploring the mechanistic basis of oogenesis, and linking ovarian 
apoptosis and future fitness, would advance our understanding further 
still. 
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