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Introduction

Insects can maximize their Darwinian fitness when they 
acquire an optimal amount and blend of nutrients (Simpson 
et al., 2004; Lee et al., 2008; Jensen et al., 2012; Roeder & 
Behmer, 2014). Protein and carbohydrate are the two ma-
jor macronutrients that are extensively used to investigate 
the effects of macronutrient balance on various aspects of 
physiology, behaviour and life-history performance in in-
sects (Behmer, 2009; Simpson & Raubenheimer, 2012). 
When protein and carbohydrate are ingested in imbalanced 
quantities and ratios, insects suffer significant performance 
costs arising from ingesting not only too little of one nutri-
ent (Mattson, 1980; White, 1993), but also too much of a 
nutrient that occurs in excess of their requirements (Simp-
son et al., 2004; Raubenheimer et al., 2005; Boersma & 
Elser, 2006; Zehnder & Hunter, 2009). For example, eating 
a diet containing excess protein relative to carbohydrate 
shortens lifespan in many insects (Lee et al., 2008, 2013; 
Fanson et al., 2012; Dussutour & Simpson, 2012). 

The detrimental effects of ingesting nutritionally imbal-
anced food can be ameliorated by insects using a variety 
of post-ingestive mechanisms (Zanotto et al., 1994, 1997; 
Raubenheimer & Bassil, 2007; Clissold et al., 2010), but 
probably the most effective way to correct nutritional im-

balances is to forage for nutritionally complementary foods 
(Waldbauer & Friedman, 1991; Behmer, 2009; Simpson & 
Raubenheimer, 2012). Insects have a well-developed ca-
pacity to assess their current nutritional state and adjust 
their food preferences in order to counterbalance the nu-
tritional imbalances accrued over a wide range of time-
scales (Simpson et al., 1988, 1990, 1991; Simmonds et al., 
1992; Mayntz et al., 2005; Raubenheimer & Jones, 2006; 
Lee et al., 2012). The accuracy and efficiency with which 
insects restore their nutritional state are likely to depend 
on the extent and nature of the nutritional imbalance faced 
by insects, but little empirical work has been done to test 
this possibility in insects (but see Raubenheimer & Jones, 
2006; Lee et al., 2012). 

In the present study, we investigate how protein : carbo
hydrate nutritional imbalances influence the pattern of 
complementary food selection in the mealworm beetle, 
Tenebrio molitor L. (Coleoptera: Tenebrionidae). To ac-
complish this, we experimentally manipulated the nutri-
tional state of T. molitor beetles by feeding them for 16 
days on one of three foods that differed in terms of their 
protein and carbohydrate content and then determining the 
patterns in their selection of different nutritionally com-
plementary diets over the next 18 days. During the pre-
treatment period, beetles were fed one of the following 
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groups. Over the first 16 days posteclosion (pretreatment period: 
days 0–16), beetles in each group were supplied with one of the 
three diets differing in protein : carbohydrate balance (p0:c42, 
p21:c21 and p42:c0). After experiencing this pretreatment, bee-
tles were then provided with two dishes of nutritionally imbal-
anced but complementary diets (p0:c42 vs. p42:c0) for 18 days 
(choice period: days16–34). The upturned lids of 1.5 mL Eppen-
dorf tubes (diameter 9 mm, depth 5 mm) were used as dishes 
for the dry, granular synthetic diet for the insects during the ex-
periment. Before presenting them to insects, these dishes were 
filled with food, dried at 40°C for 24 h and weighed to the nearest 
0.1 mg. Food and water (a water-filled 1.5 mL Eppendorf tube 
each capped with cotton wool) were replaced every other day. 
To minimize any measurement error in food consumption, each 
dish was placed in a small Petri dish (diameter 40 mm) and any 
food spilled from the dish was put back in the dish before it was 
removed. Removed dishes containing uneaten food were dried to 
constant mass and weighed. Food consumption over each 2-day 
period was calculated as the difference between the dry mass of 
a dish initially given to insects and that of the same dish removed 
after two days of feeding. Food preference index was calculated 
for each beetle using the following formula:

Preference index= P−C
P+C

where P and C were the quantities of the p42:c0 and p0:c42 di-
ets consumed, respectively. A positive value of this index thus 
indicates a preference for the p42:c0 diet and a negative value a 
preference for the p0:c42 diet. A value of zero indicates no prefer-
ence. Protein and carbohydrate consumption were calculated as 
the product of food consumption and the concentration of each 
nutrient in the food. At the end of the experiment (day 34), bee-
tles were frozen at –80°C and dried to constant weight at 50°C 
for 72 h. Dried carcasses were then weighed and lipid-extracted 
using three successive, 24 h chloroform washes (Simpson, 1982). 
Lipid-extracted carcasses were re-dried and then re-weighed, 
with total extractable lipid content being calculated as the dif-
ference between the pre- and post-extraction dry mass. The pro-
teineous body tissue of lean carcasses was digested and removed 
by soaking them in 0.35 M sodium hydroxide (NaOH) solution 
for three days at 33°C before being re-dried and re-weighed 
(Marden, 1987). Crude protein content was estimated by taking 
the difference between the dry mass of the sample before and 
after soaking them in sodium hydroxide. To measure the body 
composition of beetles at the end of the pretreatment period (day 
16), we used another 120 newly eclosed adults (60 males and 60 
females) that received the same pretreatment foods for 16 days, 
after which they were killed and subjected to body chemical com-
position analysis following the same protocol outline above. An 
earlier study indicated that there were no significant differences 
in dry body weight and body composition (protein and lipid con-
tent) between male and female beetles at adult emergence (day 0) 
(Rho & Lee, 2014). Throughout the whole experiment, all insects 
were kept in an incubator at 25°C under a 12L : 12D photoregime.

Data analysis
Both univariate and multivariate analysis of variance (ANOVA 

or MANOVA) were used to test the significance of the effects 
of pretreatment diet and sex on nutrient consumption and body 
composition. For the multivariate analysis, we used the Pillai’s 
trace statistic because it is robust to the violations of assumptions 
(Scheiner, 1993). Patterns of food preference in beetles that were 
offered two diets (p40:c0 vs. p0:c42) over three 6-day intervals 
were analyzed using a repeated measures ANOVA with sex and 
pretreatment diet as between-subject effects, and time (6-day in-

synthetic diets with identical caloric contents: (1) protein-
rich, carbohydrate-deficient diet, (2) equal protein : carbo-
hydrate balanced diet or (3) carbohydrate-rich, protein-
deficient diet. Recent work has shown that both male and 
female beetles of T. molitor are capable of regulating their 
protein and carbohydrate intake independently, resulting 
in an intake ratio of protein : carbohydrate close to 1 : 1 
(Rho & Lee, 2014). This lead us to assume that a diet with 
an equal protein : carbohydrate (1 : 1) ratio is the optimal 
one for T. molitor beetles while the others are nutrition-
ally imbalanced with one nutrient in excess and an insuf-
ficient quantity of the other. We hypothesized that beetles 
that were initially fed a diet devoid of a specific nutrient 
(protein or carbohydrate) would show a preference for a 
diet rich in the deficient nutrient. We also predicted that 
beetles would rely exclusively on controlling their food in-
take to compensate for protein-deficiency because nitrogen 
is only obtained by eating protein. When compensating for 
carbohydrate-deficiency, beetles are expected to be less re-
liant on their food intake because protein can be metabo-
lized into carbohydrate by the process of gluconeogenesis 
(Thompson & Redak, 2000). To test these predictions, we 
examined the food preference patterns of beetles previous-
ly fed diets differing in the protein : carbohydrate balance. 
We also compared the body composition of beetles that 
were allowed to select between the diets with that of those 
that were fed only one of three diets in order to determine 
whether the nutritional balance of their bodies recovered as 
a result of being able to select a particular diet.

Material and methods

Experimental foods 
Dry, granular, chemically-defined synthetic diets were pre-

pared based on the established protocol outlined by Simpson & 
Abisgold (1985). In total, we made three diets differing in protein 
(p) and digestible carbohydrate (c) content: 0% protein with 42% 
digestible carbohydrate (p0:c42), p21:c21 and p42:c0 (% dry 
mass). The total concentration of protein plus carbohydrate was 
fixed at 42% for all three diets. Since protein and carbohydrate 
are similar in caloric density (4 calories per gram), all three foods 
used in this study are near isocaloric. The protein component of 
all diets was a 3 : 1 : 1 mixture of casein, peptone and albumen, 
and sucrose was the digestible carbohydrate. All diets contained a 
fixed content of Wesson’s salt (2.4%), cholesterol (0.5%), linoleic 
acid (0.5%), ascorbic acid (0.3%), a vitamin mix (0.2%) and indi-
gestible cellulose (54%).

Experimental procedures 
T. molitor were obtained from a stock culture maintained at 

Seoul National University. During the larval stages, insects were 
kept in groups of 300–400 individuals per plastic container (400 
× 180 × 80 cm3, L × W × H) where they had access to an ad libi-
tum supply of wheat bran and water (water-filled plastic test tubes 
plugged with cotton wool) until pupation. Pupae were collected, 
sexed and allowed to complete their pupal development follow-
ing the procedure described in Rho & Lee (2014).

On the first day of the experiment (day 0), a total of 120 newly 
emerged adults (60 males and 60 females) were weighed to the 
nearest 0.1 mg using a microbalance (Ohaus Co., Parsippany, 
NJ, USA), placed alone in experimental arenas (Petri dish diam-
eter 90 mm) and then randomly divided into three experimental 
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tervals) and its interactions with sex and diet as within-subject 
effects. One-sample t-test was used to determine whether diet 
preference indices were significantly different from zero. Before 
the analyses, the data were checked for normality and heterosce-
dasticity using Kolmogorov-Smirnov and Bartlett’s test, respec-
tively. All data conformed to the assumptions of parametric tests. 
All statistical analyses were performed using SAS version 9.12 
(SAS Institute, Cary, NC, USA).

Results

Performance
All experimental beetles survived the experiment. How-

ever, 18 insects [four (males), four (one male and three 
females) and ten (four males and six females) individuals 
in the pretreatment groups p0:c42, p21:c21 and p42:c0, re-
spectively] ate substantially less diet than the others and 
were not included in the analyses. There was no significant 
difference in the number of these beetles among the six 
sex × diet combinations (Analysis of deviance: χ2 = 1.61, 
df = 1, P = 0.204). The dry body weight of beetles at the 
end of the experiment (day 34) was neither affected by ex-
perimental diet (ANOVA: F2,96 = 0.08, P = 0.925) nor by 
sex (F1,96 = 0.14, P = 0.708). Nor was there any interaction 
between diet and sex for body weight (F2,96 = 1.19, P = 
0.307).
Food preference 

Results from a repeated measures ANOVA indicated that 
the pattern in food preference was significantly affected 
by the P : C ratio of pretreatment diet, sex and time (three 
6-day intervals; Table 1). A significant time × diet interac-
tion indicated that the effect of the pretreatment diet on 
food preference changed significantly over time, but time 
× sex and time × sex × diet interactions were not signifi-
cant (Table 1). When a repeated measures ANOVA with 
the pretreatment diet as the only between-subject effect 
was conducted separately for male and female beetles, 
time × diet interaction was significant for both male (F4,104 
= 9.35, P < 0.001) and female beetles (F4,88 = 6.07, P < 
0.001). Over the first 6 days of food choice (days 16–22), 
the pattern in diet preferences differed significantly among 
the three pretreatment groups (ANOVA, male: F2,52 = 
54.84, P < 0.001; female: F2,44 = 23.78, P < 0.001; Fig. 1). 
During this period, both male and female beetles initially 
fed the carbohydrate-rich, protein-deficient diet (p0:c42) 
strongly preferred the protein-rich, carbohydrate-deficient 
diet (p42:c0) (positive signs; one-sample t tests, male: t19 
= 7.80, P < 0.001; female: t15 = 2.29, P = 0.01), while the 
pattern was reversed for those initially fed the protein-rich, 
carbohydrate-deficient diet (p42:c0) (negative signs; male: 
t15= –7.96, P < 0.001; female: t13= –9.41, P < 0.001; Fig. 1). 
Beetle initially fed the equally balanced diet (p21:c21) pre-
ferred the carbohydrate-rich diet (p0:c42) to the protein-
rich diet (p42:c0) (negative signs; male: t18= –2.62, P = 
0.017; female: t16= –2.84, P = 0.012) over the first 6 days 
(days 16–22; Fig. 1), but the extent to which the former 
was preferred was less pronounced than for those that were 
initially fed the protein-rich, carbohydrate-deficient diet 
(p42:c0). Over the next two 6-day periods (days 22–28 and 

28–34), the initial differences in the preferences among 
the three experimental groups were greatly reduced and 
eventually they became statistically indistinguishable from 
one another (days 28–34; ANOVA, male: F2,52 = 3.16, P = 
0.051; female: F2,44 = 1.22, P = 0.305; Fig. 1). Preference 

Table 1. Results of repeated measures ANOVA of the food 
preference indices of Tenebrio molitor beetles (male and female; 
sex) that were given a choice between two nutritionally comple-
mentary diets (p42:c0 vs. p0:c42) over three successive 6-day 
periods (days 16–22, 22–28 and 28–34; time) after initially being 
fed on one of three diets (p0:c42, p21:c21 or p42:c0; diet) for 16 
days. 
Source df Mean Square F P
Between subject effects
Sex 1 0.78662 9.74 0.002
Diet 2 2.96271 36.69 <0.001
Sex × Diet 2 0.00652 0.08 0.923
Error 96 0.08076
Within subject effects
Time 2 0.44510 9.66 <0.001
Time × Sex 2 0.06897 1.50 0.227
Time × Diet 4 0.66104 14.35 <0.001
Time × Sex × Diet 4 0.03229 0.70 0.581
Error 192 0.04605

Fig. 1. Trends recorded in the food preference indices of male 
and female Tenebrio molitor beetles allowed to select between 
two nutritionally complementary diets (p42:c0 vs. p0:c42) during 
three successive 6-day periods (days 16–22, 22–28 and 28–34) 
after initially being fed one of three diets (p0:c42, p21:c21 or 
p42:c0) for 16 days. Positive and negative indices indicate pref-
erences for the p42:c0 and p0:c42 diet, respectively. Values are 
means ± 1 S.E.M. 
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indices recorded in these two 6-day periods were signifi-
cantly negative for both male and female beetles initially 
fed the protein-rich, carbohydrate-deficient diet (p42:c0) 
and for female beetles initially fed the equally balanced diet 
(p21:c21), indicating a preference for the carbohydrate-
rich, protein-deficient diet (p0:c42; all P values generated 
from one-sample t tests being lower than 0.014). For both 
male and female beetles initially fed the carbohydrate-rich, 
protein-deficient diet (p0:c42), however, preference indi-
ces were not significantly different from zero (male: t19 = 
0.05, P = 0.959; female: t15 = –1.18, P = 0.258), indicating 
that they did not show a preference for a specific food.
Macronutrient consumption 

The cumulative patterns in protein-carbohydrate con-
sumption are described separately for male and female 
beetles in Fig. 2 over the entire experimental period (days 
0–34), including those for both the no-choice (days 0–16) 
and choice feeding (days 16–34) trials. During the no-
choice period (days 0–16), males consumed significantly 
more nutrients than females on all three diets (ANOVA: 
F1,96= 16.16, P < 0.001; Fig. 2). For both sexes, the total 
amount of macronutrients consumed over the no-choice 
period increased with increase in the P : C ratio of the no-
choice diet (F2,96 = 7.53, P < 0.001; Fig. 2). There was no 
significant diet × sex interaction (F2,96 = 0.05, P = 0.955), 
indicating that both sexes followed a similar pattern of 
macronutrient consumption when each was provided with 
only one of the three diets. Results of a MANOVA and 
its post-hoc contrasts confirmed that the bivariate pattern 
of cumulative protein-carbohydrate intake over the no-
choice period (days 0–16) differed significantly among the 
three experimental groups for both sexes (Table 2). When 
the trajectories of cumulative protein-carbohydrate intake 
moving through nutrient space over the food choice period 
(days 16–34) were compared among the three groups (Fig. 
2), the intake trajectory of beetles that were initially fed 
the protein-rich, carbohydrate-deficient diet (42:c0) almost 
paralleled that of those that were initially fed the equally 
balanced diet (p21:c21) in both sexes. However, we also 
found that the intake trajectory of beetles initially fed the 

Fig. 2. Cumulative amount of protein and carbohydrate eaten 
by male and female Tenebrio molitor beetles allowed to select be-
tween two nutritionally complementary diets (p42:c0 vs. p0:c42) 
during three successive 6-day periods (days 16–22, 22–28 and 
28–34) after initially being fed one of three diets (p0:c42, p21:c21 
or p42:c0) for 16 days. Dotted and solid lines radiating from the 
origin represent the trajectories of cumulative protein-carbohy-
drate intake during the first 16 days of the no-choice feeding 
(days 0–16) and the three, 6-day periods (days 16–22, 22–28 and 
28–34) of choice feeding, respectively. For each diet, four sym-
bols starting from left to right indicate the cumulative nutrient 
intake on days 16, 22, 28 and 34, respectively. Values are means 
± 1 S.E.M.

Table 2. Results recorded for the MANOVAs of the protein-carbohydrate intake by (A) male and (B) female Tenebrio molitor bee-
tles during the no-choice feeding period (days 0–16) and the entire experimental period (days 0–34). Results of multivariate contrasts 
between two diet groups (p0:c42 vs. p21:c21, p0:c42 vs. p42:c0 and p21:c21 vs. p42:c0) are reported below the MANOVA result for 
each sex.

Source
Days 0–16 Days 0–34

df Pillai’s trace F P df Pillai’s trace F P
Male
Diet 4,104 0.83491 18.63 <0.001 4,104 0.58702 10.80 <0.001
Contrasts
   p0:c42 vs. p21:c21 2,51 0.46659 22.31 <0.001 2,51 0.05114 1.37 0.262
   p0:c42 vs. p42:c0 2,51 0.83409 128.19 <0.001 2,51 0.54272 30.26 <0.001
   p21:c21 vs. p42:c0 2,51 0.64009 45.35 <0.001 2,51 0.44936 20.81 <0.001
Female
Diet 4,88 0.70413 11.95 <0.001 4,88 0.32793 4.31 0.003
Contrasts
   p0:c42 vs. p21:c21 2,43 0.20051 5.39 0.008 2,43 0.00075 0.02 0.984
   p0:c42 vs. p42:c0 2,43 0.69715 49.49 <0.001 2,43 0.26148 7.61 0.002
   p21:c21 vs. p42:c0 2,43 0.52682 23.94 <0.001 2,43 0.28385 8.52 <0.001
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carbohydrate-rich, protein-deficient diet (p0:c42) had a 
much shallower slope than the trajectories of those fed the 
other two diets (p21:c21 and p42:c0 pretreatment groups) 
especially during the first 6 days of food choice (days 16–
22; Fig. 2). For both sexes, results of the MANOVA con-
trasts revealed that the cumulative protein-carbohydrate in-
take point of beetles initially fed the protein-deficient diet 
(p0:c42) and the equally balanced diet (p21:c21) converged 
and became statistically indistinguishable when measured 
at the end of the food choice experiment (day 34; Table 
2; Fig. 2). Cumulative macronutrient intake of beetles ini-
tially fed on the protein-rich, carbohydrate-deficient diet 
(p42:c0) differed significantly from that of those initially 
fed on the other diets (Table 2; Fig. 2). While the cumula-
tive protein intake of both male and female beetles on day 
34 posteclosion differed significantly among the three ex-
perimental groups (ANOVA, male: F2,52 = 7.70, P = 0.001; 
female: F2,44 = 7.44, P = 0.001), their final carbohydrate in-
take was statistically indistinguishable (male: F2,52 = 2.44, 
P = 0.097; female: F2,44 = 0.66, P = 0.521). 
Body composition

The bivariate pattern of body protein and lipid content 
at the end of the initial no-choice period (day 16) differed 
significantly depending on the P : C ratio of the diet they 
fed on (MANOVA, male: Pillai’s trace = 0.78971, F4,102 = 

16.64, P < 0.001; female: Pillai’s trace = 0.75618, F4,106 = 
16.11, P < 0.001; Fig. 3). Body lipid content of beetles on 
day 16 posteclosion increased significantly with the car-
bohydrate content of the food they fed on (ANOVA, male: 
F2,51 = 24.24, P < 0.001; female: F2,53 = 13.90, P < 0.001). 
Body protein content on day 16 posteclosion also varied 
significantly among the three pretreatment groups (male: 
F2,51 = 5.62, P = 0.006; female: F2,53 = 8.84, P < 0.001). 
When the body composition was measured at the end of the 
food choice period (day 34), the bivariate pattern of body 
nutrient composition of the three experimental groups con-
verged and became statistically indistinguishable from one 
another (MANOVA, male: Pillai’s trace = 0.06691, F4,104 
= 0.90, P = 0.467; female: Pillai’s trace = 0.04491, F4,88 = 
0.51, P = 0.732; Fig. 3). The protein contents of the two 
sexes on day 34 posteclosion were similar (F1,96 = 0.24, P 
= 0.625), but females had a significantly greater body li-
pid content than males (ANOVA: F1,96 = 5.36, P = 0.023), 
causing the bivariate body composition to be significantly 
different between the two sexes (MANOVA: Pillai’s trace 
= 0.07182, F2,95 = 3.68, P = 0.029). MANOVA results in-
dicated that there was neither a significant effect due to 
the P : C ratio of the diet they were initially fed on (Pillai’s 
trace = 0.02012, F4,192 = 0.49, P = 0.745) nor a sex × diet in-
teraction (Pillai’s trace = 0.03888, F4,192= 0.95, P = 0.4353) 
for body composition measured on day 34 postecolsion.

Discussion

We have previously shown that T. molitor beetles have 
the capacity to balance their intake of protein and carbo-
hydrate by feeding on nutritionally complementary diets 
(Rho & Lee, 2014). In the present study, we determined 
whether and how T. molitor beetles can recover from nu-
tritional imbalances caused by ingesting diets that are de-
ficient in one nutrient and contain an excess of another by 
compensatory food selection. To do so, we first subjected 
the experimental beetles to severe nutritional imbalances 
by feeding them diets that contained only protein or car-
bohydrate for 16 days during their early adulthood. Eating 
a food that is devoid of protein is likely to limit the abil-
ity of insects to repair existing proteins and to synthesize 
new ones while ingesting a food containing only protein is 
known to result in slow juvenile development, small body 
size and high mortality in many insects (Raubenheimer & 
Simpson, 2003; Simpson et al., 2004; Lee, 2010). How-
ever, all beetles in our study survived the initial treatment, 
which indicates that T. molitor beetles are capable of tol-
erating extreme nutritional imbalances for a prolonged 
period in their early adult life. Physiological processes 
enabling T. molitor beetles to withstand such extreme nu-
tritional imbalances remain to be addressed, but may be 
linked to their ability to feed on a variety of nutritionally 
extreme plant- and animal-derived materials (Ramos-Elor-
duy et al., 2002). For example, it is likely that insects al-
leviate the extreme carbohydrate shortage resulting from 
eating a protein-rich, carbohydrate-deficient food (p42:c0) 
by deaminating extra protein and using protein-derived 
carbon skeletons for energy (Thompson & Redak, 2000; 

Fig. 3. The amount of body lipid and protein content of Ten-
ebrio molitor beetles in the three pretreatment groups (p0:c42, 
p21:c21 or p42:c0) measured at the end of the no-choice (days 
0–16; open symbols) and choice feeding periods (days 0–34; 
closed symbols). Values are means ± 1 S.E.M.
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Wilkinson et al., 2001; Raubenheimer & Simpson, 2003). 
Previous studies have shown that generalist-feeding in-
sects, such as generalist herbivores and omnivores, tend to 
ingest a greater excess of protein than specialists because 
the former are more likely to utilize protein as an alterna-
tive source of carbohydrate than the latter (Lee et al., 2002, 
2003; Simpson et al., 2002; Raubenheimer & Simpson, 
2003). Similarly, our data indicated that T. molitor beetles 
fed a protein-rich diet (p42:c0) ate more than those fed a 
carbohydrate-rich diet (p0:c42) during the no-choice pe-
riod, perhaps indicating that these omnivorous scavengers 
are also capable of using protein-derived carbon in energy 
metabolism (Rho & Lee, 2014).

Our results indicate that T. molitor beetles are capable 
of redressing a long-term nutritional imbalance by adjust-
ing their food preferences. When allowed to select be-
tween two nutritionally complementary diets (p42:c0 and 
p0:c42), beetles initially fed one of the two nutritionally 
imbalanced diets (p42:c0 or p0:c42) strongly preferred di-
ets with the specific nutrient that was initially deficient in 
their diet. Male and female beetles that were fed on the 
optimal P : C diet (p21:c21) during the no-choice feeding 
period self-composed a slightly carbohydrate-biased ratio 
(P : C = 1 : 1.23 and 1 : 1.61 for males and females, respec-
tively), which is close to the target intake ratio previously 
reported for this species (Ponton et al., 2010). Restoring 
a balanced nutritional state by complementary food se-
lection is recorded for predatory beetles, cockroaches, 
grasshoppers and caterpillars that have experienced severe 
nutritional imbalances over a wide range of timescales 
(Simpson et al., 1988, 1990, 1991; Simmonds et al., 1992; 
Mayntz et al., 2005; Raubenheimer & Jones, 2006; Lee et 
al., 2012), but we are not aware of any study on the abil-
ity of insects to redress the extreme nutritional imbalances 
accrued over 16 days. Specific foraging for deficient nu-
trients is likely to be controlled by blood-borne nutritional 
feedbacks that modulate the phagostimulatory responsive-
ness of peripheral taste receptors (Simpson et al., 1991; 
Simpson & Raubenheimer, 1993). For example, when an 
insect is deprived of carbohydrate but satiated with pro-
tein, sugar levels in the blood fall while the concentrations 
of circulating free amino acids rise, causing the gustatory 
receptors to be more sensitive to carbohydrate and less sen-
sitive to protein. Another possible mechanism facilitating 
nutrient rebalancing is learning (Simpson & White, 1990). 

An interesting aspect of our data is that the way in which 
beetles reinstated their nutritional balance by complemen-
tary food selection differed substantially depending on 
which specific nutrient was deficient in the pretreatment 
diet. Beetles initially fed on the synthetic diet containing 
only protein (p42:c0) strongly preferred the carbohydrate-
rich diet during the first 6 days of food choice (days 16–22), 
but the extent to which this carbohydrate diet was preferred 
by them became less pronounced thereafter, with the pat-
tern of food selection becoming closely similar to that of 
the control beetles that were initially fed the balanced diet 
(p21:c21) during the remainder of the food choice period 
(days 22–34). This indicates that self-selecting T. molitor 

beetles recovered from carbohydrate deficiency within 6 
days by selecting the complementary diet. Similar com-
pensatory feeding was recorded for beetles initially fed the 
protein-deficient diet (p0:c42). As expected, these protein-
deprived beetles strongly preferred the protein-rich diet 
during the first 6 days of food selection and this preference 
decreased as the food choice continued beyond day 6. The 
cumulative protein-carbohydrate intake of the beetles ini-
tially fed on the protein-deficient diet (p0:c42) followed a 
trajectory with a shallower slope compared to that of those 
fed on the other initial diets and gradually converged to 
that of those initially fed on the balanced diet (p21:c21) 
during the course of the 18 days of choice feeding. By 
contrast, the cumulative macronutrient intake of the bee-
tles that were initially deprived of carbohydrate (p42:c0) 
ran almost parallel to that of the control beetles (p21:c21). 
For carbohydrate-deprived beetles, the severe limitation in 
their source of energy experienced during the 16 days of 
the no-choice diet period is likely to be assuaged by us-
ing protein-derived carbon skeletons for energy metabo-
lism (Raunbenheimer & Simpson, 2003), thereby reducing 
the amount of carbohydrate that needs to be ingested for 
recouping the carbohydrate deficiency. In line with this 
prediction, we found that the behavioural compensation 
for carbohydrate-deficiency only lasted for the first 6 days 
of food choice. Since carbohydrate cannot substitute for 
protein, beetles initially fed on the protein-deficient diet 
(p0:c42) are expected to rely exclusively on the diet and 
hence may take longer to compensate for protein deficien-
cy. The results presented in this study are largely consistent 
with the patterns of food preference previously recorded 
for Spodoptera litura caterpillars, which experienced ex-
treme nutritional imbalances early in life (Lee et al., 2012). 

The macronutrient balance of the pretreatment diet sig-
nificantly influenced the body composition of beetles, but 
the composition of three pretreatment groups became sta-
tistically indistinguishable in nutrient space after 18 days 
of complementary food selection. This indicates that the 
effects of the nutritional imbalance on body composition 
were buffered by compensatory food mixing. A previous 
study on a predatory beetle (Agonum dorsale) indicates 
that the lipid content of self-selecting beetles increases 
rapidly from 14% to 46% over the first 48 h after emerging 
from winter diapause (Raubenheimer et al., 2007). In ad-
dition to complementary food selection, beetles might use 
a variety of post-ingestive regulatory mechanisms to cope 
with imbalanced nutrient intake, including the nutrient-
specific modulation of the activity of digestive enzymes, 
physical restructuring of the alimentary canal and differen-
tial utilization of absorbed nutrients (Zanotto et al., 1994, 
1997; Clissold et al., 2010; Raubenheimer & Bassil, 2007). 
Despite having eaten significantly more protein than those 
initially fed on the balanced (p21:c21) and carbohydrate-
rich, protein-deficient diets (p0:c42), beetles that were 
initially fed on the protein-rich, carbohydrate-deficient 
diet (p42:c0) had a similar level of body protein content 
to those initially fed on the other diets, raising the possi-
bility that these post-ingestive mechanisms for balancing 
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their nutrient intake might have played an important role in 
regulating body protein content.

In conclusion, our results indicate that the beetle T. 
molitor is very capable of redressing the nutritional imbal-
ance accrued over a long timescale by plastically adjust-
ing their food consumption. Beetles fully compensated for 
their protein-deficiency by food selection and their poten-
tial ability to use protein as a source of both nitrogen and 
energy might have enabled them to overcome the state of 
carbohydrate-deficiency not only behaviourally but also 
physiologically. These results have implications for the nu-
trient balancing and foraging behaviour of this omnivorous 
beetle.
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