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Protein-rich diet decreases
survival, but does not alter

reproduction, in fertile ant

workers
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2Senckenberg Biodiversity and Climate Research Centre (SBiK-F), Molecular Ecology, Frankfurt,
Germany

Agingis associated with diverse molecular processes such as oxidative damage,
decrease in immunocompetence, or increase in epigenetic abnormalities,
mutations, and inflammations. Many of these processes are linked to nutrient-
sensing signalling pathways, suggesting that diet plays a critical role in the
aging process. In fact, the protein content in the diet can affect both longevity
and fecundity, but often in opposite directions. In many solitary organisms,
protein-rich diets dramatically shorten lifespan, but increase egg production.
We used the ant Temnothorax rugatulus to investigate the effect of the
protein to carbohydrate ratio in the diet on the survival and fecundity of fertile
workers. We fed colonies either a moderately high-carbohydrate or high-
protein diet (1:2 and 2:1 respectively) and monitored worker survival and egg
production over 9 weeks. The protein-rich diet did not alter the ability of
workers to lay eggs, but reduced worker survival, suggesting that consuming
large amounts of protein may shorten lifespan in fertile ant workers without
promoting reproduction. Our study shows for the first time that a protein-rich
diet reduces the overall fitness of fertile workers.
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1. Introduction

Nutrient uptake is a process by which organisms obtain energy for growth, metabolism,
and repair. Food usually consists of macronutrients, i.e., proteins, carbohydrates and fats,
and micronutrients that are essential vitamins and minerals (Dato et al, 2016).
Carbohydrates are the main source of energy, while fats serve to store energy that is
available when the organism runs low on carbohydrates. Proteins can be broken down into
amino acids, which are involved in important biological functions such as cell signalling,
gene expression regulation, and protein phosphorylation cascades.

Many biological pathways can sense nutrients and respond to caloric availability.
The nutrient-sensing pathways target of rapamycin (TOR) and insulin/IGF-I
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signalling (IIS) are major regulators of metabolism, growth,
and development (Kenyon, 2005, 2010). These pathways
respond to nutritional changes by regulating downstream
genes with antioxidant, antimicrobial, or metabolic functions,
and can also regulate lifespan as a consequence (Kenyon, 2005,
2010). For example, studies on various organisms such as
yeast, Drosophila, or mice, have shown that dietary
interventions like caloric restriction increase resistance to
oxidative stress and reduce macromolecular damage,
extending lifespan sometimes up to 50% (Fontana et al., 2010;
Fontana and Partridge, 2015). More specifically, large amounts
of amino acids proved to be harmful to a wide range of
organisms (Grandison et al., 2009; Wu, 2009; Dato et al., 2016;
Arganda et al.,, 2017). An increase in proteins might therefore
fuel nutrient-sensing pathways like TOR or IIS, leading to
accelerated senescence. Indeed, experimental work confirmed
that protein-rich diets were detrimental to the lifespan of mice
(Solon-Biet et al., 2014) and the solitary insect Drosophila
(Mair et al., 2005), although it increased female reproduction
in the latter (Lee et al., 2008; Lee, 2015).

In solitary organisms, lifespan and reproductive output are
mostly negatively correlated. Social insects, however, exhibit
a reproductive division of labor wherein longevity and
fecundity are positively associated (Monroy Kuhn and Korb,
2016; Negroni et al., 2016). The queens, which can live up to
several decades in ants and termites, have the monopoly on
reproduction, while the short-lived workers take over all the
other tasks, such as brood care and foraging (Holldobler and
Wilson, 1990). Given their social lifestyle, we can ask whether
the detrimental effect of a high-protein diet on longevity also
exists in social insects, and whether such a diet affects their
fecundity. In a study using the Argentine ant Linepithema
humile, colonies fed with a protein-rich diet produced more
sexuals than workers (Aron et al., 2001). Another ant study
using Camponotus colonies showed that a high-protein diet
led to the production of more eggs by the queen (Nonacs,
1991). Nevertheless, it remains difficult to directly manipulate
the diet of queens in mature insect societies, as they are fed by
workers, and to investigate diet effects on lifespan, as they are
so long-lived. Hence, more recent studies focused on sterile
workers of various species, including the ants Lasius niger
(Dussutour and Simpson, 2012; Poissonnier et al., 2014) and
L. humile (Arganda et al., 2017) as well as honeybees (Pirk
etal., 2010; Paoli et al., 2014) and revealed a detrimental effect
of proteins on survival, resembling findings in solitary insects.
However, the influence of diet on both longevity and fecundity
has not yet been studied in fertile workers of social insects.

Here we investigate the effect of the dietary protein to
carbohydrate ratio on the survival and fecundity of fertile ant
workers in queenless Temnothorax rugatulus colonies. In many
social Hymenoptera, workers can develop ovaries after queen
loss and lay haploid, male-destined eggs, sometimes even in
queenright colonies (Monnin and Peeters, 1999; Beekman and
Oldroyd, 2008; Heinze, 2008; Giehr et al., 2020a, 2020b). In our
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species, worker reproduction is associated with lifespan
extension as well as shifts in molecular pathways involved in
lifespan regulation, such as IIS and TOR (Negroni et al., 2020,
2021b; Majoe et al., 2021; Choppin et al., 2021a). We conducted
an experiment during which we fed ant colonies with a 1:2 or
2:1 protein:carbohydrate diet. We removed queens from their
colony to induce worker fecundity and monitored worker
survival and egg production over 9 weeks. In Drosophila,
proteins benefit reproduction but are detrimental to lifespan
(Mair et al., 2005; Lee et al., 2008; Lee, 2015). However, since
fecundity and longevity are often positively associated in social
insects, i.e., fertile individuals live longer (Monroy Kuhn and
Korb, 2016; Blacher et al., 2017), we did not expect opposite
effects of proteins on these two life-history traits.

2. Materials and methods
2.1. Ant collection and maintenance

For our study, we used the small Myrmicine ant Temnothorax
rugatulus, which is widely distributed in the western part of North
America. Colonies of this species live in small crevices or under
rocks in high-elevation forests and contain one to several queens
and between a few dozen to a few hundred workers (Riippell et al.,
1998, 2001; Choppin et al., 2021b). We collected these ants in the
Chiricahua Mountains (Arizona, USA) in August 2018 and
thereafter maintained them in our laboratory in a climate chamber
at 21°C and 70% humidity with a 12:12 light:dark cycle. Colonies
were kept in nests consisting of plastic inserts forming a cavity
between two glass slides, placed in three-chambered boxes with
plastered floors. Nests were covered with red foil to darken
the cavity.

2.2. Worker survival and egg production

We selected seven polygynous source colonies with two
macrogyne queens and at least 120 workers, which we each
divided into two queenless sub-colonies containing 60 workers
and 30 larvae. The sub-colonies were fed either a carbohydrate-
rich (1:2) or protein-rich (2:1) diet (Dussutour and Simpson,
2008; Table 1). Sub-colonies were fed fresh cubes (ca. 1 cm?)
of the jelly-like artificial diet four times a week for 9 weeks, so
that they were provided with food ad libitum. We counted the
number of workers each week. Every 2 weeks, newly developed
pupae were removed to prevent the emergence of new workers.
Every 4 weeks, each colony was anesthetized with CO,, and
eggs were removed to be counted. To analyze the effect of diet
on worker number over time, we conducted a Cox survival
analysis using the packages “survival” (Therneau, 2021) and
“coxme” (Therneau, 2020) and we verified that the model
conformed to the assumption of proportional hazards using
the package “survminer” (Kassambara et al., 2021). To analyze
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TABLE 1 Composition of the artificial diets with a 1:2 and 2:1 protein to carbohydrate ratio based on Dussutour and Simpson (2008).

Whey protein Calcium Whole egg Sucrose (g) Water (mL) Agar (g)

(9) caseinate (g) powder (g)

2:1 19.3 17.7 16 20 300 5

in their diet. Our results demonstrate a detrimental effect of

Protein:Carbohydrate —1:2 —2:1 proteins on worker survival but not on egg production. The
1.00 negative consequences of large amounts of protein in the diet are
especially interesting since Temnothorax rugatulus workers show
an extraordinary resistance to starvation and can survive without
food for several months (Riippell and Kirkman, 2005). This

indicates that the lack of carbohydrates, or other nutrients, in the

o
3
3

*%

high-protein diet is not responsible for the higher mortality
observed in that group. Supporting our findings, it has been

Survival probability
o
[9)]
o

experimentally demonstrated that protein-rich diets shorten the

e
N
3

lifespan of both solitary insects like the German cockroach
(Cooper and Schal, 1992) and social insects like Argentine ants

0.00 Linepithema humile (Arganda et al., 2017), black garden ants

0 2 4 Week 6 8 10 Lasius niger (Dussutour and Simpson, 2012; Poissonnier et al.,

- 2014), and honey-bees (Pirk et al., 2010; Paoli et al., 2014).
Probability of worker survival over time depending on the protein Authors from these studies have suggested that the digestion of

to carbohydrate ratio in the diet. The level of significance is large amounts of proteins could be detrimental because of its cost,
**p<0.01. the production of toxic nitrogen waste, the overstimulation of
nutrient-sensing pathways like TOR, and imbalances in amino

acids, which can alter longevity (Grandison et al., 2009; Dato et al,,

the effect of diet on the number of eggs produced after 2016; Arganda et al., 2017). Besides, social insect colonies can
8 weeks, we constructed a generalized mixed-effects model be seen as “superorganisms” wherein the germline and soma are
(GLMM; Poisson family) using the package “lme4” (Bates represented by queens and workers, respectively (Wheeler, 1911;
et al.,, 2015) and confirmed the model fit using the package Holldobler and Wilson, 2009). We can speculate that, on one
“DHARMa” (Hartig, 2020). Source colony identification (ID) hand, queens that constitute the germline benefit from food intake
and sub-colony ID were used as random factors in both (especially proteins) for egg-laying, while workers primarily rely
models. Statistical analyses were conducted in R v3.5.1 (R on carbohydrates to conduct their task because they represent the
Core Team, 2020). non-reproductive soma and may thus not require high protein
intake. However, when workers are forced to ingest large amounts

of proteins — like in our experiment - their survival may

3. Results be negatively impacted, similarly to what is found in solitary
insects. Here we discuss differential diet effects between ant

Worker survival was lower in sub-colonies fed with a protein- queens and workers, but such within-species nutritional
rich diet (X*=7.202, df=1, p=0.007; Figure 1). However, the asymmetries can be found beyond the scope of social insects.
cumulative number of worker-laid eggs at the end of the Indeed, nutrients affect reproduction and lifespan in a sex-specific
experiment was not affected by the protein content in the diet manner in both fruit flies (Jensen et al., 2015) and field crickets
(X*=0.114, df=1, p=0.736; Figure 2). (Maklakov et al., 2008). To summarize, our findings indicate that

protein intake should be regulated to optimize survival, as shown
in a study using workers of the trap-jaw ant Odontomachus

4. Discussion hastatusi, where complementary diets minimized mortality in the
context of nutritional challenges (Bazazi et al., 2016).

Diet composition affects life-history traits in diverse Conversely, we did not find diet effects on worker egg
organisms (Aron et al., 2001; Naya et al.,, 2007; Anagnostou et al., production. We know that ants rely on proteins for egg-laying
2010; Harvey et al., 2012; Fontana and Partridge, 2015; Bryndova (Holldobler and Wilson, 2009). For instance, queens of the ant
et al., 2020). In this experiment, we investigated whether the Camponotus floridanus produced more eggs when their
survival and egg production of fertile workers in queenless colony received increased amounts of proteins (Nonacs, 1991)
colonies were affected by different protein to carbohydrate ratios and colonies fed with a protein-rich diet produced more
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FIGURE 2
Cumulative number of worker-laid eggs after 8 weeks depending
on the protein to carbohydrate ratio in the diet (p=0.736).

sexuals in Linepithema humile (Aron et al., 2001). Thus,
we can speculate that the required amount of protein for egg
laying was sufficient in both diets in our experiment.
Interestingly, dietary restriction decreased fecundity in queens
of the same ant species (Negroni et al., 2021a). Hence, the
absence of diet effect on worker fecundity in our study could
also be due to differential effects of proteins on the two female
castes. Indeed, castes are not genetically determined but
develop through phenotypic plasticity (Corona et al., 2016)
and gene expression differences are stronger between castes
of the same species than within the same caste of two closely
related species (Hunt et al., 2011). Also, fertile worker gene
expression is more similar to sterile worker gene expression
than queen gene expression (Feldmeyer et al., 2014). And the
quantity and quality of food during larval development often
play a major role in caste determination (Weaver, 1966; Smith
et al., 2008; Slater et al., 2020), potentially explaining the
different responses of queens and workers to the food they are
provided in the adult stage. In short, the diet-induced changes
observed in ant queens that we mentioned above may not
apply to ant workers. Finally, we can speculate that the ratios
of proteins to carbohydrates 1:2 and 2:1 may have been too
similar to detect diet effects on egg production. Follow-up
experiments using a broader range of protein to carbohydrate
ratios, as per Dussutour and Simpson (2012), which
investigated diet effects on survival in the ant L. niger, would
allow to better characterize the effects of protein on worker
egg production.

In summary, we did not find a trade-oft between longevity and
fecundity, as the survival of fertile ant workers was impaired by the
high-protein diet, while the ability of ant workers to lay eggs was
unaffected by diet composition. We hypothesize that proteins
adversely affect longevity, but do not alter fecundity, in ant workers
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because they may not have the same active molecular pathways
that allow queens to benefit from a high-protein diet during sexual
reproduction. Further molecular studies are now needed to
investigate how the nutrient-sensing pathways shift between
workers, which normally constitute the soma of ant colonies,
and queens.
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