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a b s t r a c t 

Males of many insects deliver ejaculates with nutritious substances to females in the form of a spermatophore. Dif- 

ferent factors can affect spermatophore quality. We manipulated males’ diet and health to determine the balance 

of macronutrients deposited in the spermatophores of Tenebrio molitor beetles. For diet, we varied the concen- 

tration of proteins and carbohydrates, while for health status we used a fungal infection. Males with different 

condition copulated with unmanipulated females, and spermatophores were extracted to measure the amount 

of proteins, lipids and carbohydrates. Diet and infection had an effect on the quality of the spermatophore. 

Diets with high protein and low carbohydrate contents produced spermatophores with higher protein, carbo- 

hydrate, and lipid contents. In contrast, diets with little protein and high in carbohydrates led to low quality 

spermatophores. Infected males produced spermatophores with the highest amount of all three macronutrients. 

In general, spermatophore content was carbohydrates > proteins > = lipids. The fact that sick males produced richer 

spermatophores can be explained as a terminal investment strategy. The large investment of carbohydrates may 

be related to the preparation of spermatozoa in males, and eggs in females. 

1

 

w  

f  

T  

t  

V  

t  

e  

C  

v  

(  

i  

s  

2

 

m  

(  

fi  

i  

G  

w  

I  

c  

t  

M  

b  

S  

c  

m  

a  

t  

k  

m  

p  

(  

Y  

t  

1

 

i  

F  

m  

(  

c  

h

R

2

. Introduction 

Traditionally, it was thought that reproductive success of males

as limited only by female access ( Andersson, 1994 ) and there-

ore their investment in gametes should be low ( Bateman, 1948 ;

rivers, 1972 ). However, we now know that this investment is not

rivial ( Gwynne, 2008 ; Lehmann, 2012 ; Parker and Pizzari, 2010 ;

ahed, 1998 ). In fact, by selecting high quality males, females increase

heir fitness or that of their progeny through indirect and direct ben-

fits they receive from males ( Bachmann et al., 2019 ; Pischedda and

hippindale, 2017 ; South et al., 2011 ). While indirect benefits occur

ia genes that increase the viability or attractiveness of the progeny

 Lande, 1981 ; Zahavi, 1977 ), direct benefits are material resources that

ncrease females’ fitness, as is the case of, for example, nuptial gifts (e.g.

permatophores) ( Levin et al., 2016 ; Lewis et al., 2014 ; South et al.,

011 ). 

In many species of insects, the ejaculate is transferred to the fe-

ale within a spermatophore – a capsule of albuminous material

 Chapman et al., 2013 ). Females maximize their direct fitness bene-

ts when the spermatophore functions as a nuptial gift (that is, when

t provides additional energetic resources to females) ( Boggs, 2018 ;

wynne, 2008 ; Lewis and South, 2012 ). The direct benefits gained

ill vary with the nutritional value/composition of the spermatophore.
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n particular, spermatophores rich in proteins promote increased fe-

undity ( Karlsson, 1996 , 1995 ; Lehmann, 2012 ), which explains why

hese compounds are the most abundant in spermatophores (e.g.

arshall, 1982 ). However, spermatophores also contain lipids and car-

ohydrates, though in smaller amounts ( Marshall and McNeil, 1989 ;

tanley-Samuelson and Loher, 1983 ; Watanabe and Sato, 1993 ). In the

ase of lipids, these are also used to produce eggs and synthesize hor-

ones (e.g. Friend, 1958 ; Levinson, 1962 ), while carbohydrates are an

dditional source of energy, though these are less abundant than pro-

eins and lipids (e.g. Mann, 2012 ; Marshall, 1982 ). Relatively little is

nown about the amount of several macronutrients present in the sper-

atophore, with a few studies that have focused mainly on protein com-

osition ( Avila et al., 2011 ; Lehmann et al., 2018 ), proteins and lipids

 Marshall, 1985 ) and proteins and carbohydrates ( Blanco et al., 2009 ).

et, the amount of proteins, lipids and carbohydrates that males assign

o spermatophores has been quantified in only two studies ( Gerber et al.,

971 ; Heller et al., 1998 ). 

One of the most important factors determining spermatophore qual-

ty is male diet ( Cahenzli and Erhardt, 2013 ; Muller et al., 2015 ).

or example, restricting diet induced males to produce smaller sper-

atophores in butterflies ( Ferkau and Fischer, 2006 ) and bush-crickets

 Gwynne, 1993 ; Hare and Simmons, 2020 ). While studies of this kind are

onclusive in explaining the role of calories in the diet, we know little
anuary 2021 

rticle under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 

https://doi.org/10.1016/j.cris.2021.100009
http://www.ScienceDirect.com
http://www.elsevier.com/locate/cris
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cris.2021.100009&domain=pdf
mailto:acordoba@iecologia.unam.mx
https://doi.org/10.1016/j.cris.2021.100009
http://creativecommons.org/licenses/by/4.0/


A. Reyes-Ramírez, M. Rocha-Ortega and A. Córdoba-Aguilar Current Research in Insect Science 1 (2021) 100009 

a  

e  

n  

t  

S  

a  

e  

l  

m  

s  

u  

m  

t  

w  

r  

(  

W  

d  

s  

v  

t  

s  

s  

a  

l  

m  

v  

(  

m

 

n  

t  

e  

c  

t  

t  

r  

2  

a  

a  

t  

p

 

t  

o  

t  

W  

d  

m

s  

A  

w  

(  

d  

t  

t  

l  

L  

a  

s  

p  

m  

(  

fi  

i

 

h  

a  

t  

c  

p  

s  

n  

p  

m  

p  

a  

w  

c

2

2

 

h  

p  

T  

a  

M  

a  

m  

(  

w  

a  

p  

s  

(

2

 

w  

f  

m  

i  

a  

8  

%  

(  

0  

s  

(  

a  

w  

c

 

s  

F  

m  

E  

p  

(  

n

2

 

(  

(  
bout the contribution of specific dietary components (i.e. macronutri-

nts). One way for determining this is the geometric framework (GF) of

utrition, which allows us to examine the effect of specific nutrients on

he expression of traits and measures of fitness ( Simpson et al., 2018 ;

impson and Raubenheimer, 1993 ; South et al., 2011 ). The GF is an

nalytical methodology that is based on the logic of state-space geom-

try aimed to characterize the key variables responsible for the regu-

ation of nutrients ( Raubenheimer et al., 2009 ). The geometric space

ay include one or more nutrients, the current and optimal nutritional

tates of the organism, the efficiency with which such nutrients are

sed as well as the rates of excretion and/or any other performance

easure ( Raubenheimer et al., 2009 ). The closest studies that have de-

ermined the effect of diet on spermatophores, are three investigations

here GF was used to understand sperm count and viability in cock-

oaches ( Bunning et al., 2015 ), ants ( Dávila and Aron, 2017 ) and crickets

 Ng et al., 2018 ). The results of these studies are contradictory, however.

hile in cockroaches a diet restricted in proteins maximized sperm pro-

uction, in ants restricting the same macronutrient led to a decrease in

perm number. On the other hand, a low protein diet increased sperm

iability in crickets but had no effect in cockroaches or ants. Thus, these

hree studies do not show the same directions in sperm traits (of course,

perm traits [as documented by these three studies] are different to

permatophore quality traits). Thus, it is difficult to make predictions

bout what to expect in terms of the effect of the balance of proteins,

ipids, and carbohydrates in the diet on the general quality of the sper-

atophore. Given that spermatophore’s macronutrient composition in-

olves a high quantity of proteins followed by lipids and carbohydrates

 Marshall, 1982 ), it implies that this should be the natural balance of

ales’ spermatophore investment. 

Diet restrictions are not the only pressures that organisms face in

ature. Another type of pressure is infection, where pathogens weaken

he state of health and therefore, condition (defined here as the gen-

ral health and vigor of an organism ( Lailvaux and Irschick, 2006 ). The

ombined effect of dietary macronutrient and infection has been inves-

igated in several organisms ( Lee et al., 2008 ; Nestel et al., 2016 ). In

his respect, diets with higher protein content led to a more effective

esponse to disease ( Alaux et al., 2010 ; Cotter et al., 2019 ; Lee et al.,

008 ; Povey et al., 2014 ). However, while a diet low in protein will neg-

tively affect an immune response against infections in insects, it would

llow to maintain the balance of the proteins > lipids = carbohydrates in

he spermatophore, although its investment will be less so than with a

rotein rich diet. 

The flour beetle Tenebrio molitor has been used as a study subject

o investigate the effects of diet and pathogens on reproduction. Males

f this animal transfer a spermatophore to the female during copula-

ion, which increases the number of eggs laid ( Drnevich et al., 2001 ;

orden and Parker, 2001 ). The spermatophore in this species has been

escribed as a long and narrow tube, enclosed in a scanty gelatinous

atrix ( Davey, 1960 ; Jones, 1967 ), which presents a “plug-shaped ”

tructure at the anterior end ( Gadzama and Happ, 1974 ; Jones, 1967 ).

 recent study did not detect differences in spermatophore quality

hen varying the proportion of digestible foods in the males’ diets

 McConnell and Judge, 2018 ). However, McConnell & Judge’s study

id not use synthetic diets, which impedes to assess the effect of a par-

icular macronutrient on the spermatophore. Related to this, the pro-

ein:carbohydrate ratio (p:c) has been studied in this animal in terms of

ife expectancy and fecundity. In an initial study, Rho & Lee ( Rho and

ee, 2016 ) found that while reproductive success should be maximized

t a pc ratio of 1:1, an excess of protein reduces life expectancy in both

exes. In a second study on the same animal, lifespan increased when

roteins were absent but carbohydrates elevated in healthy males and

ales infected with the entomopathogenic fungus Metarhizium robertsii

 Reyes-Ramírez et al., 2019 a). Thus, these two studies coincide in their

ndings that increased protein consumption negatively affects longevity

n males, independent of health status. 
c  

2 
In this study, we investigated the effects of varying nutritional and

ealth status on spermatophore quality produced by T. molitor male

dults. A first hypothesis is that nutrition and health status affect both

he size and each of the nutrients present in their spermatophore. Ac-

ordingly, we predicted that healthy males will produce the largest and

rotein-rich spermatophores compared to sick males. A second hypothe-

is is that spermatophores will keep the same variation of the three main

utrients independently of whether diet and health status vary. Thus, we

redict that males of all treatments will produce spermatophores with

ore protein content than carbohydrate and lipid content. A third hy-

othesis is that nutrition and health status will have an effect on the total

mount of the three nutrients, whereby we predict that healthy animals

ill have more of the three nutrients altogether in the spermatophore

ompared to sick males. 

. Material and methods 

.1. Insect maintenance 

Individuals were kept in a controlled environment chamber at 70%

umidity and 25 ± 2°C (average ± standard deviation) with a 12:12

hotoperiod. These conditions were maintained during all life stages of

. molitor . We placed 200-300 larvae in plastic containers (30.5 cm di-

meter x 10.5 cm height) in order to decrease cannibalism ( Weaver and

cFarlane, 1990 ). They were fed with wheat germ (Maxilu® brand) and

pple slices. Pupae were sexed by observing the eighth abdominal seg-

ent ( Bhattacharya et al., 1970 ) and were placed in plastic containers

22.1 cm length x 15.4 cm width x 5.7 cm height). Males and females

ere separated as soon as they emerged to ensure they were virgins

t the time of the experiment. Both sexes were placed individually in

lastic containers (4.2 cm diameter x 3.8 cm tall). Females were fed the

ame diet as when they were larvae and males were fed synthetic diets

see below). 

.2. Synthetic diets 

To vary the nutritional condition of males only, five synthetic diets

ere established ( Dadd, 1960 ; Simpson and Abisgold, 1985 ) that dif-

ered in their proportion of proteins to digestible carbohydrates (% dry

ass p:c). Proteins consisted of a mix of casein, peptone, and albumin

n a 3:1:1 proportion, while carbohydrates were sucrose and dextrin in

 1:1 ratio. The diets were composed of the following proportions: 1)

0% proteins and 0% carbohydrates (p80:c0); 2) 64% proteins and 16

 carbohydrates (p64:c16); 3) 40% proteins and 40% carbohydrates

p40:c40); 4) 16% proteins and 64% carbohydrates (p16:c64); and, 5)

% proteins and 80% carbohydrates (p0:c80). All diets contained the

ame proportion (20%) of the following nutrients: Wesson salt mixture

2.4%), cholesterol (0.5%), linoleic acid (0.5%), ascorbic acid (0.3%),

nd a vitamin mixture (0.2%). To complete the diet, cellulose (16.1%)

as added as a non-nutritious agent. The reagents used were all pur-

hased from MilliporeSigma (formerly known as Sigma-Aldrich). 

Recently emerged adult males were randomized into one of the five

ynthetic diets (for graphical illustration of experimental design, see

ig. 1 ). These diets were provided ad libitum in feeders (the previously

entioned plastic containers) in a “food dish ” (inverted top of a 1.5 mL

ppendorf tube [9 mm diameter, 5 mm depth]) during the experimental

eriod (day 0 to day 15). The males also had access to water ad libitum

20 μl of water per day). The “dishes ” were removed and replaced with

ew ones every other day. 

.3. Preparation of the fungus and determination of LD 50 

Metarhizium robertsii is a natural pathogen of T. molitor

 Oliveira et al., 2018 ) as well as 600 other species of insects

 Barelli et al., 2016 ; Branine et al., 2019 ; Sasan and Bidochka, 2012 ),

ommonly found in soils. The speed of killing depends on the dose, but
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Fig. 1. Diagrammatic representation of the experimental design showing the distribution in the five artificial diets (p:c) as well as treatments according to male state 

of health (NM: non-manipulated, TC: Tween control, NVS: non-viable spores and F: fungus-treated) in Tenebrio molitor . 
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ven under a high dose of conidia, it takes several days after infection

o penetrate the cuticle, multiply, intoxicate and finally kill the host

 Scholte et al., 2006 , 2004 ). The fungus M. robertsii (ARSEF 2134) was

btained from the Agricultural Research Service of the United States

epartment of Agriculture. Spores were stored in 10% glycerol at -80°C

ntil use. The inoculum was prepared by seeding spores on Sabouraud

extrose Agar (SDA) plates and then incubating in the dark at 28°C

or 15 days. After this period, the conidiophores were harvested by

craping the plates and suspending them in 0.03% Tween 80 solution

hereafter referred to as Tween). The suspension was mixed for 5

inutes in a vortex, then filtered using cotton mesh to separate the

onidia from the mycelium. Using the SDA plate technique ( Goettel and

nglis, 1997 ), it was determined that the relative viability of the conidia

as above 95%. The LD 50 (median lethal dose) was obtained from this

ltrate. This LD 50 (3 ×10 5 conidia/mL) has previously been reported

y Reyes ‐Ramírez et al. (2019b) . 

.4. Variation in the state of health due to pathogens in males 

To vary health status in males, we used the same males whose nu-

ritional condition was modified (see Fig. 1 ). Within each diet group,

our health status groups were formed. Each group contained 30 ma-

ure individuals of 12-15 days of age ( Gerber, 1976 ) named as follows:

i) negative control (unmanipulated individuals); (ii) Tween control, in-

ividuals submerged in Tween for 5 seconds; (iii) spore-treated (non-

iable spores) individuals submerged for 5 seconds in Tween with M.

obertsii (ARSEF 2134) spores that had been previously exposed to high

emperatures to make them inviable; and (iv) fungus-treated, individu-
3 
ls submerged in Tween with 3 ×10 5 conidia/mL (LD 50 ) of M. robertsii

or 5 seconds. 

.5. Obtaining and dissecting spermatophores 

Three days after the males’ health status was modified, pairs were

andomly formed using females in good condition and the different

roups of males (variation in nutritional and health status). Each pair

as placed in plastic containers (4.2 cm diameter x 3.8 cm height) to

llow them to copulate (note that individuals were never used more

han once). Immediately after completing one copulation, females were

emoved, frozen dry at − 20 °C and refrigerated to later extract the sper-

atophores (one spermatophore per each female). The spermatophores

ere gently removed from the bursa copulatrix with forceps and dis-

ecting pins. All dissections were carried out in Tenebrio saline buffer

 Butz, 1957 ), which was also used to store them individually in 2 mL

ppendorf tubes. The spermatophores were kept at -20°C until macronu-

rient measurement. 

.6. Protein, lipid and carbohydrate measurement 

The spermatophores (n = 30 for each diet and health status combina-

ion) were transferred to new Eppendorf tubes with 180 μL of aqueous

ysis buffer [100 mm KH2PO4, 1 mm dithiothreitol (DTT) and 1 mm

thylenediaminetetraacetic acid (EDTA), pH 7.4], to later be disrupted

n a Tissue Lyser-II (Qiagen, Valancia, California) for 30 s at 25 Hz.

o quantify the amount of nutrients present in the spermatophores, we

sed the unified Foray method ( Foray et al., 2012 ). In this method, dif-



A. Reyes-Ramírez, M. Rocha-Ortega and A. Córdoba-Aguilar Current Research in Insect Science 1 (2021) 100009 

f  

a  

a  

l  

B  

t  

u  

D  

a  

v  

2  

t  

a  

a  

T  

t  

b  

a  

m  

E  

t  

o  

a

2

 

s  

m  

d  

n  

b  

m  

a  

o  

m  

p  

h

 

t  

i  

(  

m  

a  

c  

s  

d  

I  

d  

I  

d  

d  

w  

f  

m  

o

 

h  

t  

c  

w  

a  

v  

B  

p  

y  

m  

a

3

3

 

w  

(  

t  

d  

s  

t  

m

3

p

 

(  

e  

f  

t

 

t  

w  

g  

a

3

l

 

d  

i  

d  

p  

e  

S

 

p  

m  

(

3

c

 

P  

(  

i  

d  

f  

v

 

d  

t  

c

3

p

 

p  

M  
erent solvents are used to sequentially extract the desired components

nd quantify them using specific colorimetric techniques. Briefly, after

gitating, the proteins in the samples were solubilized in a phosphate

ysis buffer and quantified with the Bradford method ( Bradford, 1976 ).

ovine serum albumin was used as a standard and absorbance was de-

ermined at 595 nm. In the case of total lipids and carbohydrates we

sed the Van Handel & Day method ( Van Handel, 1985 ; Van Handel and

ay, 1988 ). For lipids, we did a vanillin assay with trioleate glycerol as

 standard and measured absorbance at 515 nm. Note that although

anillin assay is considered an accurate technique ( Williams et al.,

011 ), it depends on composition of samples and standards. Also, this

echnique cannot separate neutral lipids from polar lipids. When using

 TAG (triacylglyceride) standard (like trioleate glycerol), this method

ssumes that all fatty acids originate from TAGs ( Williams et al., 2011 ).

herefore, here we use the vanillin assay under the assumption that

here is no change in fatty acid saturation among treatments. For car-

ohydrates, the anthrone colorimetric method was used with D-glucose

s a standard and absorbance determined at 630 nm. All absorbance

easurements were done on an absorbance reader (Absorbance Reader

Lx800; BioTek Inc., Winooski, Vermont). The concentration of the

hree macronutrients was calculated taking into account the size (mm 

2 )

f the spermatophores. The size was obtained from photos analyzed in

 publicly available image program (ImageJ). 

.7. Statistical analysis 

To examine the effect of diet and state of health on spermatophores

ize, an analysis of variance (ANOVA) was constructed. The sper-

atophores size (mm 

2 ) corresponded to the dependent variable, while

iet and state of health were the independent variables. Because sig-

ificant differences were found in state of health and the interaction

etween diet and health status, we made comparisons between treat-

ents using the post-hoc Least Significant Difference (LSD) test whereby

 separate analysis for each group and corresponding interactions are

btained ( Engqvist, 2005 ). Multiple comparisons between each group

ean to the control mean were corrected using the Benjamini-Hochberg

rocedure. In the case of diet, the control was p0:c80, while for state of

ealth was the fungus treatment. 

To determine how diet and state of health affected each of

he macronutrients (total proteins, lipids and carbohydrates) present

n spermatophores, independent multivariate analyses of variance

MANOVAs) fit with Pillai’s trace per nutrient, were constructed. For

ultivariate analysis, Pillai’s trace is considered the most robust fit

gainst violation of test assumptions ( Scheiner, 1993 ). A MANOVA was

arried out per macronutrient, yielding a total of three separate analy-

es. In the first model, the amount of protein corresponded to the depen-

ent variable, while diet and state of health were independent variables.

n the second model, the amount of lipids corresponded to the depen-

ent variable, while diet and state of health were independent variables.

n the third model, the amount of carbohydrates corresponded to the

ependent variable, while diet and state of health were entered as in-

ependent variables. Following MANOVAs, treatments were compared

ith an LSD test using the Benjamini-Hochberg procedure, to account

or multiple comparisons between each group mean against the control

ean. In the case of diet, the control was the p0:c80 diet, while for state

f health was the fungus. 

Another two-way ANOVA was constructed to test if diet and state of

ealth affect the total nutrients amount present in spermatophores. In

he model, the amount of nutrients (proteins + lipids + carbohydrates)

orrespond to the dependent variable, while diet and state of health

ere the independent variables. Following statistical significances

mong independent variables, we made comparisons between control

s treatments using the post-hoc Least Significant Difference test with

enjamini-Hochberg procedure. In the case of diet, the control was the

0:c80 diet, while for state of health was the fungus treatment. All anal-

ses were carried out in R in version 3.4.2 ( Team, 2017 ) with the “em-
4 
eans ” ( Lenth and Lenth, 2018 ), “multcompView ” ( Graves et al., 2015 )

nd “car ” ( Fox and Weisberg, 2019 ) packages. 

. Results 

.1. Effect of nutrition and health status on spermatophore size 

Spermatophore size (in mm 

2 ) was not affected by diet the males

ere fed with (F 4 = 1.425, P > 0.05), but was affected by their health

F 3 = 9.342, P < 0.001) and by the interaction between diet and health sta-

us (F 12 = 2.508, P < 0.01). Non-manipulated males fed with the p40:c40

iet and non-manipulated males and those challenged with non-viable

pores fed with the p0:c80 diet produced larger spermatophores than

he fungus males from the same diets (for all combinations see supple-

entary material Table S1). 

.2. Effect of nutrition and health status on each spermatophore nutrient: 

rotein 

The results indicated that diet (F 9 = 3.483, P < 0.001), health status

F 3 = 36.469, P < 0.001) and the interaction (F 27 = 2.419, P < 0.001) had an

ffect on the amount of total protein in the spermatophore. Individuals

ed with the p16:c64 diet had lower protein amount (for all combina-

ions, see supplementary material Table S2). 

The health status of the males also affected the amount of proteins in

heir spermatophores. The spermatophores produced by males treated

ith the fungus had the highest protein content than the three control

roups: non-manipulated, Tween control and spore-treated males (for

ll combinations see supplementary material Table S3). 

.3. Effect of nutrition and health status on each spermatophore nutrient: 

ipids 

The total lipid amount in the spermatophores varied depending on

iet (F 9 = 40.494, P < 0.001), health status (F 3 = 56.747, P < 0.001) and the

nteraction between diet and health status (F 27 = 7.634, P < 0.001). The

iets with which males invested the most lipids in spermatophores were

64:c16 and p40:c40, while the p80:c0 and p16:c64, produced the low-

st lipid content (for all combinations see supplementary material Table

4). 

Likewise, the health status of the males influenced the lipids de-

osited in the spermatophore. Males treated with fungus produced sper-

atophores with the highest total lipid amount than the control groups

for all combinations see supplementary material Table S5). 

.4. Effect of nutrition and health status on each spermatophore nutrient: 

arbohydrates 

Finally, diet (F 9 = 18.063, P < 0.001), health status (F 3 = 68.364,

 < 0.001) and the interaction between diet and health status

F 27 = 3.234, P < 0.001) affected the total carbohydrate content present

n the spermatophores. Individuals fed with the p64:c16 and p40:c40

iet invested more carbohydrates in their spermatophores, while those

ed with the p80:c0, p16:c64, and p0:c80 diets showed the lowest in-

estment (for all combinations see supplementary material Table S6). 

Health status also had an effect. Fungus-treated males again pro-

uced the spermatophores with the highest carbohydrate content than

he non-manipulated, Tween control and spore-treated males (for all

ombinations see supplementary material Table S7). 

.5. Effect of nutrition and health status on the balance of 

roteins/lipids/carbohydrates in spermatophores 

In general, visual inspection of the proportion of the three com-

onents (see supplementary material Fig. 1) suggested the following.

ost treatments yielded an order of c > p > l in spermatophores (see



A. Reyes-Ramírez, M. Rocha-Ortega and A. Córdoba-Aguilar Current Research in Insect Science 1 (2021) 100009 

Table 1 

Summary of mean macronutrients amount (μg/mm 

2 ) presents in spermatophores according to the diet and health 

status. 

Health status Dietary P:C ratio Mean macronutrients amount ( ± SE) 

N Proteins Lipids Carbohydrates Total 

Non-manipulated 80:0 30 255.4 ± 18.2 92.7 ± 6.5 280.9 ± 22.8 629.1 ± 45.7 

64:16 30 271.4 ± 29.9 203.3 ± 23.08 410.3 ± 50.2 885.1 ± 100.4 

40:40 30 166.2 ± 15.9 105.1 ± 10.6 338.3 ± 37 609.7 ± 59.2 

16:64 30 172.5 ± 13.4 83.02 ± 6.01 232.9 ± 18.6 488.4 ± 37.2 

0:80 30 166.6 ± 11.2 80.7 ± 5.5 265.1 ± 29.3 512.5 ± 43.6 

Tween control 80:0 30 281.6 ± 17.06 100.6 ± 7.4 453.5 ± 36.06 835.8 ± 57.7 

64:16 30 280.5 ± 22.03 301.07 ± 26.4 522.6 ± 51.4 1104.2 ± 89.4 

40:40 30 259.1 ± 27.6 156.5 ± 15.9 678.4 ± 78.5 1094 ± 120.1 

16:64 30 172.6 ± 8.2 79.4 ± 3.7 215.5 ± 12.1 467.6 ± 21.7 

0:80 30 267.05 ± 22.9 128.1 ± 11.1 315 ± 29.1 710.2 ± 61.7 

Non-viable spores 80:0 30 196.1 ± 11.7 66.7 ± 4.3 292.5 ± 25.1 555.4 ± 39.4 

64:16 30 237.1 ± 25.2 73.6 ± 8.9 709.8 ± 79.5 1020 ± 111.8 

40:40 30 236.7 ± 15.7 126.4 ± 8.6 446.9 ± 34.5 810.1 ± 54.2 

16:64 30 237.5 ± 14.2 101.3 ± 6.4 417.2 ± 25.3 756.1 ± 41.8 

0:80 30 202.6 ± 16.6 95.4 ± 7.9 218 ± 17.7 516.1 ± 39.9 

Fungus 80:0 30 292.8 ± 35.5 126.7 ± 16.05 589.9 ± 85.1 1009.6 ± 134 

64:16 30 284.2 ± 36.1 281.01 ± 33.3 916.1 ± 127.8 1481 ± 195.6 

40:40 30 265.7 ± 22.1 152.6 ± 13.8 710.3 ± 79.01 1128.6 ± 110 

16:64 30 254.3 ± 14.4 103.3 ± 5.9 466.5 ± 42.01 824.1 ± 59.9 

0:80 30 355.8 ± 29.4 164.2 ± 14.5 652.9 ± 66.9 1173 ± 104.6 
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Fig. 2. Changes in spermatophore nutrient content (carbohydrate, lipid and 

protein; mean ± SE) following changing ratios of protein:carbohydrate (p:c) and 

experimental manipulation of status of health in Tenebrio molitor males. 
able 1 ). Some exceptions to this were the negative control males and

pore-treated males under the 80:0 diet, in which the balance was

rotein = carbohydrate > lipid, and the Tween control and fungus-treated

ales on the 64:16 diet and the negative control on the 40:40 diet, in

hich the balance was carbohydrate > protein = lipid (see also Fig. 2 ). 

Given the trends described above, the proportion assigned to each

acronutrient also showed notable differences (again for visual inspec-

ion see Supplementary material Fig. 1). For example, carbohydrates

ere considerably higher than proteins and lipids in most treatments,

specially in fungus-treated males and, to a lesser degree, Tween con-

rols. These differences, however, were not as dramatic in the negative

ontrol or spore-treated males. 

.6. Effect of nutrition and health status on the total amount of nutrients 

The results indicated that diet (F 4 = 19.18, P < 0.001), health status

F 3 = 30.14, P < 0.001), and the interaction between diet and health sta-

us (F 12 = 2.23, P < 0.01), had an effect on the total amount of nutrients

resent in the spermatophore. Non-manipulated individuals, meaning

hose treated with non-viable spores and fungus males, produced the

permatophores with the highest amount of nutrients when fed with

he p64:c16 diet. Tween control males presented the highest amount of

utrients in the p64:c16 and p40:c40 diets (for all combinations, see

upplementary material Table S8). 

The health status of the males also affected the total amount of

utrients in their spermatophores. Spermatophores produced by males

reated with the fungus had the highest content of nutrients, followed by

ween control, spore-treated males, and finally non-manipulated males

for all combinations see supplementary material Table S9). 

. Discussion 

As has been corroborated in other studies where animals’ con-

ition is manipulated to observe the effects on the spermatophore

e.g. Duplouy et al., 2018 ; Ferkau and Fischer, 2006 ; Kelly and

wynne, 2016 ), in T. molitor the macronutrient composition of the

permatophore was sensitive to changes in males’ diet and health sta-

us (even when our vanillin assay implied some assumptions). Sper-

atophore size was not affected by diet but it was by health status. This

ondition-dependence is expected for energetically demanding charac-

eristics ( Kotiaho, 2001 ; Macartney et al., 2018 ; Pitnick et al., 2009 ).
5 
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he case of the spermatophore may be very costly both in quality

 Duplouy et al., 2018 ; Wagner, 2005 ; Wiklund and Kaitala, 1995 ) and

uantity ( del Castillo and Gwynne, 2007 ; Kerr et al., 2010 ; Lehmann and

ehmann, 2009 ). In the case of diet, we found that in general the

64:c16 ratio was the diet that led males to invest more in the three

acronutrients, while the inverse diet, p16:c64, reduced levels. In this

ay, it can be said that the ideal diet to produce a robust spermatophore

s p64:c16, though this would need to be corroborated with a study of

eproductive success. 

In fact, it is common to see a lack of adaptive sense in the effect of

iet on ejaculate traits (e.g. Bunning et al., 2015 ; Dávila and Aron, 2017 ;

g et al., 2018 ). The most similar study is one in Drosophila melanogaster.

n this animal egg production is depressed in flies that are fed a diet

ithout proteins and they laid the most eggs when fed a high protein

iet, in a proportion of 4:1 ( Lee, 2015 ), similar to our p64:c16 diet.

his suggests that protein is essential for offspring survival. However, it

hould be noted that that such ideal diet is not optimal for the survival of

he male, since protein ingestion reduces lifespan ( Reyes-Ramírez et al.,

019 a; Rho and Lee, 2016 ). Perhaps the consumption of protein by

dults serves to resolve a trade-off between the demands of the sper-

atophore and what the animal needs to survive. Findings were similar

n the cricket Teleogryllus oceanicus , where protein consumption simi-

arly decreased survival but increased the song used for courtship and

he production of cuticular hydrocarbons ( Ng et al., 2018 ). Like in T.

olitor , this would assume a trade-off between survival and reproduc-

ive traits. In the case of health status, male T. molitor infected with the

ungus invariably deposited more of all three macronutrients than the

ther groups. This investment was again most clear under the p64:c16

iet (and considerably less in the p16:c64 diet), which would be ex-

ected if it is ideal. In T. molitor , protein ingestion does not increase the

robability of surviving an attack by M. robertsii ( Reyes-Ramírez et al.,

019 a) but protein is necessary for the spermatophore. It is striking that

ndividuals fed on the diet that did not have any protein intake (p0:c80)

id not differ in the content they invested of this nutrient in their sper-

atophores. Furthermore, we must remember that nutritional variation

n this study occurred in the adult stage. So, it is possible that the re-

erves that accumulated during the larval stage influence. Moreover, in

nother study it was found that in the p0:c80 diet, both healthy and sick

ales increased their life expectancy ( Reyes-Ramírez et al., 2019 a). In

his case, by decreasing the risk of dying, males could be allocating their

rotein reserves towards the production of spermatophores. 

Why do sick males invest more in the spermatophore compared to

nmanipulated males? One explanation is what is known as terminal

nvestment, where individuals whose survival is at risk invest more

n reproduction to maximize their reproductive opportunities ( Clutton-

rock, 1984 ; Duffield et al., 2017 ; Williams, 1966 ). In the case of T.

olitor , the traits that will yield the most direct benefits are the sper-

atophores. There are several sources of evidence supporting terminal

nvestment in this animal. The first has to do with male pre-copulatory

ttractiveness: males challenged with inert materials ( Kivleniece et al.,

010 ; Krams et al., 2014 ; Nielsen and Holman, 2012 ; Sadd et al., 2006 )

s well as males infected with the same fungus used in this experi-

ent, M. robertsii ( Reyes ‐Ramírez et al., 2019b ), were more success-

ul in attracting females via pheromones. The second source has to do

ith post-copulatory success: males infected with pathogens provided

ore proteins in their spermatophores ( Hurd and Ardin, 2003 ), which

s similar to what we found here. Paradoxically, increased investment

n the spermatophore did not lead to higher reproductive success in T.

olitor as males infected with M. robertsii gave rise to fewer eggs, with

ower hatching success and lower lipid content ( Reyes ‐Ramírez et al.,

019b ). Thus, it may be that females are attracted to males that are sick

nd have a higher macronutrient content in their spermatophores but

hen penalize them with a lower egg number and quality. This supposes

hat females recognize males that are carrying out terminal investment.

nterestingly, females of this species benefit substantially by using the

permatophores from several males to increase their reproductive suc-
6 
ess ( Drnevich et al., 2001 ; Worden and Parker, 2001 ). This ability to

collect ” spermatophores as an additional nutrient source but discard

he sperm of terminally investing males would imply a large degree of

eproductive control by females of this species. 

Contrary to our expectation, the nutrient balance of the sper-

atophore was almost always carbohydrates > proteins > lipids. The

rotein contribution is expected to be considerably higher to promote

ncrease egg production ( Mann, 2012 ; Marshall, 1982 ; Murphy and

rupke, 2011 ). However, an alternative explanation for our results is

hat carbohydrates play a role in sperm success. In this respect, it has

een shown that the seminal fluid of several species of insects gener-

lly contains a mixture of short chain carbohydrates or sugars such as

ructose, glucose and trehalose ( Yaginuma and Happ, 1988 ). Indeed, in

. molitor the presence of glucose and trehalose has been reported in

oth the bean-shaped accessory glands and in the spermatophore, with

rehalose being the more abundant ( Gadzama and Happ, 1974 ). In vitro

tudies demonstrated that the activity of the trehalase enzyme was not

equired for the evacuation of the spermatophore, suggesting that the

rehalase-trehalose system plays a physiological role in sperm activa-

ion and viability ( Yaginuma et al., 1996 ). Subsequent studies should

est the effect of trehalose on the viability and activation of sperm, to

nderstand the role of carbohydrate abundance in the spermatophores

f this species. 

Our study shows that spermatophore characteristics are dynamic,

nfluenced by the male’s condition. While the adaptive function of the

hanges to macronutrient composition we observed is not clear, they

re expected to have differential effects on reproduction. One key topic

ould be to measure food intake to see how animals respond to in-

ection. For example, given a pathogen attack, animals may either

how a reduction (to reduce the ingested food that would be avail-

ble for the pathogen) ( Adamo et al., 2007 ; Kyriazakis et al., 1998 )

r increase (to provide energetic resources to their immune system)

 Ponton et al., 2013 ; Slansky, 1986 ) in food intake. Our study should

e replicated in other systems where the spermatophore plays a key

ole in the evolution of mating systems. Examples include the cases

f butterflies ( Arnqvist and Nilsson, 2000 ; Cardoso and Silva, 2015 ;

berhauser, 1988 ) and crickets ( Burpee and Sakaluk, 1993 ; Kerr et al.,

010 ; Sturm, 2014 ) where experiments have not included analysis of

acronutrients but whose effects can be key to reproductive success. In

he case of T. molitor , the differential effects of diet probably combine

ith females’ parental investment decisions. 

To conclude, our findings show that spermatophores are sensitive to

hanges in nutrition and health status of males. Although healthy in-

ividuals produced the largest spermatophores, sick males surprisingly

ave rise to the richest nutrient-based spermatophores. At the interspe-

ific level and unlike other insects, T. molitor produce spermatophores

hose carbohydrate content is the richest, followed by proteins and

ipids. The benefits females and offspring gain from this nutrient com-

osition must be the next step to investigate. 
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