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Abstract. Hermetia illucens is a sustainable and an increasingly bioeconomical source of nutrients for farm animals. It is still nec-
essary, however, to improve our knowledge of the biological features of this species in order to maximize its use. The aims of this
research were to evaluate the effect of the energy level of rearing diets on its body weight and fat-body reserves. The quantity and
quality of the fats storred by the non-feeding stages of this insect and its reproductive performances were also studied. A control
diet (CD — Gainesville diet) and three diets with progressively greater energy contents (kcal/kg ME) were formulated. The increase
was achieved by including different amounts of maize, 40% (ED,), 60% (ED,) and 80% (ED,), in these three diets. Abother diet
(ED,) consisted of fruit and vegetable waste. The results indicate that the body weight of larvae, prepupae, pupae and adult flies,
as well as fat content of the larvae increased significantly (p <0.01) with increase in the energy content of the diets. There was a
positive Pearson correlation between energy content of diets and body weight of adult flies. The heaviest egg clutches with the
highest number of eggs/clutch (p <0.01) were laid by flies reared on the diets with the highest energy content. The quality of the

fat stored by larvae did not influence the weight and number of egg laid.

INTRODUCTION

The black soldier fly Hermetia illucens L. is an edible
insect of economic importance as it can be reared on a
wide range of organic materials, including vegetable waste
(Nguyen et al., 2013; Banks et al., 2014; Cickova et al.,
2015; Wang & Shelomi, 2017). Compared with other in-
sect species, H. illucens is better at converting substrates
into rich fertilizer (Nguyen et al., 2015; Oonincx et al.,
2015; Boaru et al., 2018). Its chitin and derivatives have
various uses in medical and pharmaceutical applications
(Lalander et al., 2016). Moreover, H. illucens larvae are
a valuable source of nutrition for farm animals, but their
quality is dependent on the substrate they are reared on
(St-Hilaire et al., 2007; Gobbi et al., 2013; Nguyen et al.,
2015; Barroso et al., 2017; Pimentel et al., 2017; Danieli
etal., 2019).

There are recent studies that show that the larvae of sev-
eral insect species have a high body-fat content, along with
proteins and other nutrients (Liu et al., 2017; Salomone
et al., 2017; Cullere et al., 2019). Of the insects included
in animal feed, Hermetia illucens is the richest in lipids
(Makkar et al., 2014; Ramos-Bueno et al., 2016; Surendra

etal., 2016). The fat content of the larvae and pupae is vari-
able and up to 45% (Veldkamp & Bosch, 2015; Ushakova
et al., 2016; Barragan-Fonseca et al., 2017) and for these
reasons, H. illucens is used for producing animal feed and
biodiesel (Li et al., 2011; Surendra et al., 2016). Recently,
the European Commission accepted Hermetia illucens for
use as an alternative source of nutrients in aquaculture
feeds (Regulation 2017/893/EC). The nutritional quality
of H. illucens in terms of fatty acids is very variable and
a large percentage are satturated (Ushakova et al., 2016;
Barragan-Fonseca et al., 2017; Caligiani et al., 2018; Gian-
netto et al., 2020). There have been several attempts to ma-
nipulate the fatty acids profile by enriching their diets (Hoc
et al., 2020; Truzzi et al., 2020). For example, the level of
Omega-3 fatty acid in prepupae can be enhanced by feed-
ing the larvae a diet containing fish offal (St-Hilaire et al.,
2007), which makes them more suitable for feeding to fish
(Magalhaes et al., 2017; Renna et al., 2017).

From a physiological point of view, high amounts of li-
pids in H. illucens larvae provide energy for the non-feed-
ing stages, especially reproduction (Li et al., 2011; Kroeck-
eletal., 2012; Nguyen et al., 2013). There is currently little

* Corresponding author; e-mail: boaruanca.usamvcluj@yahoo.com

Final formatted article © Institute of Entomology, Biology Centre, Czech Academy of Sciences, Ceské Budg&jovice.
An Open Access article distributed under the Creative Commons (CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

OPEN @ ACCESS

297


https://orcid.org/0000-0002-3130-5742
https://orcid.org/0000-0001-5164-6571
https://orcid.org/0000-0002-0734-8793
https://orcid.org/0000-0002-9887-5678
https://orcid.org/0000-0001-6015-224X

Georgescu et al., Eur. J. Entomol. 118: 297-306, 2021

information on the acumulation, storage and metabolism of
fats in H. illucens. Pimentel et al. (2017) demonstrate that
the fat-body is an important organ in terms of metaboliz-
ing nutrients in VI-instar larvae as rearing them on a low
protein level diet affects protein and lipid accumulation in
fat-body cells and the expression of key genes involved in
metabolic processes. Body-fats play a vital role in insect
growth, development and reproduction, and are a source of
energy during starvation (Pimentel et al., 2017). The nutri-
ent content of H. illucens depends on its developmental
stage (Liu et al., 2017), but the mechanisms involved are
not clear. Studies conducted by Gianetto et al. (2020) sug-
gest that the fatty acid profiles of the V-instar larvae and
prepupae of this species may be related to the modulation
of the expression of lipid metabolism genes during larval
development and Zhu et al. (2019) have identified four
metabolic genes that are associated with the accumulation
of fat in larvae.

The energy (fat) available for each post feeding life
stage has a direct effect on reproduction, with a positive
correlation between fat deposits and eggs clutch quality
(Georgescu et al., 2020). H. illucens is a good model for
studying the accumulation nutrient reserves during larval
development because the adult does not feed. Therefore,
all the nutrients used in the adult stages rely on the reserves
accumulated by larvae. Body-fats could be especially im-
portant for reproduction, but little is known about the role
the fat-body in the life history traits of no-feeding stages
H. illucens.

Thus, the aim of this research was to determine the ef-
fect of the energy content of larval rearing substrates on
the amount of fat they accumulated, the influence of the
quantity and quality of fat reserves in the development of
no-feeding stages and its implications for reproduction.

MATERIALS AND METHODS

This research was carried out in the Ecology and Zoology De-
partment of the University of Agricultural Sciences and Veteri-
nary Medicine Cluj-Napoca (Romania) (46°4534.637"N, 23°34’
1.9697E, 365 m altitude).

doi: 10.14411/eje.2021.030

Origin of biological material

The H. illucens came from a colony maintained year-round in
an indoor laboratory (27°C + 0.2 temperature and 65% + 3 RH
humidity) in the Ecology Environmental Protection and Zool-
ogy Laboratory of the above university. The initial material was
purchased in 2017 from a farm in Greece. Each substrate was
populated with one clutch of eggs weighing on average 19.0 +
0.4 mg that were laid within 24 h of the adult H. illucens females
emerging.

Experimental design

All the H. illucens larvae from each clutch were reared on one
of five diets, the composition and nutritional value is presented
in Table 1. The Geinesweile diet (Hogsette, 1992) was the con-
trol diet (CD). Three other diets, contained the same amount of
protein, but the energy content (kcal/kg ME) was increased by
including different percentages of maize flour: 40% (ED,), 60%
(ED,) and 80% (ED,). In addition, diet (ED,) consisted of fruit
and vegetable waste, similar to the natural food of H. illucens
(Table 1).

The experiment started when the egg clutches were placed on
the rearing substrates, which were prepared under the following
conditions: 70% =+ 2% humidity and 26 + 0.4°C (Sheppard et al.,
2002). Larvae hatched approximately 72 h later when kept under
the following conditions: 27°C + 0.2 and 65% + 3 RH (Tomber-
lin et al., 2009; Holmes et al., 2012; Hoc et al., 2019). Recently
hatched maggots were reared on each of the diets. The larvae
were reared in separate 50 x 34 x 14 cm plastic containers. After
20-21 days prepupae started to develop except for those reared
on organic waste (ED,) where they developed later, at the age of
29-31 days.

The prepupal and pupal stages of each group of H. illucens
were kept on a dry leaf substrate in the dark ina 15 x 10 x 5 cm
box, with an air hole, at 27°C + 0.2 and 65% =+ 3 RH. H. illucens
flies of each weight category were kept in cages measuring 50
x 35 x 45 cm at 27°C +£ 0.1 and 65% + 2 RH (Park et al., 2010;
Nakamura et al., 2016). Each of these cages contained a plastic
box (dimensions 20 x 15 x 10 cm) containing a substrate for lay-
ing eggs, consisting of a mixture of 50% wheat bran, 30% alfalfa
meal and 20% maize meal (Hogsette, 1992). The box containing
the substrate was covered with mosquito mesh and an oviposi-
tion support consisting of ten pieces of wood with gaps of 2-3
mm between them (Boaru et al., 2019). The wooden support was
replaced daily with a new sterilized support. The photoperiod the
flies were exposed to was 8 h of dark and 16 h of yellow and
white light from LEDs (Nakamura et al., 2016).

Table 1. The composition and nutritional value of the diets.

Ingredients (%) CD

Dietary treatments

ED, ED, ED, ED,
Maize 20 40 60 80 -
Wheat bran 50 35 20 3 -
Alfalfa meal 30 20.7 1.4 4 -
Soybean meal - 4.3 8.6 13 -
Fruit and vegetable waste - - - - 100
TOTAL 100 100 100 100 100
Nutritional value
Dry matter (DM) 87.90 87.66 87.43 87.22 -
Crude protein (%) 13.55 13.54 13.53 13.56 11.9-20"
Crude fat (%) 3.46 3.28 3.09 2.89 2.6-1.5
Crude fiber (%) 13.30 10.02 6.75 3.69 -
Metabolizable energy (kcal/kg) 1737.90 2174.50 2611.09 3044.53 3607-3718!

'Data of Nguyen et al. (2015) and Meneguz et al. (2018); CD — control diet (Gainesville Diet); ED, — diet with 40%
maize; ED, — diet with 60% maize; ED, — diet with 80% maize; ED, — diet ofg fruit and vegetable waste.

298



Georgescu et al., Eur. J. Entomol. 118: 297-306, 2021

doi: 10.14411/eje.2021.030

Table 2. Mean body weight (mg) of Hermetia illucens at different stages in its development when reared on the different diets.

Devel st CD ED, ED, ED, ED, Anova-single way
evelopment stage % + sd %  sd % + sd % + sd xtsd Df F _P-alue
Larvae 10-days old (n = 50) 142.47 +22.472 162.44 +21.49* 164.70 + 14.82° 172.88 + 14.54* 104.60 + 22.14° 4 99.67 0.000
Larvae 15-days old (n = 50) 239.74 + 19.46° 273.66 + 32.04> 293.36 + 31.72° 301.61 +33.33° 167.50 £ 42.51¢ 4 139.34 0.000
Larvae 20-days old (n = 50) 241.80 + 43.68* 276.39 + 36.50° 298.15 + 27.58° 313.13 + 35.68° 243.22 + 27.26*¢ 4 40.33 0.000
Prepupae (n = 50) 153.00 £ 27.10° 181.59 + 35.70° 193.89 + 33.10° 201.77 £32.7¢ 229.75+28.20¢ 4 29.29 0.000
Pupae (n = 50) 135.48 £24.90° 159.88 + 28.70° 163.56 + 32.10° 174.18 £ 27.90° 206.44 + 30.40° 4 40.13 0.000
Imago (M + F) (N = 100) 22.25+7.102 27.60 + 8.70° 34.66 £ 9.50° 39.27 +10.60¢ 51.95+16.80° 4 107.10 0.000

Different letters between columns indicate significant differences at 5% using Tukey-test as a post hoc test; X + sd — mean + standard

deviation; CD — control diet; ED,—ED, — other diets.

Parameters recorded

The following parameters were monitored and recorded: (1)
the body weights of the larvae, prepupae, pupae and adults reared
on diets that differed in their energy contents; (2) fat content and
the fatty acid profile of the fats of the larvae; (3) the effect of the
different rearing diets on the flies reproductive parameters and
quality of the eggs clutches.

The body weights of 50 larvae randomly collected from each
diet were recorded when they were 10, 15 and 20 days old. When
the prepupae left the substrate, their weight was also determined
(N =50) as was that of the pupal stage (N = 50). For the adults,
the weight of the egg clutches, the number of eggs in each clutch
and the weight of an egg were recorded for each experimental
group. The weight of the adults was assessed when exitus oc-
cured and individuals were randomly selected and sexed (N = 50
for each sex).

Individuals at various stages of development were weighed
using an analytical balance (accuracy 0.01 mg). The eggs in
the clutches were separated from one another by immersing the
clutches in 70% ethanol (Nakamura et al., 2016) followed by
photographing them under a binocular magnifier Alpha model
(zoom 7%—45x) and counting them using counting software.

Fat content and fatty acids analysis

The fat content of larvae 10 and 20 days old was determined
using the procedures established by AOAC International (2005),
the dry matter (method no. 934.01) and the crude fat content were
determined using the Soxhlet method (method no. 920.39).

The lipid fatty acids in 20-day-old larvae were determined. Ten
grams of larvae were collected from each substrate, placed for
24 h on a dry substrate for them to defecate, washed of impuri-
ties with disitilated water, then stored at —80°C in a freezer until
the chemical analyses. The extraction and identification of fatty
acid methyl esters (FAME) in Hermetia illucens larvae was done
using gas chromatography and mass spectrometry, in accordance
with AOAC-969.33 (AOAC, 1995) and ISO 3657: 2002, ISO
12966-2: 2011, ISO 12966-2: 2017. Identification and quantifi-
cation of fatty acid methyl esters (FAME) involved saponifica-
tion of lipids using a methanolic sodium hydroxide solution 0.5
mol/L, followed by esterification using a boron trifluoride cata-
lyst 15% vol. and adding hexane after cooling. The equipment
used was a Perkin Elmer Chromatographic system with mass
spectrometer detector (GC-MS) with a Clarus 680 gas chroma-
tograph (with programmable injector and thermostat oven) and
Clarus SQ8T quadrupole mass spectrometer. Equipment consist-
ed of an Elite-Wax chromatographic column with stationary polar
phase Polyethylene glycol (PEG), length 30 m, internal diameter
0.25 mm and film thickness of 1.0 um; injection port temperature
of 220°C, injected sample volume 1.0 pl, helium carrier gas rate
of flow 1.5 ml/min, splitting ratio 40 : 1. The operating conditions
of MS were: transfer line temperature 150°C; source temperature
150°C; multiplier 1500; solvent delay 0—1.5 min. The determina-

tion of fatty acid concentrations in the analysed samples was done
by comparing the relative retention time of FAME with that of a
certified standard (Mix FAME Supelco 37). The individual fatty
acid concentrations are expressed in mg/g of larval fat.

Statistical analysis

Data were analyzed using Microsoft Excel 2010. Difference
between groups were tested by one-way ANOVA using Tukey
HSD as a post hoc test for comparison with 5% and 1% signifi-
cance levels, as well as in the case of egg clutches, difference
analysis. Corelations were based on Pearson coefficients. All data
is presentend as a mean + SD (standard deviation).

RESULTS

Parameters of the development of the different
stages of H. illucens

Body weights of larvae, prepupae, pupae and adults
reared on the different diets are presented in Table 2. There
is a significant increase (p<0.01) in body weight with in-
crease in the energy content of the diet for each larval stage
(Table 2). This aspect is also confirmed by the significant
Pearson correlation coefficients (r = 0.935; r = 0.983) of
the relationships between the weight of the larvae and en-
ergy content of the rearing diet (Table 5). No significant
differences (p>0.05) were found between the weights of
the larvae reared on diets ED, and ED,. In the case of the
ED, diet, the body weight of the larvae is lower than on the
other diets up to the age of 20 days, but slightly higher than
the weight of the larvae reared on CD (Table 2).

With increase in age larvae increase in body weight simi-
larly in each experimental group (Fig. 1).

10 days age E1Sdaysage E20daysage B28days Eprepupae

Weight (mg)

CD ED1 ED2 ED3 ED4
Experimental diets

Fig.1. The body weight of H. illucens at different stages in its devel-
opment when reared on the different diets (CD- ED,).
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Table 3. Fatty acid content of the fat in 20-day-old larvae of the
black soldier fly reared on different diets (mg/g fat).

Fatty acids (mg/g) (n=3) CD ED, ED, ED, ED,
Miristic acid (C14:0) 9.64

9.63 976 9.88 9.69
Palmitic acid (C16:0) 179.54 102.42 139.65 197.88 160.32

Stearic acid (C18:0) 38.20 27.81 3534 51.73 42.59
Palmitoleic acid (C16:1)  62.40 32.56 46.49 65.56 33.07
Oleic acid (C18:1 n-9) 68.96 47.71 65.77 90.30 74.37
Linoleic acid (C18:2n-6) 42.58 85.82 129.95 184.86 85.8

a-linolenic acid (C18:3n-3) 426 6.39 894 10.51 12.16

> SFA 227.38 139.86 184.75 259.49 212.6
> UFA 178.20 172.48 251.15 351.23 205.4
> MUFA 131.36 80.27 112.26 155.86 107.44
> PUFA 46.84 92.21 138.89 195.37 97.96
UFA/ SFA 078 123 136 135 0.97
PUFA/ SFA 021 066 075 0.75 0.46
MUFA/ SFA 058 057 061 060 0.51

*> SFA — sum of satturated fatty acids; Y UFA — sum of unsattur-
ated fatty acids; Y MUFA — sum of monounsatturated fatty acids;
> PUFA — sum of polyunsatturated fatty acids; CD — control diet;
ED,-ED, — other diets.

The change in weight of the larvae from one age group to
another is significant for those reared on CD (F = 173.12;
df=2;P=0.000), ED, (F =224.78; df = 2; P = 0.000) ED,
(F =432.75; df = 2; P = 0.000) and ED, (F = 350.40; df =
2; P = 0.000). The greatest increase in body weight was
recorded between day 1 and 15 (p<0.01). In particular, in
the ED, group the significant increase in weight (p<0.01)
continues up to 28 days, because in this group duration of
the larval stage was longer. In the other groups, there were
no significant increases (p>0.05) in weight between 15
and 20 days (Fig. 1).

The weight of the prepupal stage of Hermetia ilucens was
significantly (p<0.01) lower than that of the larval stage
prior to the prepupal stage (Fig. 1). The prepupal weight
differed significantly (p <0.01) in the different treatments
(Table 2). The weight of the CD prepupae was significantly
lower (p <0.05) than that of those reared on the other diets.
The weight of the DE, prepupae was significantly greater
(p <0.05) than that of those reared on the other diets (Table
2).

The weights of the pupae were significantly lower
(p<0.01) than that of the pre-pupae reared on all the diets.
The differences between the weights of the pupae reared
on the different diets are significant (F =40.13; df=4; P =
0.000) with those reared on ED, the heaviest (p<0.01) and
on CD the lightest (p <0.01) (Table 2).

doi: 10.14411/eje.2021.030
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Fig. 2. Fat content (%) and the amount of fat per unit body mass of
10 and 20-day-old larvae reared on the different diets (CD-ED,).

The weights of the adults reared on the different diets
differed significantly (p<0.01) (F = 107.1; df = 4; P =
0.000). Only those reared on ED, and ED, were similar in
weight (p>0.05). The weights of the females on the diets
with the highest energy contents were significantly greater
(p<0.01) than that of those reared on the other diets (Table
4). The differences in the weights of the males reared on
the different diets were similarly significant (p<0.01), ex-
cept for ED, and ED, (p>0.05) (Table 4). The data confirm
that the weights of females and males differ significantly
(p<0.01). The lifespan of adults reared on the different
diets did not differ significantly (p>0.05), being 8-11
days.

Fat content of larvae

The higher energy content of rearing diets lead to the
higher crude fat (CF%) content of the larvae at all stages
in their development (Pearson correlations: r = 0.976; r =
0.986) (Fig. 2). The CF content of 10-day old larvae was
less than that of 20-day old larvae (Fig. 2). The highest
fat content was recorded for ED, larvae both at 10 days
(40.34%) and 20 days (41.21%), followed by ED, larvae.
The lowest CF was recorded for CD larvae, regardless of
their age (26.4-33.6%) (Fig. 2).

The ED, 10-day old larvae contained the highest ratio of
body mass/fat content (32.23%) (Fig. 2), followed by those
of ED,. That of the other groups decreases linearly with
the energy contents of the diets and was between 23.34—
18.53% (Fig. 2). This ratio for 20-day old larvae was also

Table 4. Mean weights of adult individuals (male, female), clutches of eggs and individual eggs, and the mean number of eggs per clutch
(as a mean), the larvae of which were reared on different diets (CD-ED,).

Specification cD ED, ED, ED, ED, _Anovasingle-way
P %+ sd %+ sd %+ sd % + sd %+ sd Df F P
Male weight (n = 50) 2028+62°  2341+t48 208669  3136+55°  4970+162° 4 8145 0.000
Female weight (n = 50) 2422 +75°  31.79+9.8  3046+95  47.18+83¢ 5421+17.3° 4 12057 0.000
Clutch weight (n = 10) 1854+42°  2210+40% 2259+45%  2393+48  31.75+48 4 11.81 0.000
Egg number/clutch (n = 10) 817.7 £ 22312 1009.0 + 223.1° 1029.1+226.9° 1058.5+ 145.7> 1739+ 2144c 4 32.54 0.000
Egg weight (n = 10) 0.0229+01°  0.0221+0.1° 00220£0.1° 0.0227+012  0.0184+01>° 4 445 0.004

Different letters between columns indicate significant differences at 5% using the Tukey-test as a post hoc test; X + sd — mean * standard

deviation; CD — control diet; ED,—ED , — other diets.
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highest for the ED, group (14.87%) with that of the other
groups approximately equal (13.16-13.90%) (Fig. 2).

The fat content and fatty acid profile of the fat of 20-day-
old larvae, is very dependent on the diet (Table 5). The
highest level of saturated fatty acids (SFA) in larvae was
recorded for ED,. In addition, this group also has the high-
est level of unsaturated fatty acids (UFA), which also re-
flects the high UFA content of this diet (ensured by soy-
bean meal).

Of the saturated fatty acids, palmitic acid (C16: 0) was
quantitatively higher in the fat of larvae reared on ED,
(197.88 mg/g). In the fat of larvae reared on ED,, approxi-
mately equal amounts of SFA and UFA (212.6 vs 205.4
mg/g) were recorded. The UFA/SFA value decreased from
1.36 to 0.78 in the larvae reared on diets in which the pro-
portion of unsaturated fatty acids (UFA) was least (Table
3).

The highest concentration of linoleic acid (C18: 2 n-6)
was recorded in the fat of larvae reared on ED,, which con-
tains the highest level of soybean meal and the concentra-
tions in the larvae reared on the other diets decreased as the
proportion of soybean meal in the diet decreased. This is
also reflected in the degree of fat polyunsaturation (PUFA/
SFA), being highest in the groups where the amount of
soybean meal in the diet was highest (0.75 in ED, and ED,)
(Table 3).

Concentration of monounsaturated fatty acids (MUFA),
such as, oleic acid (C18: 1 cis-9), also depended on their
concentrations in the diets, with 47.7 mg/g (ED,) and 90.3
mg/g (ED,) (Table 3).

Egg clutches

The weight of the clutches of eggs laid by the flies reared
on CD is significantly lower (p <0.05) than that of those
reared on ED, and ED, (Table 4). The flies reared on ED,
laid the heaviest clutches and the highest number of eggs
per clutch (p<0.01). However, the weights of individual
eggs laid by these adults was significantly lower (p <0.05)
than those laid by adults reared on the other diets, between

doi: 10.14411/eje.2021.030

which the differences were insignificant (p>0.05) (Table
4).

The above relationships are supported by the positive
coefficients of the Pearson correlations between the weight
of a clutch of eggs and number of eggs per clutch, and the
energy contents of the diets, as well as with the fat reserves
of larvae (Table 5).

DISCUSSION

Effect of the energy content of the diet on the
growth and development of H. illucens

The greater the energy content of a rearing diet the heav-
ier the H. illucens reared on that diet (p<0.01). Up to the
age of 10 days, larval growth on all diets was similar, in-
dicating an intense metabolism. Individuals from ED, diet
had a higher body weight (p<0.01) before the prepupal
stage, which corresponds to a larval age of 28 days (Fig.
1). The lower body weights of the early larval stages of
individuals reared on ED, which increase greatly the latter
phase of growth is also mentioned by Jucker et al. (2017).
Our results confirm that the duration of larval development
was significantly longer (p <0.05) on the diet composed of
mixed fruits and vegetables than on the other diets. Other
studies indicate that, on this type of substrate, the duration
of larval development can be up to 30 days (Meneguz et
al., 2018) or even longer (Jucker et al., 2017). Similarly,
Srikanth & Sharanabasappa (2021) report that the duration
of larval development when reared on different fruits and
vegetables is 28—29 days. For this species, fruit and vegeta-
ble substrates are their natural source of food and the one
to which it is optimally adapted (Tomberlin & Sheppard,
2002). This is supported by our results that indicate the
growth and development processes are uniform through-
out the larval stages, which increase in weight right up to
the prepupal stage. Meneguz et al. (2018) report that there
are no significant differences between the weight of the
larvae reared on particular fruit and vegetable substrates.
The weight of the larvae reared on ED, is higher than that
previously reported by Jucker et al. (2017) (154.0 mg),

Table 5. Pearson correlation coefficients of the relationships between the different features of H. illucens (N = 8) monitored and the energy

contents of their diets.

Correlation Interactions p fici
number Factor A Factor B earson coeficient (r)

1 Weight of 10-day-old larvae 0.935***
2 Weight of 20-day-old larvae 0.983***
3 Fat content of 10-day-old larvae 0.976**
4 Fat content of 20-day-old larvae 0.986***
5 Prepupal weight Metabolisable energy in diets 0.890**
6 Pupal weight 0.974**
7 Male imago weight 0.996***
8 Female imago weight 0.927***
9 Weight of a clutch of eggs 0.989***
10 Weight of a 10-day-old larvae 0.874**
11 Weight of a clutch of eggs Fat content of larvae 10-days old 0.887*
12 Number of eggs in a clutch 0.776*
13 Weight of 20-day-old larvae 0.949***
14 Weight of a clutch of eggs Fat content of larvae 20-days old 0.982***
15 Number of eggs in a clutch 0.932***

Significance: * significant difference; ** very significant differences; *** highly significant differences.
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Fig. 3. A — Percentage loss of body weight by the non-feeding stages of Hermetia illucens (relative to the initial weight of the prepupae)
reared on the different diets (CD-ED,). B — Relative amounts of the initial mass of prepupae dissipated and invested in reproduction when
reared on each of the diets (CD-ED,) (spent energy = prepupal weight — weight of exuviae — weight of imago — weight of egg clutch;
Invested energy = weight of exuviae + weight of imago + weight of egg clutch).

Meneguz et al. (2018) and Bruno et al. (2019). Recently,
Srikanth & Sharanabasappa (2021) report that the mean
weights of last instar larvae, reared on particular fruit and
vegetable substrates, is 0.18 g and 0.17 g, which is lower
than the 0.33 g we recorded (Fig. 1).

The larval weight recorded for the Gainesville diet
(241.8 mg) is greater than that previously reported by
Harden & Tomberlin (2016) (178.4 mg) and Miranda et
al. (2020) (175-200.0 mg). However, it is close to the
weights reported by Jucker et al. (2019) (235.0 mg) and
Bruno et al. (2019) (218.0 mg). The effect of the quality of
the substrate on larval body weight is is reported in other
studies (Nguyen et al., 2015; Jucker et al., 2017; Wang &
Shelomi, 2017; Barragan-Fonseca et al., 2018). Thus, Bava
et al. (2019) report a higher larval weight (229.0 mg) when
reared on a substrate with a protein content of 17.0% and
fat content of 4.0% than on a substrate with a higher pro-
tein content (39.2%) and similar fat content (17.2%) (197.0
mg larval weight). These authors conclude that a high nu-
tritional value of the rearing diet does not necessarily result
in heavier individuals. The findings of Cammack & Tomb-
erlin (2017) indicate that protein and carbohydrates in a
ratio of 1:1 and a 70% substrate humidity are optimal for
larval development and a lower consumption food.

The duration of larval development on diets, other than
Gainesville and mixed fruit and vegetables, is between
15.8 and 26.8 days (Barragan-Fonseca et al., 2018), which
is similar to the durations of the larval development record-
ed on the ED ~ED, diets.

The duration of the prepupal stage was not significantly
affected (p>0.05) by the energy contents of the diets. The
weights of the prepupae reared on the different diets dif-
fered significantly (p<0.01). The lightest prepupae were
those reared on the control diet (153.0 +27.1 mg) and heav-
iest those reared on ED, (229.75 + 28.2 mg). The weights
of the prepupae reflect the energy contents of the diets they
were reared on (Pearson r = 0.890) (Table 5). The prepu-
pal weights recorded in this study are higher than those
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reported by Cammack & Tomberlin (2017) and Miranda et
al. (2020) (170-180 mg) for prepupae reared on the same
type of substrate (Gainesville diet). Hoc et al. (2020) re-
port prepupal weights for larvae reared on a poultry feed
(200.04-251.16 mg), which are comparable to those record
in the present research on the control diet (241.8 mg).

The pupal weights reflect the differences (p<0.01)
in those of the previous stages of H. illucens, with those
reared-on diets with high energy contents having the high-
er pupal weights (Pearson r = 0.974). The pupal weight
recorded for the ED, diet is higher than that for the other
diets (Table 2). Comparable values are reported by Jucker
et al. (2019) for pupae, from larvae reared on the standard
diet (142.0 mg). Shrikanth & Sharanabasappa (2021) re-
port that pupae developing from larvae reared on vegetable
and fruit substrates have a mean weight close to those we
recorded for ED, (0.17 and 0.16 vs. 0.20 g/pupae).

The difference in the weights of the flies was (p<0.01)
correlated with the energy content of the rearing substrates
(Pearson r = 0.927-0.996). Thus, the lowest weight was
recorded for the control and the highest for ED, (Table 2).
Jucker et al. (2020) report comparable weights for males
(27.2 mg) and females (32.4 mg). Our results confirm that
females are heavier than males. The lifespan of flies was
8-11 days, which overlaps that reported by Miranda et al.
(2019), who report 4.7-8.2 days and Heussler et al. (2018)
4-15 days.

Importance of fat accumulated by larvae
for subsequent development

Body weight loss in post-feeding stages of Hermetia il-
lucens is due to the stored fat being used exclusively for
reproduction, which is entirely dependent on the energy
reserves (fat-body) accumulated during the larval period.
These losses increase with increase in body weight (Fig.
3A) and are associated with costs of the metabolic process-
es associated with metamorphosis. However, the heaviest
adults invested the most energy in egg clutches (Fig. 3A).
On diets CD-ED,, the body mass losses associated with
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Fig. 4. Available energy reproductive conversion index according
to diets (CD-ED,).

metamorphosis is greater than that associated with produc-
ing egg clutches (Fig. 3B). Only in ED, was the energy
dissipated lower than the energy invested, possibly due to
their adaptation to this type of food (fruit and vegetables),
which results in a higher final energy reserve for investing
in reproduction and oviposition (Fig. 3B).

The ratio between energy invested in exuviae, imago
dead and egg clutches and energy losses due to develop-
ment of the post-feeding stages, is more favorable as the
energy availability from feed converted into fat-body re-
serves is higher (Fig. 4). The ratio between energy invested
and energy spent is higher than 1.0 in the ED, which indi-
cates that the heaviest individuals invested a higher amount
of energy in clutch quality than in post-feeding processes
(Fig. 4).

Effect of the energy content of the diets on fat
storage and fatty acid profiles of larvae

The results show that the amount of fat in 10 day-old
larvae of Hermetia illucens is strongly associated with the
energy content of their diets (r = 0.976) (Table 5). The feed
energy accumulation in the form of lipid tissue was previ-
ously reported by Barragan-Fonseca et al. (2018) for larvae
reared on diets with different energy contents. Our results
are in the range reported in the literature review (7-39% of
DM) of Barragan-Fonseca et al. (2017), which also high-
lights the influence of the rearing diets on larval develop-
ment.

The fat content of 20 day-old larvae (Fig. 2) is also
strongly associated with the energy content of their diets
(r = 0.986) (Table 5). Usually, rearing on substrates with
high fat and carbohydrate contents are associated with high
concentrations of fat in larvae (Zheng et al., 2012). There-
fore, the high fat content of larvae reared on the ED, diet
may be due to a high utilization of carbohydrates (Arrese &
Soulages, 2010; Meneguz et al., 2018), as insects can con-
vert carbohydrates into lipids (Inagaki & Yamashita, 1986;
Spranghers et al., 2017). The purpose of converting carbo-
hydrates into body lipids is primarily to provide an energy
source for adults (Tomberlin & Sheppard, 2002; Hoc et
al., 2020) and secondly it decreases the evapotranspiration
from larvae because of their high body surface to volume
ratio (Downer & Matthews, 1976). This may account for
the higher larval growth recorded on diets with the highest
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energy contents and indicate that the metabolism of the lar-
vae of Hermetia illucens is especially adapted to convert-
ing the energy in their food into biomass, especially in the
form of fat (lipid reserves). This is also suggested by Oon-
incx et al. (2015), based on the rapid development of lar-
vae (in 21 days) when the substate they fed on included a
high amount of fat (9.5%). Barragan-Fonseca et al. (2019)
also report that larval yield is higher on diets with a high
carbohydrate content (55%) and the larvae contain high
amounts of fat. Li et al. (2015) report that the addition of
high energy ingredients (such as glucose and xylose) to the
rearing substrate results in an increase in fat body content
of the larvae up to a maximum of 34% of DM. Cammack &
Tomberlin (2017) report accelerated development of larvae
of Hermetia illucens, associated with a lower food intake,
if the ratio of protein to carbohydrates in the diet is 1: 1.
Similary, the accumulation of fat by the larvae of Hermetia
illucens, which is used by the no-feeding stages, is also
reported by Spranghers et al. (2017), who report a fat con-
tent of 37.1% of DM in prepupae. Caligiani et al. (2018)
report a fat content of 34.1% of DM using similar rearing
substrates.

Our results are in accordance with those in the literature
and the very similar fat content of 37.36% of DM reported
by Jucker et al. (2020) for larvae reared on a diet of fruit
and vegetables, which is higher than the 32.97% of DM
reported by Gianetto et al. (2020) for larvae reared on the
same type of substrate. Our values and those of the authors
cited are within the limits of the fat contents reported by
Scala et al. (2020), which are between 20.1-36.1% for lar-
vae reared on a fruit and vegetable substrate. On the stand-
ard diet, the larval fat values are similar to those reported
by Danieli et al. (2019) for prepupae (33.0% of DM). Pa-
mintuan et al. (2019) report higher values (40.55%) for lar-
vae reared on a waste vegetable substrate.

The fatty acids profiles of the fat in larvae, prepupae and
pupae is strongly associated with the nature of the larval
rearing substrate (Barragan-Fonseca et al., 2017; Smets et
al., 2020). Some of the nutrients in the substrates are as-
similated by larvae (Ewald et al., 2020) and are present
in the prepupae and pupae (Smets et al., 2020). Therefore,
the nutritive reserves accummulated by the larvae are the
resource that ensure the successful development of the non
feeding stages.

The fat profile of Hermetia illucens larvae is character-
ized by a high percentage of saturated fatty acids (60—70%
of FAME) and lower percentage of unsaturated fatty acids
(30-40%) (Barragan-Fonseca et al., 2018; Gianetto et al.,
2020; Hoc et al., 2020; Jucker et al., 2020; Saadoun et
al., 2020). In the present research, this was also recorded
for the fats in larvae reared on the control diet (56.05%
saturated fatty acids and 43.95% unsaturated fatty acids).
This is similar to that reported by Jucker et al. (2020) for
larvae reared on the standard diet (60.1% SFA and 30.0%
UFA). On this diet, similar results to those of Saadoun et al.
(2020) were recorded for MUFA (131.36 vs 131.8 mg/g).
Approximately equal percentages of SFA and UFA were
recorded for ED, (50.86% saturated fatty acids and 49.14%
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unsaturated fatty acids), which is in accordance with that
reported by Jucker et al. (2017), who obtained a higher
level of SFA than UFA in larvae reared on the same type
of substrate. Similar results to those presented here are re-
ported by Meneguz et al. (2018) for SFA (212.6 vs 220.6
mg/g) and oleic acid (74.37 vs 65.9 mg/g).

In the larvae reared on the ED ~ED, diets, in which the
soybean meal was rich in unsaturated fatty acids, there
was a similarly high level of unsaturated fatty acids (Table
3). The concentrations of unsaturated fatty acids in the fat
of larvae reared on these diets was higher than that of the
saturated fatty acids, being between 55-58%. This is sup-
ported by the high UFA/SFA values (1.23—1.36) recorded
for these larvae (Table 3). Jucker et al. (2017) report lower
PUFA/SFA values for larvae (0.37 vs 0.46) reared on a diet
of fruit and vegetables. Among the PUFAs, the predomi-
nant acid is linoleic acid, which was previously reported
by Barroso et al. (2017) and Liland et al. (2017) (11.8—
55.9%). Among the MUFAs, the most abundant were pal-
mitoleic and oleic acids, which is in accordance with the
results of the previously cited authors. Moreover, Hoc et
al. (2020) report that the structure of larval fats and that of
the prepupa in terms of the fatty acid profile are the same.
These results clearly indicate that the composition of the
diets directly influenced the chemical composition of the
larvae of Hermetia illucens and the nutritional quality of
their fats, in terms of fatty acid content.

Effect of the energy content of the diets
on the quality of egg clutches

The quality of the egg clutches is significantly associ-
ated (p <0.01) with the energy content of the diet the larvae
were reared on (Table 4). For ED; which has a high energy
content, the average weight of a clutch of eggs and number
of eggs in a clutch were significantly higher (p <0.05) than
for the control diet. In addition, associated with the high
energy content of the fruit and vegetable diet (ED,) were
significantly higher (p<0.01) weights of the clutches of
eggs and number of eggs than for all the other diets. That
is, the energy reserves accumulated by the actively feeding
larvae clearly influenced the quality of the eggs.

Bertinetti et al. (2019) report that the average weight of a
clutch of eggs of H. illucens is 27.10 mg, when reared on a
substrate composed of wheat bran (75%) and poultry feed
(25%), being higher than those obtained by us in group
ED, (23.93 mg), but lower than that for ED, (31.75). The
average weight of a clutch of eggs recorded for the control
diet (18.54 mg) is higher than that reported by Tomber-
lin & Sheppard (2002) for H. illucens reared on the same
substrate (14.5 mg). The average number of eggs laid by
females reared on CD-ED, diets, are higher than those pre-
viously reported by Barros et al. (2019) (620-700 eggs),
but comparable with those reported by Kim et al. (2008)
(1001 £ 247 eggs) and Bertinetti et al. (2019) (1060 eggs).

The present research does not reveal an obvious effect
of the energy content of the diet in terms of the UFA/SFA
value on the quality of eggs (weight and number of eggs/
clutch). However, it should be noted that the clutches laid

304

doi: 10.14411/eje.2021.030

by H. illucens reared on ED,, were of high quality and as-
sociated with approximately equal amounts of UFA and
SFA (0.97).

In conclusion, the energy content of the rearing substrate
directly influences larval body weight and indirectly that
of the no-feeding stages. The larval body fat reserves are
strongly correlated with the energy contens of the sub-
strates. The quality of the fats in the rearing substrate influ-
ences the fatty acid profile of the fat stored by larvae. The
energy stored in the fat-body directly influences the quality
of the egg clutches.
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