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ARTICLE INFO ABSTRACT

Keywords: Development of sustainable aquaculture practices is a suitable solution to reduce the pressure on overexploited
Aquaculture stocks of the Mediterranean sea urchin, Paracentrotus lividus, and to respond to the increasing market demand. To
Sea urchins move forward the Blue Growth and following the principles of circular economy, a three-month feeding
S;Lte experiment was conducted to test a sustainable feed based on food processing discards on sea urchins. Two feed

formulations differing on the proportions of the two main ingredients (endive outermost leaves and European
anchovy discards in a ratio of 60:40 and 80:20 respectively) were prepared and tested on P. lividus gonad yield,
development and quality. The results were compared with those of wild sea urchins to assess the differences with
natural patterns. Both feed formulations promoted gonad growth resulting in a significantly higher percentage
increase in gonad biomass compared with wild specimens (490%, 330% and 78% increase in gonad weight in the
feed 60/40, 80/20 and wild sea urchins respectively). Similarly, GSI of reared sea urchins varied by about 3-12%
and 14% for sea urchins fed with feeds 80/20 and 60/40 respectively, while that found in wild sea urchins varied
by about 3-5%. Gonad development was also boosted by the provision of the sustainable feed, as sexual
maturation was faster in reared specimens than in wild ones. At the end of the trial, reared sea urchins showed
also a very high (> 90%) frequency of marketable gonad colour. Lastly, the formulation with a more balanced
vegetal/animal ratio (feed 60/40) gave the best results overall, combining the highest GSI and the best gonad
colouration. Outcomes of this study confirm the suitability of food processing discards as ingredients for sea
urchin feeds, although further research is needed to evaluate the effects on nutritional quality and organoleptic
features of sea urchin gonads.

Circular economy
Blue growth

1. Introduction

Sea urchin gonads, also known as roe, are a prized seafood product
worldwide. Consequently, a dramatic reduction of natural stocks of sea
urchin commercial species, due to uncontrolled over-exploitation, has
been recently observed (Lawrence, 2013; Pais et al., 2011; Yeruham
et al., 2019). In many countries of the Mediterranean area, Paracentrotus
lividus (Lamarck, 1816) is the most exploited sea urchin for commercial
purposes, with substantial detrimental impacts on local populations and
the whole ecosystems (Guidetti et al., 2004; Pais et al., 2007). In
particular, France has one of the oldest artisanal sea urchin fisheries, but
also in Spain and Italy purple sea urchins are widely harvested as gonads

are traditionally considered a delicacy (Stefansson et al., 2017). The
introduction in the last century of new fishing methods, together with
the spread of illegal and unlicensed fishing, contributed to the over-
exploitation of P. lividus natural populations (Addis et al., 2012; Carboni
et al., 2014; Fernandez-Boan et al., 2012), despite the existence of local
laws for managing and regulating its catches (Fernandez-Boan et al.,
2012; G.U.R.I, 1995).

The development of sustainable and effective aquaculture practices
could be a valuable solution to reduce the pressure on natural sea urchin
stocks and satisfy its market demand (Carboni et al., 2013). However,
today echinoculture is still based on harvesting sea urchins, due to the
lack of proper sea urchin hatcheries able to provide juveniles (Rubilar
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and Cardozo, 2021) and the low growth rates of juveniles to reach
marketable size (Boudouresque and Verlaque, 2007). Moreover, another
critical bottleneck for echinoculture, and for aquaculture in general, is
the exploitation of natural resources as ingredients for feed production
(e.g., kelp, seaweeds, fish oils and meals). While the consumption of
natural resources is critical to obtain high-quality gonads, their use in
the feed industry is not sustainable for several ecological, economic and
management reasons (Pearce et al., 2002). Size, colour, taste, and
firmness of the gonads are strictly related to the proper nutritional
quality of the diet provided and, at the same time, they strongly influ-
ence the gonad market value (Baiao et al., 2019; Cuesta-Gomez and
Sanchez-Saavedra, 2018; Stefansson et al., 2017). At the same time,
large-scale harvesting of natural resources is very expensive, may
compromise their population dynamics, viability and ecosystem func-
tioning, and may promote conflicts with other marine users (Pearce
et al., 2002). Therefore, the reuse of by-products and wastes, by
reducing the exploitation of natural resources, is to be considered as a
valuable solution to move towards a sustainable approach in echino-
culture, in agreement with the circular economy principles (de la Caba
et al., 2019).

Food loss and waste have been steadily increasing worldwide,
reaching about 1.3 billion tons per year, with one-third of food for
human consumption being lost or wasted throughout the food retail
chain, with strong socio-economic and environmental implications
(Gustavsson et al., 2011). A large amount of food loss consists of fruits
and vegetables, whose inedible parts are discarded during collection,
handling, transportation, and processing steps (Gustavsson et al., 2011).
This high amount of vegetal biomass with a high fibre, protein and
mineral content might instead be recycled and returned to the food
chain as raw material (Laufenberg et al., 2003). Similarly, fish pro-
cessing discards, such as organs, skin, bones, cut-offs, and damaged or
spoiled fish from fisheries and aquaculture industries, are a global issue
nowadays, as they amount to about a third of the fish mass processed
(Kim and Mendis, 2006). Despite the low economic value, these
by-products have a high nutritional content, due to a high amount of
proteins, minerals and lipids, as well as being an extremely valuable
source of bioactive molecules (Esteban et al., 2007; Kim and Mendis,
2006; Olsen et al., 2010). In particular, fish processing discards are
natural sources of essential fatty acids, especially eicosapentaenoic acid
(EPA) and docosahexaenoic acid (DHA), which are required by fish for
growth, reproduction and disease resistance (Glencross, 2009). Under
the assumption that food processing discards have a high potential to be
exploited, their use in aquaculture feed production is increasingly taken
into account (Bimbo, 2007). First promising attempts to use fish pro-
cessing discards as valuable resources in aquaculture date from about
the year 2000 (Kotzamanis et al., 2001; Turchini et al., 2003). Similarly,
increasing attention was focused on the exploitation of vegetal discards
as an ingredient for sustainable feeds. Kang et al. (2010) highlighted
higher growth rates in the juveniles of the white-leg shrimp Litopenaeus
vannamei (Bonne, 1931) fed with papaya wastes. Luo et al. (2014)
showed an improvement of gonads flavour in the sea urchin Strong-
ylocentrotus intermedius (Agassiz, 1863) fed with banana peels. More
recently, Mo et al. (2020) recorded weight gain for the grass carp Cte-
nopharyngodon idellus (Valenciennes, 1844) fed with a mix of cereal,
meat and fruit wastes. These studies confirmed that the introduction of
practices of circular economy in feed production may allow turning
wastes into resources. This approach could indeed reduce the reliance on
high-cost and qualitatively scarce resources, such as fish oil and meal,
matching the purpose of Blue Growth, namely the socio-economic
growth based on sustainability and biodiversity protection of marine
systems and resources (Eikeset et al., 2018). In this context, Ciriminna
et al. (2020) assessed the suitability of food processing discards as in-
gredients for P. lividus diet. Outermost leaves of endive Cichorium endivia
(Linnaeus, 1753), usually discarded before the sale, and processing
discards of the European anchovy Engraulis encrasicolus (Linnaeus,
1758), mainly fins, skin, bones and offal, were used as the main
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ingredients based on the high content in carbohydrates (especially from
endive leaves: ~ 65%), proteins and lipids (especially from anchovy
discards: ~ 40% and 15% respectively) (Ciriminna et al., 2020). A new
sustainable feed was produced and tested as a sea urchin diet, showing
very promising results in nutritional content and quality (e.g. ratio
®3/06 fatty acids from 2.5 to 4), good stability in seawater (mean feed
loss < 40% after 72 h), palatability (mean ingestion rate: 107 mg day ™)
and absorption efficiency (31%), confirming its suitability for feeding
sea urchins (Ciriminna et al., 2020). Here, the suitability of the sus-
tainable feed for rearing sea urchins was further evaluated by testing its
effects on gonad production, development and colour in adult P. lividus
reared indoor for 3 months. In more detail, the performance of two
formulations of the new sustainable feed on gonad somatic index, gonad
maturity stages and colour of reared sea urchins was tested, and results
were compared with those obtained from wild specimens. The main
goals were: i) to evaluate the potential of the new sustainable feed as a
sea urchin diet, compared to natural patterns observed in wild sea ur-
chins collected in the same sampling area; ii) to assess the best pro-
portion of vegetal and animal ingredients from food industry discards
promoting the best production and quality of sea urchin gonads.

2. Materials and methods
2.1. Feed formulations

A sustainable feed based on food processing discards was produced
following the protocol developed by Ciriminna et al. (2020). Briefly, two
feed formulations were prepared using outermost leaves of endive
Chicorium endivia (Linnaeus, 1753) and European anchovy Engraulis
encrasicolus (Linnaeus, 1758) processing discards (mainly fins, skin,
bones and offal) plus a low amount (2.5 %) of agar (Agar-Agar fine
powder 100% Food Grade, Intra Laboratories, UK) as a binder. The two
main ingredients were mixed in different proportions to prepare the two
feed formulations: (i) the “feed 60/40” was characterised by overall
equilibrated proportions of the two ingredients (i.e. about 600 and 400
g kgl dry weight of endive and anchovy discards respectively), and (ii)
the “feed 80/20” was characterised by a higher relative amount of
vegetal ingredients (i.e. about 800 and 200 g kg™ of endive and anchovy
discards respectively). To prepare the feed, agar was dissolved into
boiling MilliQ distilled water (385 g 1"!). Then, the solution was allowed
to cool to about 60 °C and mixed with the main ingredients. The ob-
tained mixtures were manually transformed into cylindrical pellets (0.5
cm diameter, ~2 cm length, ~1 g wet weight), using 35 ml syringes,
air-dried at room temperature (24 °C) for 24 h and then stored a —20 °C
until provision.

The proximate composition of the feed formulations was determined
according to Ciriminna et al. (2020) and highlighted a high nutritional
value of both formulations with the one with the higher amount of

Table 1
Ingredients and proximate composition of the two feed formulations.

Feed Formulation

Ingredients (g kg™ dw) Feed 60/40 Feed 80/20
Cichorium endivia 587.5 787.5
Engraulis encrasiculos 387.5 187.5

Agar 25.0 25.0
Proximate Composition (g kg™ dw)

Lipid 138.0 96.2
Protein 294.8 264.9
Carbohydrates 321.3 423.2

Ash 245.9 215.9

Mean proximate composition of the feed ingredients from Ciriminna et al.
(2020): Cichorium endivia outermost leaves: lipid: 38.0, protein: 191.4, carbo-
hydrates: 644.2, ash: 126.3 g kg™' dw. Engraulis encrasicolus processing discards:
lipid: 140.1, protein: 405.8, carbohydrates: 43.4, ash: 410.7 g kg! dw.
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vegetable ingredient (feed 80/20) being richer in carbohydrates, and the
other (feed 60/40) richer in protein and lipid content (Table 1).

Lipids were measured following a slightly modified version of the
Bligh and Dyer (1959) method: a solution of MilliQ distilled water,
methanol (CARLO ERBA Reagents, Chaussée du Vexin, France) and
chloroform (Panreac Quimica Sau, Barcelona, Spain) ratiol:2:1 (v:v:v)
respectively, with 0.01% of butylated hydroxytoluene (Sigma-Aldrich®,
St. Louis, United State of America) as an antioxidant, was added to
ground sub-samples of freeze-dried feed bars. Samples were then soni-
cated to improve lipid extraction and centrifuged twice to separate the
lipid phase from the aqueous phase. The lipid extracts were evaporated
to dryness under a gentle nitrogen stream and weighed. Protein content
was estimated by analysing the total nitrogen content in an Elemental
Analyzer (FlashEA® 1112, Thermo Fisher Scientific, Monza, Italy),
which was subsequently converted in protein content by applying a
conversion factor of 6.25 (Horowitz and Latimer, 2006). Ash content
was assessed by combustion in a muffle furnace (ZB/1, Asal s.r.l. Milan,
Italy) at 550 °C for 4 hr according to Nielsen (2010). Carbohydrates were
indirectly determined according to Baiao et al. (2019), by applying the
following formula: carbohydrates = (100 — (ash + protein + lipid)).

2.2. Feeding trial

The feeding trial was conducted on adult sea urchins, as they allocate
more energy for reproduction than juveniles (Fabbrocini and Adamo,
2010; Fernandez and Boudouresque, 2000). In the experiment, sea ur-
chins fed on the two new formulations were compared with the natural
development of wild sea urchins. Natural diets (i.e. macroalgae) were
not included in the experiment because of (i) the low performance of
algal diets on Paracentrotus lividus (Lamarck, 1816) gonad yield and
quality, as already found in a previous study conducted under the same
experimental conditions (Vizzini et al., 2014); (ii) the low sustainability
of algal diets in aquaculture and hence the low relevance to the objec-
tives of the present study.

In October 2015, about 160 wild specimens of P. lividus of similar size
(mean test diameter TD + standard deviation: 41.2 + 5.3 mm) were
collected by SCUBA divers at Cala Rossa, Terrasini (38°8°34.47” N;
13°4’15.99” E; northern Sicily, Italy, Mediterranean Sea) and trans-
ported to laboratories within seawater-filled oxygenated containers. The
sampling area was overall characterised by a meadow of Posidonia oce-
anica (L.) Delile, 1813, patches of the macroalgae Cystoseira (C. Agardh,
1820) spp. and Dictyota (J.V. Lamouroux, 1809) spp. growing on a rocky
bottom (author’s observations). In the laboratory, 20 specimens were

a) Tank system top view

b) Tank system

¢) Mechanical filters

d) Refrigeration system + UV lamp
e) Biological filter
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randomly collected, weighed and sacrificed to evaluate the initial gonad
conditions in terms of biomass, gonad somatic index, maturity stage and
colour (TO - Wild). Other 140 specimens were transferred into a 150 L
tank and kept fasting for 15 days, for acclimatising to laboratory con-
ditions and standardising the relative food appetence before the onset of
the feeding trial without affecting gonad production (Pearce et al.,
2002). After the fasting period, other 20 specimens were randomly
collected and sacrificed to evaluate the potential effects of fasting (TO -
Fast) on the gonad conditions. The remaining 120 sea urchins were
randomly divided into two groups of 5 tanks with 80 L capacity (in total,
10 tanks with 12 specimens per tank) in a recirculating aquaculture
system (RAS) (Fig. 1). Each group corresponded to a feed formulation
(feed 60/40 and feed 80/20, respectively). The animals were fed ad
libitum every 72 h, for 12 weeks (~ 3 months, October 2015 - January
2016), which was considered a suitable period for assessing the effects of
controlled feeding according to the literature (Carboni et al., 2015;
Schlosser et al., 2005; Vizzini et al., 2014). Before each round of feed
provision, feed particle leftovers and sea urchin faeces were carefully
siphoned from each tank. The RAS was equipped with common sand
filter, bio-filter and protein skimmer to maintain optimal water quality
conditions. Moreover, the environmental conditions in the tanks were
kept stable throughout both the fasting period and the feeding trial, with
seawater temperature: 20.0 + 1.0 °C, salinity: 38.0 & 0.5, photoperiod:
8 h light and 16 h dark and continuous water flow in/out: 5 L minl,
Ammonia levels (mean + s.d.: 0.034 + 0.005 mg 1'1), pH (8.07 + 0.04)
and oxygen saturation (always > 90%) were measured daily in effluent
water from each tank.

Every 4 weeks (T1, T2, T3 corresponding respectively to November,
December 2015 and January 2016), 4 specimens were randomly
collected from each tank, for a total of 20 specimens for each feed
formulation. At the same experimental times, wild sea urchins of similar
size (43.1 &+ 3.7 mm) were also collected (15-20 specimens each time
depending on availability in nature) from the same coastal site, to allow
the comparison over time between reared and wild specimens. After
each sampling, wild sea urchins were kept for 24 h in an 80 L tank of the
same experimental RAS, to empty their gut and avoid biases in the next
weight measurements. For the same reason, reared sea urchins were
collected and measured before feeding provision. No mortality was
recorded throughout the experimental period.

Total weight (TW) measurement was performed from TO to T3 using
an electronic balance (Sartorius BL120S d +0.01 mg). Then, the
weighted sea urchins were sacrificed to record the gonad wet weight
(GW) and calculate the gonad somatic index (GSI) as:

M Feed 60/40 [1 Feed 80/20

Fig. 1. Scheme of the indoor recirculating aquaculture system (RAS) used for the feeding trial with Paracentrotus lividus Lamarck (1816). Five 80 L tanks were
randomly assigned to both experimental feed formulations (feed 60/40 and feed 80/20).
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GSI = GW/TW x 100.

After TW and GW measurement, one of the five gonads of each
sacrificed sea urchin was taken for microscopic (Leitz DMRB, Leica,
Wetzlar, Germany) determination of sex. Then, a subsample of 6 female
specimens and 5 male specimens for each formulation was randomly
selected for histological analysis aiming at confirming the sex and the
maturity stage. Selected gonads were dehydrated, embedded in paraffin,
dissected in 7 um thick slices using a microtome (5040 Rotary Micro-
tome, Bright Instuments, Huntingdon, United Kingdom) and stained
with the alcian blue-periodic acid Schiff reagent (AB/PAS) method.
Gonads (both ovaries and testis) were preliminarily categorised ac-
cording to morphologically criteria on a scale of gamete maturity phases
and nutritive deterioration of gonads (Byrne, 1990). Therefore, the
stages of the P. lividus gametogenic cycle were classified into six cate-
gories: stage I, recovery; stage II, growing; stage III, premature; stage IV,
mature; stage V, partly spawned; stage VI, spent (Byrne, 1990).

To assess the colour, gonads were placed in clean Petri dishes and
compared with Pantone® colour standards chart (Colour Formula Guide
1000, 1991) under standard artificial daylight (Reer, 4000 K) by three
expert observers, according to the literature (Symonds et al., 2007;
Vizzini et al., 2014, 2019). The observers assigned each specimen to a
single colour category among those defined by Shpigel et al. (2005):
dark orange (DO), pale yellow (PY), bright orange (BO), yellow-orange
(YO) and mango orange (MO), which were then classified in three
quality categories (I: inadequate, A: acceptable and E: excellent)

following Symonds et al. (2009).

2.3. Statistical analysis

Differences in gonad wet weight (GW) and gonad somatic index

Table 2
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(GSI) between sea urchins across time were tested using univariate
permutational analysis of variance (PERMANOVA, Anderson et al.,
2008). The factors Feed and Time were both fixed and orthogonal, the
former with 3 levels (Feed: Wild, feed 60/40 and feed 80/20) and the
latter with 4 levels (Time: TO, T1, T2, T3). Analyses were based on un-
transformed data resembled using Euclidean distance using the software
PRIMER 6 v3.1.10 & PERMANOVA+p20 (Plymouth, UK; Anderson
et al., 2008). When significant differences were found, pair-wise tests
were run as a posteriori check for significant effects.

3. Results
3.1. Gonad growth

Permutational analysis of variance (PERMANOVA) carried out on
gonad wet weight (GW) and gonad somatic index (GSI) data showed
significant differences for both factors Feed and Time and their inter-
action (Table 2a). In particular, GW showed a significant gradual in-
crease across time only in reared sea urchins, while GW of wild
specimens was significantly higher just at T3 than at TO (Fig. 2a). On the
other hand, while the three treatments did not differ significantly at TO,
sea urchins fed with the feed 60/40 presented significantly higher GW
than wild ones at all times starting from T1, while those fed with the feed
80/20 from T2. Moreover, the feeding treatment 60/40 showed also the
fastest increment of gonad weight over the trial (percentage GW in-
crease from TO to T3 = 78.1%, 329.0% and 488.8% for wild, feed 80/20
and feed 60/40 respectively), as well as the highest GW values at T3.

Similar to GW, wild sea urchins showed significant differences in GSI
only between T3 and TO, but also a fluctuating trend over the experi-
mental period (Fig. 2b). In contrast, all reared sea urchins presented a

Results of permutational analysis of variance (PERMANOVA) testing for differences in gonad weight (GW) and gonad somatic index (GSI) of Paracentrotus lividus

Lamarck (1816) between feed formulations, times and their interaction.

a) MAIN TEST GW GSI

Source of variation df MS Pseudo-F P(perm) MS Pseudo-F P(perm)

Feed 2 50.34 13.85 0.001 412.26 33.60 0.001

Time 3 86.39 23.77 0.001 507.63 41.38 0.001

Feed x Time 6 11.72 3.22 0.004 84.38 6.87 0.001

Residual 219 3.6 12.26

b) PAIR-WISE TESTS GW GSI

Within time between feeds t P(perm) Unique perms t P(perm) Unique perms

TO WILD vs FAST 1.25 0.215 901 0.58 0.541 995

T1 WILD vs FEED 60/40 1.82 0.029 963 1.82 0.071 998
WILD vs FEED 80/20 1.56 0.122 944 0.96 0.360 999
FEED 60/40 vs FEED 80/20 0.50 0.696 976 0.73 0.480 997

T2 WILD vs FEED 60/40 3.19 0.003 982 5.72 0.001 999
WILD vs FEED 80/20 2.67 0.014 973 4.18 0.001 998
FEED 60/40 vs FEED 80/20 1.16 0.274 957 1.37 0.178 997

T3 WILD vs FEED 60/40 4.13 0.001 984 6.50 0.001 997
WILD vs FEED 80/20 2.60 0.018 985 4.31 0.001 996
FEED 60/40 vs FEED 80/20 2.06 0.047 982 2.11 0.048 997

Within feed between times

WILD TO vs T1 0.25 0.808 913 1.97 0.066 996
TO vs T2 0.43 0.646 686 0.97 0.363 996
TO vs T3 2.01 0.043 975 1.96 0.032 995
T1 vs T2 0.22 0.843 960 0.80 0.440 998
T1vs T3 1.80 0.053 962 0.38 0.732 998
T2 vs T3 1.36 0.193 972 0.99 0.353 995

FEED 60/40 FAST vs T1 2.44 0.001 960 3.19 0.003 997
FAST vs T2 4.60 0.001 956 6.81 0.001 998
FAST vs T3 7.68 0.001 975 9.98 0.001 994
T1 vs T2 1.26 0.255 966 3.49 0.002 996
T1vs T3 3.44 0.001 978 6.40 0.001 996
T2 vs T3 2.34 0.025 968 2.78 0.011 996

FEED 80/20 FAST vs T1 2.36 0.024 960 2.19 0.038 996
FAST vs T2 4.41 0.001 942 5.06 0.001 997
FAST vs T3 6.34 0.001 973 7.00 0.001 998
T1 vs T2 1.10 0.264 956 2.60 0.013 997
T1 vs T3 2.81 0.009 978 4.43 0.002 998
T2 vs T3 1.95 0.059 965 1.85 0.075 998
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Fig. 2. (a) Gonad wet weight (GW, mean + standard deviation) and (b) gonad somatic index (GSI, mean =+ standard deviation) of sea urchins collected from the
natural environment (wild), and sea urchins fed with the two experimental feed formulations (feed 60/40, feed 80/20) across experimental times (T0-T3). Lowercase
letters on each panel indicate significant differences between times within feeds. The boxes on both panels indicate significant differences between feeds

within times.

significant increase in GSI throughout the trial, mirroring the patterns of
GW. The comparison between treatments highlighted comparable
values at TO, significant differences between wild and reared specimens
since T2 and between reared specimens (feed 60/40 > feed 80/20) only
at T3.

3.2. Gonad development

Histological analysis revealed overall a slower gonad development in
wild specimens than reared sea urchins (Figs. 3 and 4). Wild females
showed a gradual maturation across time, consisting of a decrease of the
frequency of the gonads found in the recovery stage (I), up to disap-
pearance at T3, and an increase of those found in the premature stage
(III) (Fig. 3). On the other hand, reared females showed a sharper pro-
gression in sexual development, achieving the mature stage (IV) at T2,
with a frequency of 50% of all the observed sea urchins, and remained
stable up to T3, regardless of the feed formulation provided (Fig. 3).

Similarly to females, wild males showed a decrease in the recovery
stage (I) and an increase in the premature stage (III) from TO to T3, but
the mature stage (IV) was not achieved (Fig. 4). Moreover, unlike fe-
males, reared males showed different patterns according to the formu-
lation provided. In more detail, the specimens fed with the feed 60/40
showed a faster development than the others (feed 80/20), with the
achievement of the premature stage (III) just one month after the start of
the feeding trial (T1), followed by a further increase up to achieve the

v
Ll
an

Relative frequency (%)

TO-Wild TI T2 T3 TO-Fast T1 TO-Fast TI T2 T3

WILD Feed 60/40 Feed 80/20

Fig. 3. Above: histological sections of female gonads. Stage I (recovery):
nutritive phagocytes begin forming a meshwork across the ascini. Stage II
(growing): nutritive phagocytes (NP) and early vitellogenic oocytes attached to
the ascinal wall (DO). Stage III (premature): oocytes at all stages of develop-
ment. Stage IV (mature): ovary packed with ova. Below: relative frequency
(n = 6) of the gametogenic stages of female sea urchins collected from the
natural environment (wild), and sea urchins fed with the two experimental
formulations (feed 60/40, feed 80/20) across experimental times (TO-T3).
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Fig. 4. Above: histological sections of male gonads. Stage I (recovery): primary
spermatocytes along ascinal wall (arrowheads). Stage II (growing): testis with
columns of developing spermatocytes (arrowheads) in the meshwork of nutri-
tive phagocytes (NP). Stage III (premature): premature testis with spermatozoa
(S) in the ascinal lumen and nutritive phagocytes (NP) around the periphery.
Below: relative frequency (n = 5) of the gametogenic stages of male sea urchins
collected from the natural environment (wild), and sea urchins fed with the two
experimental formulations (feed 60/40, feed 80/20), across experimental times
(TO-T3).

100% of all the observed gonads at the end of the trial (T3). In contrast,
the male specimens fed with the feed 80/20 achieved the premature
stage at T2, followed by a lower increase at T3, when immature gonads
were also found (Fig. 4).

3.3. Gonad colour

The assessment of gonad colour showed an excellent colouration (E)
at the beginning of the trial (T0) in almost 70% of both wild and fasted
sea urchins. This value increases up to about 90% if the categories “E:
excellent” and “A: acceptable” are summed together (Fig. 5). Wild
specimens showed an overall worsening of the gonad colour over time,
consisting of a sharp decrease of the frequency of the gonads with
excellent and acceptable colour (E + A) (from 90% to 47% at TO and T3
respectively) coupled with a marked increase of those classified as
inadequate (I) (from 10% to 53% at TO and T3 respectively). In contrast,
despite both groups of reared sea urchins showed an initial colour
worsening, especially those fed with the feed 80/20 (E + A gonad fre-
quency: from 90% to 55% at TO and T1 respectively), all the sea urchins
fed with the sustainable feed highlighted a subsequent and overall
improvement of the gonad colour (A+E gonad frequency: 95% at T3 for
both groups of reared sea urchins). However, the frequency of the go-
nads with excellent colour was always higher in those fed with the feed
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Fig. 5. Relative frequency of the gonad colour categories of sea urchins
collected from the natural environment (wild), and sea urchins fed with the two
experimental formulations (feed 60/40, feed 80/20), across experimental times
(TO-T3). Values are expressed as the percentage of specimens with gonads
within each colour category (E: excellent, A: acceptable, I: inadequate).

60/40 than in those fed with feed 80/20. In particular, at T3, the sea
urchins fed with the feed 60/40 showed about 90 + 5% of excellent and
adequate gonads, while those fed with feed 80/20 only about 55 + 40%
of excellent and adequate gonads. Less than 10% belonged to the
inadequate (I) category in both groups of reared sea urchins (Fig. 5).

4. Discussion

A sustainable feed prepared by recycling processing discards of en-
dive and common anchovy from the food retail chains was provided to
adult sea urchins Paracentrotus lividus (Lamarck, 1816), in controlled
conditions, to assess the potential of sustainable feeds based on the
circular economy principles for echinoculture. In more detail, sea ur-
chins were fed for 3 months with two feed formulations characterised by
a different ratio of vegetal vs. animal ingredients to evaluate the most
effective formulation promoting gonad production, maturation and
quality. The results were compared with those obtained in wild sea ur-
chins, aiming to evaluate differences with natural patterns. Overall, both
formulations led to a greater increase in gonad production in reared
P. lividus than in wild specimens, in terms of gonad wet weight (GW) and
gonad somatic index (GSI). Similarly, reared sea urchins showed faster
sexual maturation and a better gonad colouration than wild specimens,
confirming the high suitability of the sustainable feed as a diet for sea
urchins under farming conditions.

At the beginning of the trial, no significant differences in both GW
and GSI were highlighted between fast and wild sea urchins, indicating
that the fasting period did not lead to significant changes in gonad
biomass (Guillou et al., 2000; Raposo et al., 2019) and therefore con-
firming that is suitable for standardising the initial experimental con-
ditions without affecting gonad production (Pearce et al., 2002).
Afterwards, the significant increase in GW and GSI observed in the sea
urchins fed with the two experimental formulations after just one
month, suggests a rapid conversion of the provided feed nutrients into
gonad biomass, contributing to the higher gonad than somatic growth.
Indeed, gonads are the main nutrient storage organ as the nutritive
phagocytes of the gonads are responsible for both nutrient accumulation
and transfer into the developing gametes (Fabbrocini et al., 2012; Marsh
et al., 2013; Walker et al., 2015). For this reason, GSI is considered a
good indicator of diet nutritional quality, and high-quality feeds are
commonly associated with high GSI values (Carboni et al., 2015;
Cuesta-Gomez and Sanchez-Saavedra, 2016).

In contrast, the patterns of GW and GSI observed in wild sea urchins
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did not match perfectly and indicated a much more gradual and lower
increase over time, maybe due to a lack of a proper nutritional supply
across time (Byrne, 1990; Shpigel et al., 2004; Tenuzzo et al., 2012).
Although the growth of sea urchin gonads into the wild may benefit from
the low winter temperature and the short daylight period (Byrne, 1990;
Shpigel et al., 2004), it is also strongly influenced by food quality and
availability, which are typically fluctuant in the natural environment
(Cook and Kelly, 2007) differently from the constant and controlled
rearing condition. Although wild P. lividus can remove large amounts of
vegetal biomass to satisfy their nutritional requirements (Klinger, 1984;
Lawrence et al., 2020), their favourite food items (i.e. macroalgae) are
characterised by low concentrations of macro and micronutrients (Cook
et al., 2000; Fernandez and Boudouresque, 2000; Vizzini et al., 2014).
Therefore, it is likely that the ingestion of algal biomass (Cysoseira spp.
and Dyctiota spp. are abundant in the collection site) might have led to
scarce energy intake and consequently an imbalance between gonad and
somatic growth (Schlosser et al., 2005; Shpigel et al., 2005).

In contrast, although the controlled and stable condition of the
rearing system used for the feeding trial may have plaid a positive role,
the influence of diet on gonad growth is further confirmed by the
comparison between the two feeding treatments. Comparing the results
from reared sea urchins, it was evident, indeed, that the nutritional
differences between the two formulations played a key role in modu-
lating gonad production. Although P. lividus is considered an herbivore
(Bouduresque and Verlaque, 2007), the sea urchins fed with the
formulation characterised by a more balanced vegetal/animal ratio (i.e.
feed 60/40) showed higher GW values and a greater gonad increment
over time than those fed with the formulation with a higher vegetal
content (i.e. feed 80/20). GSI was also boosted by the feed 60/40,
consistently with Fernandez and Boudouresque (1998, 2000), who also
found the highest GSI following the provision of a balanced diet, made of
60% of vegetal ingredient and 40% of fish meal. These findings confirm
the key role of animal proteins and lipids as important storage com-
pounds of the nutrients needed for gonad growth, development and
maturation (Fernandez and Boudouresque, 2000; Gonzalez-Duran et al.,
2008; Grosso et al., 2021). Furthermore, the European anchovy discards
are richer in fatty acids than endive leaves, especially in omega-3 long
chain polyunsaturated and essential fatty acids (Ciriminna et al., 2020),
which are vital for reproductive fitness and a multitude of physiological
functions, including gonad development and enhancement (Glencross,
2009; Liu et al., 2007; White et al., 2016). In contrast, the higher relative
amount of vegetal ingredients of the feed 80/20 may have led to a slower
absorption of nutrients. Vegetal meals have, indeed, a high abundance of
insoluble carbohydrates (Bach Knudsen, 1997; Esteban et al., 2007) and
fibres (Plazzotta et al., 2017), which are usually poorly digested by sea
urchins (Fernandez and Boudouresque, 2000; Powell et al., 2020).
However, good performances of artificial diets based on terrestrial
vegetables on P. lividus GSI have been recently highlighted by several
authors. Raposo et al. (2019), Santos et al. (2020) and Sartori and Gaion
(2015) recorded high, while different, performances (mean GSI = 9%,
9% and 19% respectively) feeding P. lividus with maize and spinach,
while Vizzini et al. (2014) obtained a high mean GSI (10%) providing
lettuce to P. lividus. The results obtained in this study are overall com-
parable to these, but also slightly better than others related to sea ur-
chins fed with macroalgae or mixed diets (Prato et al., 2018; Vizzini
et al., 2014; Zupo et al., 2019). This confirms the higher potential of the
proposed sustainable feed formulation based on balanced vegetal and
animal discards (i.e. feed 60/40) in promoting gonad growth, compared
to natural or macroalgae-based diet.

Gonad maturation is another crucial issue in echinoculture, because
marketable high-quality gonads, in terms of firmness, colour and taste,
are obtained when the ratio between nutritive phagocytes (abundant in
the recovery and growth phases) and gametes (abundant in the mature
and generation phases) are in favour of the former (Bottger et al., 2006;
Walker et al., 2001). Most of the sea urchins collected at the beginning of
the trial were in the early reproductive stages, consistent with the
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annual reproductive cycle of P. lividus in the Mediterranean area (L.ozano
et al., 1995). While the fasting period seems to have induced a partial
regression in the reproductive stages, consistent with Guillou et al.
(2000) and Raposo et al. (2019), the gonad maturation patterns of
reared sea urchins revealed a subsequent progression in the reproduc-
tive stages. In more detail, both formulations promoted similar gonad
development in female sea urchins, while the feed 60/40 showed the
best performance in males, achieving the totality of specimens in the
premature stage at the end of the trial. Different response of females and
males may be related to different specific requirements during sexual
maturation and gametes production. Indeed, the reproductive effort is
greater in females than in males, as the development of embryos and
larvae depends on the maternal provisioning of nutrients (Carboni et al.,
2015). A suitable advancement in sexual maturation is fundamental for
echinoculture purposes. A low progression may result in a limited in-
crease in gonad biomass, due to a slow nutritive phagocytes growth,
while a too fast gonad maturation could lead to spawning events with a
consistent loss in gonad biomass due to the emission of gametes (Marsh
et al., 2013; Walker et al., 2001, 2015). Nevertheless, in this study, the
gonad development was faster in reared sea urchins than in wild spec-
imens. These results contrast with those from Fabbrocini et al. (2019),
who found a quicker progression in wild specimens than in sea urchins
fed with agar-based pellets. These differences, however, may be related
to the different environmental conditions (off-shore cages) and the short
duration of the trial (one month) conducted by Fabbrocini et al. (2019).
Here, both the experimental formulations fostered a suitable gonad
development for echinoculture goals, indicating an appropriate energy
supply, which is one of the most limiting factors for gonad development
in growing and mature stages of the reproductive cycle (Schlosser et al.,
2005). Indeed, during these stages, sea urchins need to store great
amounts of nutrients for the development of gametes (Walker et al.,
2015).

Lastly, the analysis of gonad colour, which is a key factor in deter-
mining both the quality of the gonads and its economic value (Stefans-
son et al., 2017), revealed also positive effects of the new feed
formulations on the sea urchin gonads. The vast majority of reared sea
urchins achieved, indeed, a marketable colouration after 12 weeks,
differently from wild sea urchins that showed an initial colour
improvement, followed by a clear worsening over the experimental
period. Colour in echinoid gonads is driven mostly by carotenoid dietary
intake, and particularly by echinenone, which sea urchins synthesise
from p-carotene (Shpigel et al., 2005). Outermost endive leaves have a
greater concentration of carotenoids (lutein and f-carotene), compared
with young leaves (de Azevedo-Meleiro and Rodriguez-Amaya, 2005),
resulting in well suited dietary sources for obtaining high-quality go-
nads. The temporal pattern observed for gonad colour, however, sug-
gests that sea urchins need time to absorb carotenoids from the diet,
synthesise echinenone and store it in the gonads, consistent with pre-
vious studies (Plank et al., 2002; Shpigel et al., 2005). Nevertheless, the
overwhelming majority (~ 95%) of the gonads produced by P. lividus in
12 weeks presented an excellent and acceptable (E + A) colour, con-
firming the efficacy of both formulations in producing marketable go-
nads. Similarly, Santos et al. (2020) obtained marketable gonad colour
from sea urchin fed with diets based on spinach, maize and pumpkin,
while Luo et al. (2014) found a better performance in promoting gonad
colour in sea urchins fed with kelp-based diet than those fed with
pumpkin or banana peel. Moreover, Vizzini et al., (2018, 2019) high-
lighted the effectiveness of lettuce vegetal discards mixed with animal
lipids and proteins (i.e., white eggs and commercial pellet) in improving
the gonad colour of P. lividus (70-90% of gonads in E + A colour). Here,
the present findings suggest that the use of animal discards is also highly
functional to improve gonad colour and that vegetal discards may
replace added carotenoids, usually considered one of the most expensive
complements in feed formulation (Cuesta-Gomez and
Sanchez-Saavedra, 2018).
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5. Conclusion

The present study showed that the outermost leaves of Cichorium
endivia (Linnaeus, 1753) and Engraulis encrasicolus (Linnaeus, 1758)
processing discards from the food retail chains have a great potential to
be recycled as dietary ingredients in echinoculture. The new sustainable
feed based on food processing discards promoted gonad growth and
development and contributed to improving the gonad colour of the
purple sea urchins Paracentrotus lividus (Lamarck, 1816), the most
important commercial sea urchin in the Mediterranean Sea (Stefansson
et al., 2017). In this way, food processing discards are transformed into
new valuable biomass that might naturally replace traditional in-
gredients (e.g., fish oils and meals) in aquaculture feeds. This would
reduce the environmental and economic impact of the food discard
production and disposal, under the principles of circular economy and
sustainability, toward the Blue Growth. Moreover, recycling food pro-
cessing discards may significantly reduce the pressure exerted on marine
organisms (macroalgae and fish) for the production of aquaculture
feeds. However, since sea urchin gonads are a high-quality niche prod-
uct, further research is needed to assess the effect of the new sustainable
feed on nutritional value and organoleptic features of gonads, as well as
to evaluate their performance in aquaculture, compared with commer-
cial feeds.

CRediT authorship contribution statement

Laura Ciriminna: Formal analysis, Writing — original draft, Writing
— review & editing. Geraldina Signa: Writing — original draft, Writing
— review & editing. Antonino Maurizio Vaccaro: Conceptualization,
Methodology, Validation, Investigation. Giulia Visconti: Validation,
Investigation. Antonio Mazzola: Resources, Funding acquisition, Proj-
ect administration. Salvatrice Vizzini: Resources, Funding acquisition,
Writing — review & editing, Supervision.

Declaration of Competing Interest
The authors declare no conflict of interest.
Data Availability

The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Acknowledgements

This work was funded by the Flagship Project RITMARE — Italian
Research for the Sea and the INNOVAQUA Project
(PON02_00451_3362185), both funded by the Italian Ministry of Edu-
cation, University, and Research. The authors are grateful to A. Savona
and C. Tramati for their assistance in the laboratory work, and the fish
company Balistreri Girolamo & C.snc, Aspra (PA), Italy, for collabo-
rating in the project providing Engraulis encrasicolus (Linnaeus, 1758)
discards.

References

Addis, P., Secci, M., Angioni, A., Cau, A., 2012. Spatial distribution patterns and
population structure of the sea urchin Paracentrotus lividus (Echinodermata:
Echinoidea), in the coastal fishery of western Sardinia: a geostatistical analysis. Sci.
Mar. 76, 733-740. https://doi.org/10.3989/scimar.03602.26B.

Anderson, M.J., Gorley, R.N., Clarke, K.R., 2008, PERMANOVA+ for PRIMER: Guide to
Software and Statistical Methods, in: PRIMER-E. Plymouth, UK, pp. 1-214. https://
doi.org/10.13564/j.cnki.issn.1672-9382.2013.01.010.

de Azevedo-Meleiro, C.H., Rodriguez-Amaya, D.B., 2005. Carotenoids of endive and New
Zealand spinach as affected by maturity, season and minimal processing. J. Food
Compos. Anal. 18, 845-855. https://doi.org/10.1016/].jfca.2004.10.006.

Bach Knudsen, K.E., 1997. Carbohydrate and lignin contents of plant materials used in
animal feeding. Anim. Feed Sci. Technol. 67, 319-338.


https://doi.org/10.3989/scimar.03602.26B
https://doi.org/10.1016/j.jfca.2004.10.006
http://refhub.elsevier.com/S2352-5134(21)00297-0/sbref3
http://refhub.elsevier.com/S2352-5134(21)00297-0/sbref3

L. Ciriminna et al.

Baiao, L.F., Rocha, F., Costa, M., S4, T., Oliveira, A., Maia, M.R.G., Fonseca, A.J.M.,
Pintado, M., Valente, L.M.P., 2019. Effect of protein and lipid levels in diets for adult
sea urchin Paracentrotus lividus (Lamarck, 1816). Aquaculture 506, 127-138.
https://doi.org/10.1016/j.aquaculture.2019.03.005.

Bimbo, A.P., 2007. Current and future sources of raw materials for the long-chain omega-
3 fatty acid market. Lipid Technol. 19, 176-179. https://doi.org/10.1002/
lite.200700057.

Bottger, S.A., Devin, M.G., Walker, C.W., 2006. Suspension of annual gametogenesis in
North American green sea urchins (Strongylocentrotus droebachiensis) experiencing
invariant photoperiod-Applications for land-based aquaculture. Aquaculture 261,
1422-1431. https://doi.org/10.1016/j.aquaculture.2006.09.018.

Boudouresque, F.C., Verlaque, M., 2007. Chapter 13 Ecology of Paracentrotus lividus.,
Edible Sea Urchins: Biology and ecology. Elsevier Science B. V., Amsterdam https://
doi.org/10.1016/50167-9309(07)80077-9.

Bouduresque, F.C., Verlaque, M., 2007. Ecology of Paracentrotus lividus. Edible Sea
Urchins: Biology and Ecology. Elsevier, Amsterdam. https://doi.org/10.1016/
S0167-9309(07)80077-9.

Byrne, M., 1990. Annual reproductive cycles of the commercial sea urchin Paracentrotus
lividus from an exposed intertidal and a sheltered subtidal habitat on the west coast
of Ireland. Mar. Biol. 104, 275-289. https://doi.org/10.1007/BF01313269.

Carboni, S., Hughes, A.D., Atack, T., Tocher, D.R., Migaud, H., 2015. Influence of
broodstock diet on somatic growth, fecundity, gonad carotenoids and larval survival
of sea urchin. Aquac. Res. 46, 969-976. https://doi.org/10.1111/are.12256.

Carboni, S., Hughes, A.D., Atack, T., Tocher, D.R., Migaud, H., 2013. Fatty acid profiles
during gametogenesis in sea urchin (Paracentrotus lividus): effects of dietary inputs
on gonad, egg and embryo profiles. Comp. Biochem. Physiol. — Mol. Integr. Physiol.
164, 376-382. https://doi.org/10.1016/j.cbpa.2012.11.010.

Carboni, S., Kelly, M.S., Hughes, A.D., Vignier, J., Atack, T., Migaud, H., 2014.
Evaluation of flow through culture technique for commercial production of sea
urchin (Paracentrotus lividus) larvae. Aquac. Res. 45, 768-772. https://doi.org/
10.1111/are.12019.

Ciriminna, L., Signa, G., Vaccaro, A.M., Messina, C.M., Mazzola, A., Vizzini, S., 2020.
Formulation of a new sustainable feed from food industry discards for rearing the
purple sea urchin Paracentrotus lividus. Aquac. Nutr. 1-12. https://doi.org/
10.1111/anu.13063.

Cook, E.J., Bell, M.V., Black, K.D., Kelly, M.S., 2000. Fatty acid compositions of gonadal
material and diets of the sea urchin, Psammechinus miliaris: Trophic and nutritional
implications. J. Exp. Mar. Bio Ecol. 255, 261-274. https://doi.org/10.1016,/50022-
0981(00)00301-4.

Cook, E.J., Kelly, M.S., 2007. Effect of variation in the protein value of the red macroalga
Palmaria palmata on the feeding, growth and gonad composition of the sea urchins
Psammechinus miliaris and Paracentrotus lividus (Echinodermata). Aquaculture
270, 207-217. https://doi.org/10.1016/j.aquaculture.2007.01.026.

Cuesta-Gomez, D.M., Sanchez-Saavedra, M., 2016. Effects of protein and carbohydrate
levels on survival, consumption and gonad index in adult sea urchin
Strongylocentrotus purpuratus (Stimpson 1857) from Baja California, Mexico.
Aquac. Res. 48, 1596-1607. https://doi.org/10.1111/are.12994.

Cuesta-Gomez, D.M., Sanchez-Saavedra, M., del, P., 2018. Effects of dietary protein and
carbohydrate levels on gonad index, composition, and color in the purple sea urchin
Strongylocentrotus purpuratus. N. Am. J. Aquac. 80, 193-205. https://doi.org/
10.1002/naaq.10022.

de la Caba, K., Guerrero, P., Trung, T.S., Cruz-Romero, M., Kerry, J.P., Fluhr, J.,
Maurer, M., Kruijssen, F., Albalat, A., Bunting, S., Burt, S., Little, D., Newton, R.,
2019. From seafood waste to active seafood packaging: an emerging opportunity of
the circular economy. J. Clean. Prod. 208, 86-98. https://doi.org/10.1016/j.jclepro.
2018.09.164.

Eikeset, A.M., Mazzarella, A.B., Davidsdéttir, B., Klinger, D.H., Levin, S.A.,
Rovenskaya, E., Stenseth, N.C., 2018. What is blue growth? The semantics of
“Sustainable Development” of marine environments. Mar. Policy 87, 177-179.
https://doi.org/10.1016/j.marpol.2017.10.019.

Esteban, M.B., Garcia, A.J., Ramos, P., Marquez, M.C., 2007. Evaluation of fruit-
vegetable and fish wastes as alternative feedstuffs in pig diets. Waste Manag. 27,
193-200. https://doi.org/10.1016/j.wasman.2006.01.004.

Fabbrocini, A.A., Adamo, R.D., 2010. Gamete maturation and gonad growth in fed and
starved sea urchin Paracentrotus lividus ( Lamarck, 1816). J. Shellfish Res. 29,
1051-1059. https://doi.org/10.2983/035.029.0407.

Fabbrocini, A., Volpe, M.G., di Stasio, M., D’Adamo, R., Maurizio, D., Coccia, E.,
Paolucci, M., 2012. Agar-based pellets as feed for sea urchins (Paracentrotus lividus):
rheological behaviour, digestive enzymes and gonad growth. Aquac. Res 43,
321-331. https://doi.org/10.1111/§.1365-2109.2011.02831.x.

Fabbrocini, A., Volpe, M.G., Hoseinifar, S.H., Siano, F., Coccia, E., Scordella, G.,
Licchelli, C., D’adamo, R., Paolucci, M., 2019. Paracentrotus lividus roe
enhancement by a short-time rearing in offshore cages using two agar-based
experimental feed. Int. J. Aquat. Biol. 7, 155-165. https://doi.org/10.22034/ijab.
v7i3.626.

Fernandez-Boan, M., Fernandez, L., Freire, J., 2012. History and management strategies
of the sea urchin Paracentrotus lividus fishery in Galicia (NW Spain). Ocean Coast.
Manag. 69, 265-272. https://doi.org/10.1016/j.ocecoaman.2012.07.032.

Fernandez, C., Boudouresque, C., 2000. Nutrition of the sea urchin Paracentrotus lividus
(Echinodermata: Echinoidea) fed different artificial food. Mar. Ecol. 204, 131-141.
https://doi.org/10.3354/meps204131.

Fernandez, C., Boudouresque, C.F., 1998. Evaluating artificial diets for small
Paracentrotus lividus (Echinodermata: Echinoidea). Echinoderms, San Francisco,
Balkema, Rotterdam.

G.U.R.L, 1995. Decreto Ministeriale n. 20 del 12/1/1995 sulla Disciplina della pesca del
riccio di mare. Gazzetta Ufficiale Della Repubblica Italiana, Italia.

Aquaculture Reports 21 (2021) 100881

Glencross, B.D., 2009. Exploring the nutritional demand for essential fatty acids by
aquaculture species. Rev. Aquac. 1, 71-124. https://doi.org/10.1111/j.1753-
5131.2009.01006.x.

Gonzalez-Durdn, E., Castell, J.D., Robinson, S.M.C., Blair, T.J., 2008. Effects of dietary
lipids on the fatty acid composition and lipid metabolism of the green sea urchin
Strongylocentrotus droebachiensis. Aquaculture 276, 120-129. https://doi.org/
10.1016/j.aquaculture.2008.01.010.

Grosso, L., Rakaj, A., Fianchini, A., Morroni, L., Cataudella, S., Scardi, M., 2021.
Integrated Multi-Trophic Aquaculture (IMTA) system combining the sea urchin
Paracentrotus lividus, as primary species, and the sea cucumber Holothuria tubulosa
as extractive species. Aquaculture 534, 736268. https://doi.org/10.1016/j.
aquaculture.2020.736268.

Guidetti, P., Terlizzi, A., Boero, F., 2004. Effects of the edible sea urchin, Paracentrotus
lividus, fishery along the Apulian rocky coast (SE Italy, Mediterranean Sea). Fish.
Res. 66, 287-297. https://doi.org/10.1016/50165-7836(03)00206-6.

Guillou, M., Lawrence, J.L., Lumingas, C.M., 2000. The effect of feeding or starvation on
resource allocation to body components during the reproductive cycle of the sea
urchin Sphaerechinus granularis (Lamarck). J. Exp. Mar. Bio Ecol. 245, 183-196.
https://doi.org/10.1016/50022-0981(99)00162-8.

Gustavsson, J., Cederberg, C., Sonesson, U., Van Otterdijk, R., 2011. Food Loss and Food
Waste: Causes and Solutions, Global Food Losses and Food Waste: Extent, Causes and
Prevention. Food and Agriculture Organization of the United Nations (FAO), Rome.
https://doi.org/10.4337,/9781788975391.

Horowitz, W., Latimer, G.W., 2006. Official Methods of Analysis of AOAC International,
Md. AOAC International, Gaithersburg, Maryland, USA. https://doi.org/10.1021/
ac50052a726.

Kang, H.Y., Yang, P.Y., Dominy, W.G., Lee, C.S., 2010a. Bioprocessing papaya processing
waste for potential aquaculture feed supplement — economic and nutrient analysis
with shrimp feeding trial. Bioresour. Technol. 101, 7973-7979. https://doi.org/
10.1016/j.biortech.2010.05.058.

Kim, S.K., Mendis, E., 2006. Bioactive compounds from marine processing byproducts —
a review. Food Res. Int. 39, 383-393. https://doi.org/10.1016/j.
foodres.2005.10.010.

Klinger, T.S., 1984. Activities and kinetics of digestive a- and p-glucosidase and
p-galactosidase of five species of echinoids (Echinodermata). Comp. Biochem.
Physiol. — Part A Physiol. 78, 597-600. https://doi.org/10.1016/0300-9629(84)
90603-0.

Kotzamanis, Y.P., Alexis, M.N., Andriopoulou, A., Castritsi-Cathariou, I., Fotis, G., 2001.
Utilization of waste material resulting from trout processing in gilthead bream
(Sparus aurata L.) diets. Aquac. Res. 32, 288-295. https://doi.org/10.1046/j.1355-
557x.2001.00042.x.

Laufenberg, G., Kunz, B., Nystroem, M., 2003. Transformation of vegetable waste into
value added products: (A) the upgrading concept; (B) practical implementations.
Bioresour. Technol. 87, 167-198. https://doi.org/10.1016/50960-8524(02)00167-
0.

Lawrence, J.M., 2013. Sea Urchins: Biology and Ecology, second. Academic Press, San
Diego.

Lawrence, J.M., Lawrence, A.L., Watts, S.A., 2020. Ingestion, digestion, and digestibility
of regular sea urchins. Developments in Aquaculture and Fisheries Science, 4th ed.,.
Elsevier B.V. https://doi.org/10.1016/B978-0-12-819570-3.00009-3

Liu, H., Kelly, M.S., Cook, E.J., Black, K., Orr, H., Zhu, J.X., Dong, S.L., 2007. The effect
of diet type on growth and fatty-acid composition of sea urchin larvae, Paracentrotus
lividus (Lamarck, 1816) (Echinodermata). Aquaculture 264, 247-262. https://doi.
org/10.1016/j.aquaculture.2006.12.021.

Lozano, J., Galera, J., Lopez, S., Turon, X., Palacin, C., Morera, G., 1995. Biological cycles
and recruitment of Paracentrotus lividus (Echinodermata: Echinoidea) in two
contrasting habitats. Mar. Ecol. Prog. Ser. 122, 179-192. https://doi.org/10.3354/
meps122179.

Luo, S., Zhao, C., Chang, Y., Feng, W., Tian, X., 2014. Banana peel provides a new insight
into improving gonad flavor in the sea urchin Strongylocentrotus intermedius.
Aquac. Int. 22, 833-841. https://doi.org/10.1007/s10499-013-9711-0.

Marsh, A.G., Powell, M.L., Watts, S.A., 2013. Biochemical and energy requirements of
gonad development. Developments in Aquaculture and Fisheries Science. Elsevier.
https://doi.org/10.1016/B978-0-12-396491-5.00004-6.

Mo, W.Y., Choi, W.M., Man, K.Y., Wong, M.H., 2020. Food waste-based pellets for
feeding grass carp (Ctenopharyngodon idellus): adding baker’s yeast and enzymes to
enhance growth and immunity. Sci. Total Environ. 707, 134954 https://doi.org/
10.1016/j.scitotenv.2019.134954.

Nielsen, S.S., 2010. Determination of moisture content. Food Analysis Laboratory
Manual. Springer, Boston, MA, pp. 17-27. https://doi.org/10.3329/jbau.v7i1.4985.

Olsen, R.E., Waagbg, R., Melle, W., Ringg, E., Lall, S.P., 2010. Alternative marine
resources. Fish Oil Replace. Altern. Lipid Sources Aquac. Feed 267-324. https://doi.
org/10.1201/9781439808634.

Pais, A., Chessa, L.A,, Serra, S., Ruiu, A., Meloni, G., Donno, Y., 2007. The impact of
commercial and recreational harvesting for Paracentrotus lividus on shallow rocky
reef sea urchin communities in North-western Sardinia, Italy. Estuar. Coast. Shelf
Sci. 73, 589-597. https://doi.org/10.1016/j.ecss.2007.02.011.

Pais, A., Serra, S., Meloni, G., Saba, S., Ceccherelli, G., 2011. Harvesting effects on
Paracentrotus lividus population structure: a case study from Northwestern Sardinia,
Italy, before and after the fishing season. J. Coast. Res. 28, 570-575. https://doi.org/
10.2112/jcoastres-d-10-00119.1.

Pearce, C.M., Daggett, T.L., Robinson, S.M.C., 2002. Effect of protein source ratio and
protein concentration in prepared diets on gonad yield and quality of the green sea
urchin, Strongylocentrotus droebachiensis. Aquaculture 233, 337-367. https://doi.
org/10.1016/j.aquaculture.2003.09.027.


https://doi.org/10.1016/j.aquaculture.2019.03.005
https://doi.org/10.1002/lite.200700057
https://doi.org/10.1002/lite.200700057
https://doi.org/10.1016/j.aquaculture.2006.09.018
https://doi.org/10.1016/S0167-9309(07)80077-9
https://doi.org/10.1016/S0167-9309(07)80077-9
https://doi.org/10.1016/S0167-9309(07)80077-9
https://doi.org/10.1016/S0167-9309(07)80077-9
https://doi.org/10.1007/BF01313269
https://doi.org/10.1111/are.12256
https://doi.org/10.1016/j.cbpa.2012.11.010
https://doi.org/10.1111/are.12019
https://doi.org/10.1111/are.12019
https://doi.org/10.1111/anu.13063
https://doi.org/10.1111/anu.13063
https://doi.org/10.1016/S0022-0981(00)00301-4
https://doi.org/10.1016/S0022-0981(00)00301-4
https://doi.org/10.1016/j.aquaculture.2007.01.026
https://doi.org/10.1111/are.12994
https://doi.org/10.1002/naaq.10022
https://doi.org/10.1002/naaq.10022
https://doi.org/10.1016/j.jclepro.2018.09.164
https://doi.org/10.1016/j.jclepro.2018.09.164
https://doi.org/10.1016/j.marpol.2017.10.019
https://doi.org/10.1016/j.wasman.2006.01.004
https://doi.org/10.2983/035.029.0407
https://doi.org/10.1111/j.1365-2109.2011.02831.x
https://doi.org/10.22034/ijab.v7i3.626
https://doi.org/10.22034/ijab.v7i3.626
https://doi.org/10.1016/j.ocecoaman.2012.07.032
https://doi.org/10.3354/meps204131
http://refhub.elsevier.com/S2352-5134(21)00297-0/sbref26
http://refhub.elsevier.com/S2352-5134(21)00297-0/sbref26
http://refhub.elsevier.com/S2352-5134(21)00297-0/sbref26
http://refhub.elsevier.com/S2352-5134(21)00297-0/sbref27
http://refhub.elsevier.com/S2352-5134(21)00297-0/sbref27
https://doi.org/10.1111/j.1753-5131.2009.01006.x
https://doi.org/10.1111/j.1753-5131.2009.01006.x
https://doi.org/10.1016/j.aquaculture.2008.01.010
https://doi.org/10.1016/j.aquaculture.2008.01.010
https://doi.org/10.1016/j.aquaculture.2020.736268
https://doi.org/10.1016/j.aquaculture.2020.736268
https://doi.org/10.1016/S0165-7836(03)00206-6
https://doi.org/10.1016/S0022-0981(99)00162-8
https://doi.org/10.4337/9781788975391
https://doi.org/10.1021/ac50052a726
https://doi.org/10.1021/ac50052a726
https://doi.org/10.1016/j.biortech.2010.05.058
https://doi.org/10.1016/j.biortech.2010.05.058
https://doi.org/10.1016/j.foodres.2005.10.010
https://doi.org/10.1016/j.foodres.2005.10.010
https://doi.org/10.1016/0300-9629(84)90603-0
https://doi.org/10.1016/0300-9629(84)90603-0
https://doi.org/10.1046/j.1355-557x.2001.00042.x
https://doi.org/10.1046/j.1355-557x.2001.00042.x
https://doi.org/10.1016/S0960-8524(02)00167-0
https://doi.org/10.1016/S0960-8524(02)00167-0
http://refhub.elsevier.com/S2352-5134(21)00297-0/sbref40
http://refhub.elsevier.com/S2352-5134(21)00297-0/sbref40
https://doi.org/10.1016/B978-0-12-819570-3.00009-3
https://doi.org/10.1016/j.aquaculture.2006.12.021
https://doi.org/10.1016/j.aquaculture.2006.12.021
https://doi.org/10.3354/meps122179
https://doi.org/10.3354/meps122179
https://doi.org/10.1007/s10499-013-9711-0
https://doi.org/10.1016/B978-0-12-396491-5.00004-6
https://doi.org/10.1016/j.scitotenv.2019.134954
https://doi.org/10.1016/j.scitotenv.2019.134954
https://doi.org/10.3329/jbau.v7i1.4985
https://doi.org/10.1201/9781439808634
https://doi.org/10.1201/9781439808634
https://doi.org/10.1016/j.ecss.2007.02.011
https://doi.org/10.2112/jcoastres-d-10-00119.1
https://doi.org/10.2112/jcoastres-d-10-00119.1
https://doi.org/10.1016/j.aquaculture.2003.09.027
https://doi.org/10.1016/j.aquaculture.2003.09.027

L. Ciriminna et al.

Plank, L.R., Lawrence, J.M., Lawrence, A.L., Olvera, R.M., 2002. The effect of dietary
carotenoids on gonad production and carotenoid profiles in the sea urchin
Lytechinus variegatus. J. World Aquac. Soc. 33, 127-137. https://doi.org/10.1111/
j.1749-7345.2002.tb00487 .x.

Plazzotta, S., Manzocco, L., Nicoli, M.C., 2017. Fruit and vegetable waste management
and the challenge of fresh-cut salad. Trends Food Sci. Technol. 63, 51-59. https://
doi.org/10.1016/j.tifs.2017.02.013.

Powell, M.L., Marsh, A.G., Watts, S.A., 2020. Biochemical and energy requirements of
gonad development in regular sea urchins. In: Lawrence, J.M. (Ed.), Sea Urchins:
Biology and Ecology. Elsevier, p. 730.

Prato, E., Fanelli, G., Angioni, A., Biandolino, F., Parlapiano, 1., Papa, L., Denti, G.,
Secci, M., Chiantore, M., Kelly, M.S., Ferranti, M.P., Addis, P., 2018. Influence of a
prepared diet and a macroalga (Ulva sp.) on the growth, nutritional and sensory
qualities of gonads of the sea urchin Paracentrotus lividus. Aquaculture 493,
240-250. https://doi.org/10.1016/j.aquaculture.2018.05.010.

Raposo, A.LG., Ferreira, S.M.F., Ramos, R., Santos, P.M., Anjos, C., Baptista, T.,
Tecelao, C., Costa, J.L., Pombo, A., 2019. Effect of three diets on the gametogenic
development and fatty acid profile of Paracentrotus lividus (Lamarck, 1816) gonads.
Aquac. Res. 50, 2023-2038. https://doi.org/10.1111/are.14051.

Rubilar, T., Cardozo, D., 2021. Blue growth: Sea urchin sustainable aquaculture,
innovative approaches. Rev. Biol. Trop. 69, 474-486. https://doi.org/10.15517/rbt.
v69iSuppl.1.46388.

Santos, P.M., Ferreira, S.M.F., Albano, P., Raposo, A., Costa, J.L., Pombo, A., 2020. Can
artificial diets be a feasible alternative for the gonadal growth and maturation of the
sea urchin Paracentrotus lividus (Lamarck, 1816)? J. World Aquac. Soc. 51,
463-487. https://doi.org/10.1111/jwas.12656.

Sartori, D., Gaion, A., 2015. Can sea urchins benefit from an artificial diet? Physiological
and histological assessment for echinoculture feasibility evaluation. Aquac. Nutr. 22,
1214-1221. https://doi.org/10.1111/anu.12326.

Schlosser, S.C., Lupatsch, 1., Lawrence, J.M., Lawrence, A.L., Shpigel, M., 2005. Protein
and energy digestibility and gonad development of the European sea urchin
Paracentrotus lividus (Lamarck) fed algal and prepared diets during spring and fall.
Aquac. Res. 36, 972-982. https://doi.org/10.1111/j.1365-2109.2005.01306.x.

Shpigel, M., McBride, S.C., Marciano, S., Lupatsch, 1., 2004. The effect of photoperiod
and temperature on the reproduction of European sea urchin Paracentrotus lividus.
Aquaculture 232, 343-355. https://doi.org/10.1016/50044-8486(03)00539-8.

Shpigel, M., McBride, S.C., Marciano, S., Ron, S., Ben-Amotz, A., 2005. Improving gonad
colour and somatic index in the European sea urchin Paracentrotus lividus.
Aquaculture 245, 101-109. https://doi.org/10.1016/j.aquaculture.2004.11.043.

Stefansson, G., Kristinsson, H., Ziemer, N., Hannon, C., James, P., 2017, Markets for sea
urchins: a review of global supply and markets.

Aquaculture Reports 21 (2021) 100881

Symonds, R.C., Kelly, M.S., Caris-Veyrat, C., Young, A.J., 2007. Carotenoids in the sea
urchin Paracentrotus lividus: Occurrence of 9'-cis-echinenone as the dominant
carotenoid in gonad colour determination. Comp. Biochem. Physiol. — B Biochem.
Mol. Biol. 148, 432-444. https://doi.org/10.1016/j.cbpb.2007.07.012.

Symonds, R.C., Kelly, M.S., Suckling, C.C., Young, A.J., 2009. Carotenoids in the gonad
and gut of the edible sea urchin Psammechinus miliaris. Aquaculture 288, 120-125.
https://doi.org/10.1016/j.aquaculture.2008.11.018.

Tenuzzo, B.A., Zaccarelli, N., Dini, L., 2012. The reproductive cycle of the commercial
sea urchin Paracentrotus lividus (Lamark, 1816) (Echinodermata: Echinoidea) in the
Tonian Sea. Ital. J. Zool. 79, 200-211. https://doi.org/10.1080/
11250003.2011.626803.

Turchini, G.M., Gunasekera, R.M., De Silva, S.S., 2003. Effect of crude oil extracts from
trout offal as a replacement for fish oil in the diets of the Australian native fish
Murray cod Maccullochella peelii peelii. Aquac. Res. 34, 697-708. https://doi.org/
10.1046/j.1365-2109.2003.00870.x.

Vizzini, S., Micciche, L., Vaccaro, A., Mazzola, A., 2014. Use of fresh vegetable discards
as sea urchin diet: effect on gonad index and quality. Aquac. Int. 23, 127-139.
https://doi.org/10.1007/5s10499-014-9803-5.

Vizzini, S., Visconti, G., Signa, G., Romano, S., Mazzola, A., 2019. A new sustainable
formulated feed based on discards from food industries for rearing the sea urchin
Paracentrotus lividus (Lmk). Aquac. Nutr. 25, 691-701. https://doi.org/10.1111/
anu.12890.

Vizzini, S., Visconti, G., Vaccaro, A., Mazzola, A., 2018. Experimental rearing of the sea
urchin Paracentrotus lividus fed with discards of the lettuce Lactuca sativa in a sea-
based system. Aquac. Res. 49, 631-636. https://doi.org/10.1111/are.13492.

Walker, C.W., Bottger, S.A., Unuma, T., Watts, S.A., Harris, L.G., Lawrence, A.L., Eddy, S.
D., 2015. Enhancing the commercial quality of edible sea urchin gonads -
technologies emphasizing nutritive phagocytes. Echinoderm Aquac. 263-286.
https://doi.org/10.1002/9781119005810.ch12.

Walker, C.W., Unuma, T., McGinn, N.A., Harrington, L.M., Lesser, M.P., 2001.
Reproduction of sea urchins. In: Lawrence, J.M. (Ed.), Edible Sea Urchins: Biology
and Ecology. Elsevier Science B. V., pp. 5-26

White, C.A., Dworjanyn, S.A., Nichols, P.D., Mos, B., Dempster, T., 2016. Future
aquafeeds may compromise reproductive fitness in a marine invertebrate. Mar.
Environ. Res. 122, 67-75. https://doi.org/10.1016/j.marenvres.2016.09.008.

Yeruham, E., Abelson, A., Rilov, G., Ben Ezra, D., Shpigel, M., 2019. Energy budget of
cultured Paracentrotus lividus under different temperatures. Aquaculture 501, 7-13.
https://doi.org/10.1016/j.aquaculture.2018.11.006.

Zupo, V., Glaviano, F., Paolucci, M., Ruocco, N., Polese, G., Di Cosmo, A., Costantini, M.,
Mutalipassi, M., 2019. Roe enhancement of Paracentrotus lividus: nutritional effects
of fresh and formulated diets. Aquac. Nutr. 25, 26-38. https://doi.org/10.1111/
anu.12826.


https://doi.org/10.1111/j.1749-7345.2002.tb00487.x
https://doi.org/10.1111/j.1749-7345.2002.tb00487.x
https://doi.org/10.1016/j.tifs.2017.02.013
https://doi.org/10.1016/j.tifs.2017.02.013
http://refhub.elsevier.com/S2352-5134(21)00297-0/sbref54
http://refhub.elsevier.com/S2352-5134(21)00297-0/sbref54
http://refhub.elsevier.com/S2352-5134(21)00297-0/sbref54
https://doi.org/10.1016/j.aquaculture.2018.05.010
https://doi.org/10.1111/are.14051
https://doi.org/10.15517/rbt.v69iSuppl.1.46388
https://doi.org/10.15517/rbt.v69iSuppl.1.46388
https://doi.org/10.1111/jwas.12656
https://doi.org/10.1111/anu.12326
https://doi.org/10.1111/j.1365-2109.2005.01306.x
https://doi.org/10.1016/S0044-8486(03)00539-8
https://doi.org/10.1016/j.aquaculture.2004.11.043
https://doi.org/10.1016/j.cbpb.2007.07.012
https://doi.org/10.1016/j.aquaculture.2008.11.018
https://doi.org/10.1080/11250003.2011.626803
https://doi.org/10.1080/11250003.2011.626803
https://doi.org/10.1046/j.1365-2109.2003.00870.x
https://doi.org/10.1046/j.1365-2109.2003.00870.x
https://doi.org/10.1007/s10499-014-9803-5
https://doi.org/10.1111/anu.12890
https://doi.org/10.1111/anu.12890
https://doi.org/10.1111/are.13492
https://doi.org/10.1002/9781119005810.ch12
http://refhub.elsevier.com/S2352-5134(21)00297-0/sbref71
http://refhub.elsevier.com/S2352-5134(21)00297-0/sbref71
http://refhub.elsevier.com/S2352-5134(21)00297-0/sbref71
https://doi.org/10.1016/j.marenvres.2016.09.008
https://doi.org/10.1016/j.aquaculture.2018.11.006
https://doi.org/10.1111/anu.12826
https://doi.org/10.1111/anu.12826

	Turning waste into gold: Sustainable feed made of discards from the food industries promotes gonad development and colourat ...
	1 Introduction
	2 Materials and methods
	2.1 Feed formulations
	2.2 Feeding trial
	2.3 Statistical analysis

	3 Results
	3.1 Gonad growth
	3.2 Gonad development
	3.3 Gonad colour

	4 Discussion
	5 Conclusion
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data Availability
	Acknowledgements
	References


