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ABSTRACT. Astaxanthin is an essential micronutrient that regulates shrimp physiology, acting as a free radical
scavenger, increasing stress resistance, and enhancing the immune response, improving growth and survival in
farm-raised organisms. Despite this, accumulation of astaxanthin has not been evaluated regarding rearing
conditions of shrimp. Thus, this study aimed to assess the effect of rearing conditions (extensive vs. hyper-
intensive) in the accumulation of astaxanthin in tissues of shrimp Penaeus vannamei, using wild juveniles as a
reference of the levels of astaxanthin present in the natural environment. The main oxycarotenoid found was
astaxanthin, which was mostly accumulated in hepatopancreas (>90%) in esterified form, while mostly free
astaxanthin was found in exoskeleton and muscle (<60%). Comparing wild and reared shrimp, the content of
esterified astaxanthin was significantly higher in the hepatopancreas of shrimp reared under extensive conditions
(191.45 +23.08 pg gt) followed by wild shrimp (144.08 + 13.92 pg g?t), while low values (3 + 1 pg g*) were
found in shrimp reared under hyper-intensive conditions. Astaxanthin levels found in farm-raised shrimp were
not explained by commercial feeds, since no astaxanthin (only traces of its chemical precursor B-carotene), was
found in the six different commercial feeds analyzed for rearing shrimp. Thus, the results may be explained by
primary productivity (i.e., phytoplankton) that is consumed as natural food by shrimp in the ponds of farming
systems, or by the effect of specific rearing conditions on the microbiota associated with carotenogenesis in the
gut of shrimp. In any case, commercial feeds should fulfill all nutritional requirements for shrimp, particularly
under stressful conditions as it occurs in hyper-intensive farming.
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INTRODUCTION

Shrimp production by aquaculture practices has been
taking place in Mexico since the early '80s. Nowadays,
commercial production is ca. 130,000 t, which is about
57% of total shrimp production, this including fishery
and aquaculture (FAO, 2018), due to the increasing
larvae supplier laboratories, but also by considerable
advances in knowledge of the biology of this species,
including pathology, control of the reproduction and
growing by genetics technics, advances in nutrition,
among others. All these aspects have improved and
modernized the farming of shrimp at significant levels
worldwide.
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Astaxanthin is commonly used as a source of
pigment to increase the characteristic reddish color of
fish and shrimp in culture (Foss et al., 1984,
Arredondo-Figueroa et al., 2003). Pigments in penaeid
shrimp include carotenes and xanthophylls such as
astaxanthin and their esters (Fisher et al., 1957).
Astaxanthin (3,3'-dihydroxy-p, p-carotene-4,4'-dione)
belongs to the terpenes group, and its large polyun-
saturated carbon chain allows different physiological
and biological functions in aquatic organisms.
Carotenoids have been reported to enhance growth and
survival of penaeid shrimp, including the white shrimp
Penaeus vannamei (Chien et al., 1999; Supamattaya et
al., 2005; Zhang et al., 2013). Astaxanthin has been



304 Latin American Journal of Aquatic Research

considered an essential growth factor during early
development of shrimp (Dall et al., 1995) and it also
acts as an antioxidant by inactivation of free radicals
(Chew, 1995). The antioxidant activity of astaxanthin
is superior to that of B-carotene, vitamin C, or vitamin
E (Shimidzu et al., 1996), which is important when free
radicals surpass the endogen antioxidant capacity,
increasing resistance to stress and enhancing the
immune response (Estermann, 1994). Like vitamin E,
astaxanthin and other lipophilic carotenoids protect cell
membranes by decreasing lipid peroxidation (Chien &
Jeng, 1992).

Shrimp cannot synthesize carotenoids de novo but
seems that they are capable of transforming carotenoids
from food (i.e., p-carotene) and storing them in the
tissues as astaxanthin (Moaka, 2011). The main sources
of carotenoids wused in aquaculture are algae
Haematococcus pluvialis (Ju et al., 2011), red pepper
Capsicum annum (Arredondo-Figueroa et al., 2003), or
synthetic carotenoids (Niu et al., 2009), which have
been added in concentrations of 80 to 250 mg kg™ to
experimental shrimp feeds (Flores et al., 2007).
However, the accurate inclusion level in balanced
commercial shrimp feeds is still unknown, even for the
most reared species. Therefore, carotenoid levels and
particularly the content of free and esterified
astaxanthin should be assessed in wild shrimp
populations.

So far, total carotenoids have been reported in
exoskeleton of adult wild and farmed Indonesian
shrimp Penaeus monodon with an average value of 25.3
mg kg* (Howell & Matthews, 1991), and in muscle and
hepatopancreas of wild Pandalus montagui with an
average of 21 and 72 mg kg™, respectively (Clarke,
1979). Higher content of total carotenoids and free
astaxanthin levels were assessed in the hepatopancreas
of wild (5.9 to 9.6 and 3.9 to 5.8 pg g*) compared to
rear (2.3 t0 3.8 and 1.2 to 1.6 pg g-1) adult shrimp P.
vannamei (Lifian-Cabello et al., 2003). However, these
data were obtained by spectrophotometric techniques,
and more accurate analyses should be performed in
order to obtain both free and esterified astaxanthin
contents.

Thus, this study aimed to assess the effect of rearing
conditions (extensive vs. hyper-intensive) in the
accumulation of astaxanthin in tissues of shrimp P.
vannamei, using wild juveniles as a reference of the
levels of astaxanthin present in the natural environ-
ment.

MATERIALS AND METHODS

Shrimp sampling
Wild juveniles (average weight of 8.6 £ 0.6 g) of P.
vannamei were captured during the fishing season in

September 2016 in Huizache-Caimanero, a lagoon
system located in southern Sinaloa, Mexico. The
second group of shrimp (average weight of 9.0 £ 0.3 g)
reared under extensive conditions were obtained from
three different ponds in a shrimp farm located in
Mazatlan, Sinaloa, Mexico. The rearing conditions
were as follows: 10% water exchange once a week,
salinity 45, temperature 29 + 2°C. Shrimp were reared
in 2.5 ha land ponds at a density of 15 ind m2 The
commercial feed was supplied once a day (3% body
weight). For increasing primary productivity (i.e.,
phytoplankton) of the ponds, agricultural fertilizers
were used monthly. The third group of shrimp (average
weight of 8.2 + 0.3 g) reared under hyper-intensive
conditions were provided from three different ponds by
a local commercial larvae supplier laboratory, the
rearing conditions were as follows: 2000 m? rectangular
geo-membrane tanks at a density of 400 ind m, 5%
water exchange once a month, salinity 33, temperature
29 £ 2°C. Biofloc technology system (BTS) was used
during the first two weeks and then crumbled, and
pelleted feed was supplied every 4 h a day (2.5% of
body weight). All shrimp, wild and reared were quickly
frozen in dry ice and shipped to the laboratory, then
stored at -70°C for further analysis. All shrimp were
thawed and dried with paper towels, and whole body
and separated tissues (hepatopancreas, exoskeleton,
and muscle) were weighed.

Food sampling

Pigment content in commercial shrimp feeds of
different brands used in the extensive and hyper-
intensive systems was analyzed in order to assess the
contribution of pigments in the tissues of reared shrimp.
These commercial feeds were: 1) pelletized for
extensive conditions (Feed-Ext) with 30% protein
(Brand A), 2), pelletized for hyper-intensive conditions
(Feed-Hyper) with 35% protein, 3) crumble Feed-
Hyper with 35% protein, 4) Feed-Ext with 30% protein
(Brand B), 5) Feed-Ext with 40% protein, and 6) Feed-
Ext with 35% protein.

Analysis of pigments

All shrimp tissues and 1 g of each commercial feed
were homogenized on ice in 3-5 mL of 90% acetone to
remove carotenoids and stored at 4°C avoiding
exposure to light. After 24 h the supernatant was
recovered by centrifugation (3200 g, 10 minat 4°C) and
stored at -70°C until analysis. ldentification and
quantification of pigments was determined according to
the method described by Zapata et al. (2000) with the
following modifications: the carotenoids were analyzed
on an HPLC (Agilent Technologies 1200 Infinity
Series) equipped with a Zorbax C8 column (4.6x100
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mm, 3.4 p particle size) and diode-array detector
(DAD). The temperature of the column was maintained
at 25°C. The mobile phases were: eluent A, methanol:
acetonitrile: an aqueous solution of pyridine 0.25 M
(50:25:25, wv:viv), while eluent B was methanol:
acetonitrile: acetone (20:60:20, v:v:v). The flow rate
was set at 1 mL mint. The organic solvents used to
prepare the mobile phase were HPLC grade (Tedia,
OH, USA) and were filtered through 0.45 pm
membrane filters. Carotenoids were identified by
comparing their retention times with those of standards
(DHI, Hoersholm, Denmark), and using their specific
absorption spectra. Quantification was assessed accor-
ding to calibration curves of each standard pigment and
data are expressed in pg g of wet tissue (shrimp) or g
g in dry weight (commercial feeds).

Statistical analysis

One-way analysis of variance (ANOVA) was
performed using the origin of shrimp (wild or reared)
as the independent variable and the concentration of
carotenoids obtained in each tissue (hepatopancreas,
exoskeleton, and muscle) of the shrimp as a dependent
variable. ANOVA was followed by the Tukey post-hoc
test to evaluate significant differences (P < 0.05)
between means. All data were expressed as mean + SE,
standard error. The statistics were performed with the
software Statistica v.10 (Statsoft, Inc., Tulsa, OK).

RESULTS

The content of carotenoids in wild and reared
shrimp

Significant differences (P < 0.01) in carotenoid content
was observed regarding the origin (wild vs. reared) for
each shrimp tissue (Table 1). Esterified astaxanthin was
higher in the hepatopancreas of shrimp reared under
extensive conditions (192 = 23 pg g*), followed by
wild shrimp (144 = 14 ug g1), with very low values (2.8
+ 0.9 pg g?) in the hepatopancreas of shrimp reared
under hyper-intensive conditions. In contrast, free
astaxanthin was higher (23 = 4 pg g?) in the
hepatopancreas of shrimp obtained from the wild,
compared to shrimp reared under hyper- and extensive
conditions (0.5 to 7 pg g?). Similar results were also
observed for B-carotene, with higher significant values
(12.2+ 1.2 ug gh) inthe hepatopancreas of wild shrimp,
compared to shrimp reared under hyper- and extensive
conditions (0.2 to 5.8 ug g™). Trace values (<3 ug g?)
of zeaxanthin and canthaxanthin were detected in the
hepatopancreas of wild shrimp, as well fucoxanthin
(0.12 pg gl and zeaxanthin (0.10 pg g?) in the
hepatopancreas of shrimp reared under hyper-intensive
conditions. In hepatopancreas, both fractions of

astaxanthin (esterified and free) compromised about 90
and 4 to 39%, respectively of total pigments assessed in
this tissue (Fig. 1a).

In exoskeleton, the content of esterified astaxanthin
was significantly higher (17.07 = 3.21 pg g%) in shrimp
reared under extensive conditions (Table 1), with lower
values in wild shrimp (0.74 £ 0.49 pg g*) and reared
under hyper-intensive conditions (2.61 + 0.53 pg g™?).
No significant differences were observed in the content
of free astaxanthin. B-carotene was assessed in the
range of 0.08 to 1.01 pg g, with higher values in the
exoskeleton of shrimp reared wunder extensive
conditions. The percentage of free astaxanthin was
higher in exoskeleton of wild shrimp (60%) and shrimp
reared under hyper-intensive conditions (53%), while
esterified astaxanthin was predominant in exoskeleton
of shrimp reared under extensive conditions (87%), and
similar proportions of both fractions of astaxanthin
(free and esterified) were assessed in shrimp reared
under hyper-intensive conditions (54 and 44%, Fig.
1h).

Very low quantities of carotenoids (<2 pg g™) were
detected in muscle (Table 1). Esterified astaxanthin was
higher (1.67 + 0.22 pg g) in shrimp reared under
extensive conditions, with lower values in both wild
shrimp and reared in hyper-intensive conditions (ca.
0.60 pg g1). No significant differences were observed
in the content of free astaxanthin in the muscle of
shrimp, both wild and reared. Trace values (0.02 to 0.09
ug g, <5% of total carotenoids, Fig. 1c) of zeaxanthin,
canthaxanthin, and B-carotene were also detected.

Carotenoid content in commercial feeds

No astaxanthin was detected in any of the six different
feed samples analyzed, only zeaxanthin was detected
(<4 pg g, as well very small quantities of B-carotene

(<1 ug g?) (Fig. 2).

DISCUSSION

Esterified astaxanthin composed more than 90% of
total carotenoids assessed in reared shrimp under
extensive conditions and wild shrimp, but not in shrimp
reared under hyper-intensive conditions (Fig. 1), in
accordance to previous results where higher content of
esterified astaxanthin was assessed in wild shrimp of
Penaeus vannamei (62%), P. monodon (98%), P.
japonicus (79%) and Metapenaeus monoceros (72%,
Scheidt, 1990). Higher accumulation of esterified
astaxanthin in the reared shrimp, even above of values
of observed in the wild shrimp (Table 1), could
represent a physiological advantage in rearing shrimp
that should be further tested in experimental trials; as
well in commercial production, particularly during
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Table 1. Pigment concentration (ug g* wet weight) in hepatopancreas, exoskeleton, and muscle of Penaeus vannamei

Latin American Journal of Aquatic Research

captured in the wild and reared in extensive (Reared-Ext) and hyper-intensive conditions (Reared-Hyper).

Tissue Pigment - Origin
Wild Reared Ext.  Reared hyper P
Hepatopancreas Astaxanthin F  22.82+4.19a 6.95+0.52b 0.54%0.04c 0.01
Astaxanthin E  144.1+139b 1915+231a 28+09c 0.01
Fucoxanthin nd nd 0.12 £ 0.02 -
Zeaxanthin 2.96 + 0.46a nd 0.10+£0.01b 0.01
Canthaxanthin ~ 3.23+0.45 nd nd -
[B-carotene 12.2 +1.20a 58+0.75b 0.2+0.03c 0.01
Exoskeleton Astaxanthin F 151 +0.11 1.81+£0.27 2.29+0.37 ns
AstaxanthinE~ 0.74+0.49b 17.07+3.2la 2.61+0.53b 0.01
Zeaxanthin 0.06 £0.01 nd 0.07 £0.01 ns
Canthaxanthin ~ 0.04 £ 0.01 nd nd -
[B-carotene 0.55+0.08b 1.01+0.19a 0.08+0.02c 0.01
Muscle Astaxanthin F 0.73+£0.04 0.57+£0.08 0.58 +0.06 ns
AstaxanthinE 0.63+0.07b 1.67+0.22a 0.60+0.14b 0.01
Zeaxanthin 0.03+£0.01 0.02+0.01 0.03+£0.01 ns
Canthaxanthin ~ 0.02 +0.01 nd nd -
B-carotene 0.09 £0.04 0.07 £0.01 0.04£0.1 ns

Results are expressed as the mean + SE and were analyzed by one-way ANOVA followed by a Tukey
test to assess significant differences. Means not sharing the same letters indicate significant differences
(P <0.01). Total shrimp analyzed n = 133, nd: values not determined, ns: non-significant values. F: free,

E: esterefied.

rearing hyper-intensive conditions. Mono- and diester
astaxanthin accumulates in shrimp tissues of P.
monodon after specific concentration of total
carotenoids is reached, suggesting that these both
chemical forms are storing as reserves of astaxanthin
(Okada et al., 1994). Reserves of astaxanthin could be
helpful during the stressing conditions that occur during
shrimp rearing. In this sense, shrimp reared under
extensive conditions may be in better health condition,
since higher content of esterified astaxanthin was found
in the three tissues analyzed (e.g., hepatopancreas,
exoskeleton, and muscle) compared to shrimp reared
under hyper-intensive conditions (Table 1). Moreover,
the lower content of astaxanthin could explain the
lower and equal proportion of free and esterified
astaxanthin assessed in the three tissues of shrimp
reared under hyper-intensive conditions (Fig. 1).

Differences in the accumulation of astaxanthin in
shrimp reared under extensive and hyper-intensive
conditions could be attributed to higher concentrations
and availability of carotenoids that usually occur in the
natural environment, including the ponds in
aquaculture systems. For instance, the natural diet of
shrimp consists mainly of small gastropods, bivalves,
and crustaceans (Dall et al., 1991), which contain a
wide range of carotenoids (Goodwin, 1984). In
estuarine conditions, juvenile shrimp may also feed on
primary producers (i.e., micro- and macroalgae,

mangrove leaves, and seagrasses, among others).
Which is particularly important for shrimp farming
because astaxanthin cannot be synthesized de novo by
shrimp, but it seems like they can metabolize these
pigments (as B-carotene is abundant in microalgae)
transforming them into astaxanthin (Moaka, 2011).
Feeding experiments have shown that shrimp readily
convert B-carotene and other dietary carotenoids into
astaxanthin (Tanaka et al., 1976; Yamada et al., 1990).
In this sense, astaxanthin levels found in shrimp reared
under extensive conditions showed that the levels of
this pigment do not come from the commercial feeds. It
probably comes from the ponds' primary productivity
since they become enriched with agricultural fertilizers,
once a month, to increase primary productivity (i.e.,
phytoplankton rich in pigments) used as food
complement along with the commercial feed. In shrimp
reared under hyper-intensive conditions, small amounts
of astaxanthin may have come from the pigments
present in microorganisms (e.g., microalgae, bacteria,
yeast) produced in the biofloc of the pond.

Moreover, astaxanthin deficiency could be the
reason for the high mortalities (>20%) observed in this
rearing system, since organisms may be more
susceptible to pathogens (Pan et al., 2003) and less
resistant to physical and chemical changes (e.g., high
temperatures or hypoxia) during farming (Menasveta et
al., 1993). In addition to the physiological effects that
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Figure 1. Pigment proportion (%) in a) hepatopancreas, b)
exoskeleton and c) muscle of P. vannamei captured in the
wild and reared under extensive (Reared Ext.) and hyper-
intensive conditions (Reared Hyp.). Results are expressed
as the mean + SE. Total shrimp analyzed n = 133. F: free,

E: esterified.

may be caused by the lack of inclusion of astaxanthin
in commercial feeds. It may also harm the appearance
of shrimp (coloration) since low accumulation levels of
astaxanthin in the exoskeleton and muscle (Table 1)
could produce a less intense orange color in cooked
shrimp, compared to those that accumulate more
astaxanthin (Arredondo-Figueroa et al., 2003).

Besides the availability of pigment-rich natural food
in the ponds of aquaculture systems, it is possible that
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Figure 2. Pigment concentration (ug g?) in commercial
feeds used in extensive and hyper-intensive shrimp
farming. 1) Pelletized for extensive conditions (Feed-Ext)
with 30% protein (Brand A), 2) pelletized for hyper-
intensive conditions (Feed-Hyper) with 35% protein, 3)
crumble Feed-Hyper with 35% protein, 4) Feed-Ext with
30% protein (Brand B), 5) Feed-Ext with 40% protein, and
6) Feed-Ext with 35% protein. Samples were analyzed by
triplicate for each commercial feed.

rearing conditions control the ability of shrimp to meta-
bolize some pigments into astaxanthin. It has been
suggested that this capacity is only attributed to some
species of yeast, bacteria, micro- and macroalgae, and
terrestrial plants (Goodwin, 1980; Estermann, 1994;
Moaka, 2011). Recently, it has been demonstrated that
the diet component, environmental factors, and rearing
conditions exert a particular effect on the microbiota
composition in the gut of shrimp P. vannamei (Cornejo-
Granados et al., 2017; Li et al., 2018). For instance, an
important change in the gut microbiota of shrimp P.
vannamei, including some genera of bacteria
(Mycobacterium and Paracoccus) capable of carote-
nogenesis or biotransformation of some pigments into
astaxanthin, have been observed under different rearing
and feeding conditions (Enciso-lbarra, 2016). It raises
the possibility that previous works suggesting that
shrimp are able of biotransformation of pigments into
astaxanthin (Tanaka et al., 1976; Yamada et al., 1990)
involved the presence of carotenogenic microbiota in
the gut. Thus, efforts must be made to elucidate the
specific effect of the gut microbiome on shrimp
physiology.

Astaxanthin was not detected in the commercial
feeds, not even in those used for hyper-intensive
conditions where shrimp are not exposed to additional
food from natural productivity of the ponds (as occurs
under extensive rearing conditions), expecting that
commercial feeds cover in full all the nutritional
requirements of shrimp. It is odd the lack of carotenoids



308 Latin American Journal of Aquatic Research

from animal resources since commercial brands claim
that feeds contain bivalve mollusk and crustacean
meals. Low amounts of zeaxanthin, lutein, and f-
carotene, all presumably derived from terrestrial plant
sources (Scott & Alison, 2005) were instead found in
commercial feeds (Fig. 2). Although shrimp can
metabolize those pigments to produce astaxanthin
(Moaka, 2011), the amounts of these pigments found in
the commercial feeds were very low compared to
pigment concentrations found in the tissues of P.
vannamei. More recently, commercial brands have
been using different natural (i.e., micro- and
macroalgae, terrestrial plants as marigold flowers) and
synthetic sources of carotenoids to produce balanced
feed for different farmed aquatic animals. Differences
among brands and within the same brand can be a result
of both quality and quantity of the ingredients used to
produce the feeds, but also to the manufacturing
process, storage and management procedures, such as
cooking and drying, which could reduce astaxanthin
levels (Toyes-Vargas et al., 2016).

In conclusion, astaxanthin was mainly accumulated
in hepatopancreas and lesser extent in exoskeleton and
muscle of juveniles of P. vannamei. Also, the
accumulation of astaxanthin depended on the rearing
system and was not explained by commercial feeds for
rearing shrimp. Primary productivity in the ponds or
changes in the carotenogenic microbiome in the shrimp
gut may explain the changes in the accumulation of
astaxanthin in reared shrimp. The commercial feed
used for farming shrimp lacks the principal carotenoid
found in shrimp tissues, which could affect health
condition of the organisms and rearing performance, as
well as the reddish appearance, decreasing the
commercial value of shrimp.
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