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Abstract

Carbohydrates serve as essential macronutrients in aquaculture feeds, providing cost-
efficiency and numerous advantages, including energy supply, pellet stability, reduced
ammonia excretion, and support for exoskeleton synthesis in crustaceans. Despite their
significance, research on carbohydrate nutrition in crustaceans has been relatively limited
compared to finfish. This comprehensive review addresses this knowledge gap by pre-
senting contemporary insights into carbohydrate utilization in commercially important
crustacean species, encompassing shrimps, prawns, crabs, lobsters, and crayfishes. The
review underscores the pivotal role of carbohydrates, identifies limiting factors, and out-
lines strategies for enhancing efficiency. Wheat and sorghum/milo emerge as particularly
promising carbohydrate sources. Nevertheless, determining species-specific carbohy-
drate inclusion levels remains essential for further investigation. This review also empha-
sizes species-specific distinctions in carbohydrate utilization during starvation, influenced
by factors such as age, moulting stage, and digestive capacity. Challenging the miscon-
ception that carbohydrates are superfluous for crustaceans is imperative. Additional
research to advance comprehension of their utilization mechanisms is vital. Enhanced
knowledge of carbohydrate utilization can pave the way for economically sustainable
and environmentally friendly feeds in crustacean aquaculture. Furthermore, exploring
exogenous enzyme potential, optimizing pre-treatment methodologies, and harnessing
probiotics can further augment carbohydrate utilization. These advancements hold
promise for bolstering the growth and sustainability of the crustacean industry, meeting

the surging demand for seafood production while minimizing environmental impact.

KEYWORDS
carbohydrate nutrition, carbohydrate sources, carbohydrates utilization, crustaceans, protein-
sparing

communities and relieving strain on wild populations. The total marine

capture production of crustaceans was 5.63 million tonnes (MT),

Crustacean farming is of significant importance due to its economic
contributions, role in food security, environmental sustainability, con-
servation efforts, and technological advancements. By adopting
responsible and sustainable practices, crustacean farming offers a
dependable and eco-friendly seafood supply while bolstering local

whereas the marine and coastal aquaculture production was about
6.76 MT in 2020.1 With a contribution of 4.48 MT from inland aqua-
culture (including lakes, ponds, and rivers), the total production of
crustaceans in aquaculture reached approximately 11.24 MT. This

accounts for nearly 67% of the overall crustacean production and
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represents more than double the production level from a decade ago
(5.7 MT in 2010), indicating a steady growth in crustacean aquaculture.
In this context, a nutritionally balanced feed in aquaculture is of the
utmost importance for the growth of cultured species in specific envi-
ronments.2® Nevertheless, feed cost in aquaculture production systems
accounts for around 50%-70% of the total production cost, and the cul-
ture of crustaceans, especially shrimps, in the intensive farming system
always accounts for a considerable input cost for feed.* The protein-
sparing effects of lipids and carbohydrates significantly reduce the feed
cost, where carbohydrates are the least expensive energy-yielding nutri-
ent for aquatic animals.>®> However, aquatic animals cannot tolerate a
very high level of dietary carbohydrate.> Though there is no dietary
requirement for carbohydrates in aquatic animals, its inclusion up to a
tolerable limit with the sparing of protein for energy supply makes the
aquaculture feed cost-effective and environment-friendly.®®

Onwards with energy supply, dietary carbohydrate plays other
roles in crustaceans. Accordingly, glucose, in addition to energy sup-
ply, can act as the precursor of chitin synthesis, which influences
moulting to improve crustaceans' growth.® While the first investiga-
tions into crustacean carbohydrates were documented in 18777 and
1879,1° research on this subject remains constrained. The scarcity of
studies on direct glucose tolerance tests for crustaceans limits the
proper understanding of physiological as well as metabolic responses.
Various factors like the moulting stage, nutritional status, diurnal
rhythm, and environmental conditions (temperature, salinity, etc.)
influence the glucose uptake from the gastrointestinal tract and its
subsequent metabolism.2>'*?2 Moreover, the inherent changes in the
haemolymph glucose level during different moulting cycles necessitate
life-cycle and moulting-stage specific glucose tolerance tests for crusta-
ceans. So, it is challenging to conclude glucose tolerant or intolerant
behaviour of crustaceans. However, recent molecular approaches could
help better understand carbohydrate utilization by crustaceans. There
are very limited reviews on carbohydrate utilization in crustaceans
where carbohydrate utilization in shrimps,® use of energy reserves dur-
ing starvation in crustaceans,” and brief context on carbohydrate diges-
tion, glucose transport, and endocrine regulation in crustaceans mainly
shrimps® have been discussed. The current review has aimed to discuss
carbohydrate nutrition in terms of its physiological and metabolic impor-
tance, along with limitations of its utilization and probable strategies to
improve its utilization to produce cost-effective feed for crustaceans. A
variety of crustacean species comprising shrimps and prawns, crabs,
lobsters, and crayfishes, including commercially important species, have

been covered in this review.

2 | IMPORTANCE, SOURCES, AND LEVELS
OF DIETARY CARBOHYDRATES

21 | Importance of carbohydrates in aquaculture
feed for crustaceans

Protein and lipids are the macronutrients that are considered to opti-

mize the feed due to their cost. The optimization of dietary protein

levels in crustaceans can be achieved by incorporating lipids and/or
carbohydrates as non-protein energy sources. However, the inclusion
of lipids is constrained by factors such as pellet stability, palatability,
and digestibility, with the recommended maximum level of lipids in
crustacean feed being below 12%.1%'* Hence, the inclusion of carbo-
hydrates as non-protein energy source in the crustacean feed has got
importance, and its dietary level can be maximized through strategic
intervention like the use of gelatinized starch and supplementation of
exogenous carbohydrates, and so forth. Furthermore, dietary carbohy-
drates play a crucial role as binding components, enhancing the water
stability of pelleted feed.’>® In the case of lobsters (Jasus edwardsii),
it has been observed that increasing the amount of gelatinized maize
starch in the feed improves feed intake over a 5-h period.}” This find-
ing suggests that higher levels of carbohydrates support the stability
of the feed in seawater for a longer duration, consequently reducing
the leaching of attractants, and as a result, it promotes higher feed
intake.!” The main importance of carbohydrates in crustacean nutri-
tion has been mentioned in Figure 1.

2.2 | Sources and composition of carbohydrates
used in crustacean nutrition

Plants generally contain two types of carbohydrates, that is, energy
reserve polysaccharides and structural polysaccharides.’® The pre-
dominant constituent of energy reserve polysaccharides is starch. The
structural polysaccharides are also known as non-starch polysaccha-
rides (NSPs), which contain a significantly low amount of starch and
are indigestible carbohydrates.'® Carbohydrates in animal feeds
mostly come from cereals such as wheat, maize, rice, oat, rye, barley,
triticale, sorghum, and roots such as cassava, potatoes, and so forth.
(Table 1). Furthermore, plant-protein sources such as soybean, rape-
seed, pea, groundnut, linseed, cottonseed, jatropha, and so forth, con-
tribute significant carbohydrates to the feed. Biological (e.g., feeding
habit, genotype, physical activity, etc.), dietary (e.g., composition,
inclusion level, feeding strategies, processing, etc.), and environmental
(e.g., temperature, salinity, photoperiod, etc.) factors influence dietary
carbohydrate utilization.> Optimization of these factors can improve
the utilization of dietary carbohydrates in aquatic species.

Depending on the variety, the root sources of carbohydrates,
potato, and cassava consist of over 80% starch based on dry matter
(Table 1). Additionally, the starch from all these root sources (potato,
sweet potato, and cassava) has a similar amount of amylose, averaging
around 20%-25%. However, the starch granule size of potato (37.97-
46.47 um)*? is higher than that of other sources. It has been found
that crustaceans utilize the larger granule of potato starch less effi-
ciently.®? Among cereals, the starch content varies from 51% to 90%
on a dry matter basis, with oats having the lowest and rice having the
highest starch content (Table 1). However, an exception is oats bran,
which can contain up to 48% starch. Moreover, considering the starch
from the bran of cereals, it can reach up to 25%. Most cereals contain
primarily two different types of starch granules: type A or large gran-

ules, and type B or smaller granules. However, the major contribution

85U8017 SUOWILLIOD A1) 8|qeot[dde auy Aq psusenob afe sejole YO ‘88N JO SaINJ 0} Akeiq18UI|UO /8|1 UO (SUONIPUOD-PUR-SLLIBYWI0D™AB | 1M AlRIq U1 |UO//SANY) SUORIPUOD PUe SWis | 8y} 89S *[7202/T0/2z] Uo ARiqiTauliuo A8|im ‘AiseAlun EWION UeteH Aq T982T bel/TTTT 0T/I0p/wod Ae|im Akl ijeul|uo//sdny wo.j pepeojumod ‘0 ‘TETSESLT



SINGHA ET AL

\
REVIEWS IN Aquaculture .~ 3

Physiological
importance

Economical and environmental
importance

Glucose acts as
precursor of chitin
synthesis which
influences molting

Energy supply through
catabolic pathways

Some crustaceans utilize
carbohydrates as preferential
energy source during
starvation

Carbohydrate sources act as
binder to improves water
stability of feed

Inexpensive source
of energy in the feed

Importance of
carbohydrates in

Provide carbon backbone
to produce other important
metabolites

FIGURE 1

crustaceans H

Protein-sparing effect of
carbohydrate reduces
ammonia excretion

Major physiological, economical, and environmental importance of carbohydrates in crustaceans. Apart from providing energy,

carbohydrates play an essential physiological role in crustaceans. For instance, glucose is a precursor for exoskeleton synthesis and provides a
carbon backbone for other crucial metabolites. Additionally, carbohydrates act as binders to improve feed stability. They also have a protein-

sparing effect and help reduce the overall cost of the feed.

(around 70%) comes from the large granules based on weight. Rye
(62.5 um) and triticale (50 um) have larger starch granules compared
to other sources, and this should be taken into account when prepar-
ing crustacean feed, similar to potato starch. Another important point
to consider is the presence of NSPs, which are significantly higher in

the bran of cereals compared to the grains (Table 1).

2.3 | Dietary levels of carbohydrate in
crustacean feed

Generally, crustaceans utilize dietary polysaccharides more efficiently
than oligo- or monosaccharides. The addition of glucose in the feed of
the prawn beyond 10% caused marked growth inhibition.? There are
two main reasons that can explain the poor utilization of simple sugars
by crustaceans.” First, the absorptive site may become saturated with
other nutrients such as amino acids, which hinder the assimilation pro-
cess. As a consequence, the inability to effectively assimilate simple
sugars leads to an accumulation of excess glucose in the system. In
order to maintain a balance and prevent the hyperglycaemia, the
excess glucose is excreted. Second, the rapid absorption of simple
sugars leads to an increase in glucose levels in the haemolymph, which
triggers the excretion of excess glucose to maintain proper glucose

balance and homeostasis. Overall, in both situations, the excretion of

glucose occurs as a regulatory mechanism to ensure the proper bal-
ance and utilization of dietary glucose by crustaceans. However, the
need for glucose excretion suggests a limitation in the efficient utiliza-
tion of glucose as an energy source in these circumstances.®¢®
Regardless, disaccharides such as sucrose can be utilized as well as
polysaccharides and are even better than a potato or maize starch
as reported in the case of black tiger shrimp.®®

The regulation of amylase expression in the spiny lobster
Panulirus argus was found to be inadequate in response to dietary car-
bohydrate levels sourced from wheat flour, resulting in a significant
disparity in amylase activity within the gut.®* Furthermore, it was
observed that a high dietary carbohydrate content downregulates the
expression of the a-amylase gene in P. argus. In contrast, an intrigu-
ing finding in J. edwardsii suggests an increase in the specific activity
of a-amylase, which supports the utilization of stored carbohydrates
as a preferred energy source during short-term food deprivation (24-
72 h).Y” This implies that J. edwardsii possesses a mechanism for effi-
ciently utilizing stored carbohydrates when faced with limited food
availability. However, carbohydrates such as starch could influence
the growth without affecting the amylase activity as found in case of
Pacific white shrimp larvae which showed reduced growth at 1%
starch inclusion level in the feed but did not affect the amylase activ-
ity.®® The carbohydrate utilization in crustaceans is a complex process

and is not known clearly. For example, the addition of 0.52%
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glucosamine to the feed enhanced the growth of the kuruma prawn
(Marsupenaeus japonicus), whereas the opposite result was found
when chitin was added.®” However, supplementation of 10% natural
chitin, which is equivalent to 44% shrimp head meal or 5% purified
chitin enhanced the growth of giant freshwater prawn (Macrobrachium
rosenbergii) post-larvae.®®

In spite of the numerous reviews conducted on the nutritional

requirements of different crustaceans,®”~"¢

carbohydrates have been
given little importance. The conclusions drawn from these reviews are
as follows: (i) carbohydrates are considered less important as a macro-
nutrient in crustacean nutrition, (i) carbohydrates primarily play a cru-
cial role in protein-sparing, and (iii) they serve as a less expensive
source of energy for formulating feed. The authors explained the
effect of various carbohydrate levels in the feed of different crusta-
cean species even though, a concrete conclusion did not come in
terms of optimum requirements. However, the lack of research on the
carbohydrate requirement or ‘the maximum inclusion level’ of carbo-
hydrates using an isonitrogenous and isolipidic diet limits the clear
conclusion about carbohydrate requirement in crustaceans. There is a
scarcity of scientific literature pertaining to the maximum inclusion
level or optimum level of carbohydrate for various crustacean species
using approximately isonitrogenous and isolipidic experimental diets.
A meticulous examination of the available studies yielded a limited
number of research sources (Table 2) that have reported findings on
this specific aspect. However, it is essential to clarify that in require-
ment studies, the term ‘carbohydrate’ primarily refers to the
requirement or maximum inclusion level of a specific carbohydrate
source in the crustacean feed. Therefore, it may be more appropriate
to consider the maximum dietary inclusion level up to the tolerable
limit of crustaceans as a cost-effective energy source, rather than
using the term ‘carbohydrate requirement’. In Table 2, we have pro-
vided the maximum inclusion levels of tested carbohydrate sources in
the feeds of various crustacean species under specified conditions.

Interestingly, the Indian prawn (Penaeus indicus) can utilize as
much as 40% of purified starch in the feed without compromising
growth and survival.®° The studies showed that the corn starch can
be incorporated into the feeds of Pacific white shrimp, oriental river
prawn (Macrobrachium nipponense), red swamp crayfish (Procambarus
clarkii) at levels of 20%, 15%, and 20.3%, respectively.77'81'87 The max-
imum permissible level of bread flour as source of carbohydrates in
the feed of Penaeus monodon was found to be 35%.”” Cassava meal
can be incorporated up to 10% in the feed of green mud crab (Scylla
paramamosain) without any negative effect.8®

The inclusion level of carbohydrates varies with the source.
Regardless of the carbohydrate source, tolerable dietary carbohydrate
inclusion level for crustaceans ranges from 20% to 30%.2 Ultimately,
it would be inappropriate to generalize these values for all crustacean
species. Studies on carbohydrate digestibility can provide secondary
information about these aspects. The freshwater-dwelling European
crayfish, Astacus astacus juveniles when fed with feeds containing
graded levels of protein (22%, 31%, or 40%), lipid (5.5%-16%), and
carbohydrate (9.2%-25.8%) for 394 days, exhibited a high survival
rate at 31% protein along with moderately high carbohydrate (16.6%)

and a low lipid content (7%).2? Further, in comparison to the younger
juveniles, the older animals showed better responses to higher dietary
lipid and carbohydrate levels.?? In Caribbean spiny lobster feed, the
inclusion level of carbohydrate is limited to 20% due to the slow
uptake of glucose from haemolymph when fed with a 35% carbohy-

d.®* Also, the inclusion level of carbohydrates can vary with

drate fee
pre-processing, source, and nature of the carbohydrates used to pre-

pare feed for crustaceans.

3 | CARBOHYDRATE DIGESTIBILITY IN
CRUSTACEANS

Digestibility, defined as the organism's ability to break down con-
sumed food material, plays a crucial role in the overall utilization of
carbohydrates in crustaceans. A thorough understanding of carbohy-
drate digestibility is essential for several reasons. First, it allows us to
assess the efficiency with which crustaceans can extract energy from
different carbohydrate sources, enabling us to formulate feeds that
meet their nutritional requirements more accurately. Second, studying
carbohydrate digestibility in crustaceans helps identify the factors
that influence digestion, both inherent to the organism itself and origi-
nating from the carbohydrate source. This knowledge is instrumental
in developing strategies to enhance carbohydrate utilization and
optimize feed formulations for improved growth and performance.
Additionally, considering the processing effect on carbohydrate digest-
ibility is vital. Processing techniques applied to carbohydrate sources can
impact their digestibility in crustaceans, influencing their overall nutri-
tional value. To provide a comprehensive overview, Table 3 summarizes
the dry matter, carbohydrate, and energy digestibility of various
carbohydrate sources studied in commercially important crustacean
species. Commonly studied carbohydrate sources include maize or
corn, wheat, rice, and sorghum or milo, with variations in their pure or
processed forms such as native or gelatinized starch. Understanding
the digestibility of carbohydrates in crustaceans not only contributes
to their nutritional management but also plays a significant role
in developing sustainable and cost-effective feeding practices for
crustacean production.

Among the various sources of carbohydrates, wheat flour as
starch source with higher apparent digestibility as compared to other

2

sources'®? is preferentially used in crustacean feed to enhance the

growth performance of Pacific white shrimp (Penageus vannamei),*®’

110

European lobster (Homarus gammarus), spiny rock lobsters (Jasus

)11 and Caribbean spiny lobster (Panulirus argus).6>°? Black

edwardsii;
tiger shrimp (Penaeus monodon) juvenile is reported to utilize dietary
sucrose or dextrin better than other carbohydrates.**? Typically, the
digestibility of starch is decided by its amylose and amylopectin content.
Starch that is rich in amylose has poor digestibility than those rich in amy-
lopectin and accordingly, corn starch with 76%-99% amylopectin has
good digestibility in shrimps.® So, starch with high amylopectin content
can be used efficiently as a source of energy in the crustacean feed.

The structure of the starch in terms of granule size can also affect

its utilization. In comparison to maize starch (10-20 pm)**® or wheat
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starch (<20 um),*** larger granule potato starch (20-100 um)**2 i

s
found to be utilized less efficiently by crustaceans.®® Nonetheless,
appropriate processing methods such as cracking, cooking, gelatiniza-
tion, and so forth modify the structure of the dietary carbohydrate to
make it more digestible and bioavailable in the aquatic species.**®
Accordingly, the extruded wheat flours at dietary inclusion level of
30% is reported to be more digestible (apparent digestibility coeffi-
cient, ADC 70%) than its native counterpart (ADC 60.6%) in giant
mud crab (Scylla serrata).?®°” Ultimately, there was no difference in
digestibility between native and pre-cooked dietary starch in shrimp.®
Generally, the utilization of wheat as a source of starch was found to
be more promising than other sources. In the case of spiny rock lob-
ster, the digestibility of wheat starch (91%) was observed to be higher
than that of maize starch (59%)'°° and due to its higher digestibility
wheat starch is preferentially used in crustacean experimental diet as
carbohydrate source.'%? Similarly, in J. edwardsii, native wheat was
found to be more digestible among different raw plant
Starches'100,111,116,117

In black tiger shrimp, the ADCs of dry matter and carbohydrate of
feeds containing wheat starch, sucrose and maize starch were
reported to be higher than the feeds containing potato starch or dex-
trin as a carbohydrate source.®* The same was true for Pacific white
shrimp, where the ADC of dry matter of both wheat starch and whole
wheat was higher than maize.?® These results indicate more efficient
digestion of wheat as a carbohydrate source than maize. In another
study on Pacific white shrimp demonstrated that the ADCs of dry
matter and energy of pre- and wet-extruded wheat were much higher
than maize with same processing conditions.”! Yet, dry-extruded
maize had a higher ADC than the dry-extruded wheat.”* These indi-
cate that the processing methods could influence the ADC of dry mat-
ter and energy of various carbohydrate sources differently in the
same crustacean species. Additionally, among various carbohydrate
sources (wheat, maize flour, rice flour, and sorghum), the highest dry
matter (85.6%) and energy (94.4%) ADCs were recorded in the feed
containing unextruded rice flour.”* Higher dry matter and carbohy-
drate ADCs for wheat flour (native) than maize starch were found in
Caribbean spiny lobster.%?

In contrary to what we discussed about the carbohydrate digest-
ibility of maize and wheat, in case of Pacific white shrimp and Carib-
bean spiny lobster, the different trends of ADCs of dry matter and
energy of maize and wheat were reported in prawn, crabs, and lob-
sters. The ADC of energy of native corn (maize; 79.1%) was higher
than native wheat (76.8%) in giant freshwater prawn.”® Similarly,
higher ADC of dry matter of extruded corn meal than extruded wheat
flour was reported in giant mud crab.?® Moreover, in the case of red
swamp crayfish, ADC of dry matter and energy of extruded corn was
respectively lower and higher than native wheat shorts which consists
of leftover particles of bran, germ and flour produced during the mill-
ing process.1®* These observations indicate the species-specific differ-
ences of dry matter and energy digestibility of different carbohydrate
sources. The dry matter digestibility of extruded wheat flour (70%)
was higher than that of native wheat flour (60.6%) when added at
30% in feed of giant mud crab.”®?” When feeding black tiger shrimp

with extruded wheat, maize, or potato starch at a 20% inclusion level,
it has been observed that the size of the starch granules can affect
the ADC of carbohydrates.®* Accordingly, potato starch with a larger
granule size (20-100 pum)**® had lower ADC of carbohydrate®® com-

113 or wheat (<20 pm)*** starch, signifi-

pared to maize (10-20 um)
cantly low carbohydrate ADC was recorded than maize or wheat
starch.

Besides, the different inclusion levels of the same carbohydrate
source may affect its digestibility in different species. Graded levels of
gelatinized starch of bread flour (5%, 15%, 25%, and 35%) in the feed
of black tiger shrimp showed increasing ADC of dry matter with
increasing inclusion level.”? Similar trend was also found in case of
Pacific white shrimp when fed with increasing levels of native corn
starch (10%, 15%, 20%, 25%, 30%, and 35%) with higher ADC of dry
matter in the group fed feed with 35% native corn starch.”” However,
it is important to note that in both the studies, cellulose was used as
filler and the inclusion level of cellulose decreased with the increasing
dietary bread flour or corn starch. The higher level of cellulose in the
feeds with lower bread flour or corn starch could reduce dry matter
digestibility.””

In the crustacean feed, sorghum or milo as carbohydrate source
could be equivalent or better than wheat flour. The ADCs of carbohy-
drate and energy of native sorghum meal (milo) were similar to native

textured wheat and native wheat in Australian red claw crayfish!®®

and giant freshwater prawn,”®

respectively. Moreover, the higher
ADCs of dry matter and carbohydrate of native sorghum than native
textured wheat was reported in Australian red claw crayfish when fed
at a 15% inclusion level.2®® In Pacific white shrimp, the ADCs of dry
matter and energy were similar for wet extruded dietary milo or sor-
ghum compared to wheat processed under similar conditions.”® Inter-
estingly, when it came to dry extruded milo, it exhibited higher ADCs
of dry matter and energy than dry extruded wheat in this particular
shrimp species.”* On the other hand, sorghum without extrusion (pre-
extrusion) showed lower ADCs of dry matter and energy compared to
wheat of similar conditions in this species.91 Similarly, native grain sor-
ghum was reported to have significantly lower ADCs of dry matter
and energy than native wheat starch when fed to Pacific white shrimp

at a 30% inclusion level.”®

These observations suggest that the proper
processing (preferably dry-extrusion) of sorghum prior to use in the
feeds of different crustacean species can enhance its utilization.

The digestibility of complex carbohydrates or polysaccharides is
found to be higher than the less complex ones and monosaccharides.
Accordingly, black tiger shrimp fed feeds with different levels (20%,
25%, and 30%) of glucose, dextrin and starch showed higher ADC of
dry matter for the starch-containing feeds.®® Significantly lower ADCs
of dry matter, carbohydrate and energy for dextrin were found in
black tiger shrimp compared to wheat, potato or maize starch.®*
Nonetheless, dietary disaccharides such as sucrose at a 20% inclusion
level had ADCs similar to polysaccharides and even better than a
potato or maize starch in black tiger shrimp®! probably due to the
presence of different glucosidases in this species.

In addition to different physical and processing factors, the inher-

ent biological factor like species specificity is one of the important
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factors which can affect the digestibility of different sources of carbo-
hydrates. For example, the ADCs of dry matter and energy of native
wheat flour were found to be higher in Pacific white shrimp than in
Scylla serrata when fed with a 30% inclusion level.”>?7 Therewith, at a
30% dietary inclusion level, the ADC of dry matter of extruded corn
was higher in giant mud crab (93.2%) than the red swamp crayfish
(85%).70:104 Though there are many reports on ADCs of different car-
bohydrate sources as listed in Table 3, more research are needed to
explore new carbohydrate sources for commercially important crusta-

cean species in a more systematic way.

4 | CARBOHYDRATE UTILIZATION IN
CRUSTACEANS

4.1 | Brief context of digestion, absorption, and
metabolism

Studies on different digestive enzymes of crustaceans were started
several years ago.” Naturally, crustaceans mostly depend on animal
prey (e.g., molluscs, other crustaceans, small invertebrates, etc.) to ful-
fil their need for essential amino acids and polyunsaturated fatty acids
for ensuring growth and reproduction.'*® Hence, crustaceans need
various digestive enzymes to digest wide range of food items. More-
over, the paradigm shifts in the use of fishmeal alternatives in aqua-
feed resulted in high proportionate or absolute use of plant-sourced
proteins. In recent years, the inclusion of carbohydrates and lipids
have been increased considerably in the crustacean feed to explore it
is protein-sparing effect. This has led to higher proportion of carbohy-
drates in the aquafeed, which may not be favourable to be utilized by
fish and crustaceans. The presence of wide variety of digestive
enzymes has been reported in crustacean species which includes pep-
tidases (both endo and exopeptidases), amylase, lipase, esterases
along with chitinase, cellulase and hemicellulase to digest insoluble
carbohydrates like chitin, cellulose, and hemicellulose.}*?~*2! Besides,
Kooiman'?? reported a wide range of carbohydrases such as a-galac-
tosidase, saccharase, cellobiase, lactase (low), a-xylosidase, maltase,
isomaltase, -1,3-glucanase, cellulase, mannase, and chitinase in cray-
fish, Astacus. Interestingly, Astacus is a carnivore species rather than
an omnivore, 2% which possesses all carbohydrate-digesting enzymes
including digestive enzymes for insoluble carbohydrates. However,

the digestion of different complex algal polysaccharides'?+12>

is poor
in crustaceans.}?¢1?” The quantitative analysis of digestive enzymes
in giant freshwater prawns revealed that digestive enzymes are not
the limiting factor for poor nutrient utilization but rather the ability to
absorb the nutrients.*2®

Digestion is influenced by anatomy and mechanical functions of
the digestive system, production level of enzymes, and dietary com-
position both in vertebrates and invertebrates.''° Different types of
dietary carbohydrates are digested by a wide variety of enzymes
(a-amylase, cellulase, chitinase, laminarinase, xylanase, a- and p-gluco-
sidase, a- and B-galactosidase, B-mannosidase, a-xylosidase, cellobiase,

chitobiase, mannanase, 1,3-glucanase, sucrase, saccharase, maltase,

and isomatase) present in different commercially important crusta-
ceans. Generally, the digestion of the carbohydrate is done by two
groups of carbohydrate-digesting enzymes such as glucidases and glu-
cosidases which act on ‘polysaccharides’ and ‘oligo and disaccha-
rides’, respectively to produce simple sugars for absorption. The final
product of carbohydrate digestion depends on the substrate type like
disaccharides (e.g., sucrose, lactose, maltose, etc.), oligosaccharides
(e.g., raffinose, stachyose, etc.), homoglycans (e.g., starch, cellulose,
inulin, etc.) and heteroglycans (e.g., hyaluronic acid, chondroitin-4-sul-
fate, etc.).

The activity of carbohydrate-digesting enzymes, such as a-amy-
lase, is highly regulated by the type of carbohydrate present in the
feed. For instance, a-amylase activity was observed to be significantly
higher in J. edwardsii lobsters fed with mussel flesh, which contains
approximately 21.5% glycogen on a dry weight basis, compared to
those on formulated feeds. However, the activity of this enzyme was
found to decrease with increasing levels of dietary pre-gelatinized
maize starch (7%-27%), indicating the superior nutritional value of
mussel glycogen compared to other carbohydrate sources. 10116
Nonetheless, no significant effect on a-glucosidase activity in this lob-
ster species was found when comparing fresh mussel flesh and formu-
lated feeds.''® The specific activity of a-amylase in Atlantic white
shrimp (Penaeus setiferus) showed an inverse relationship with the car-
bohydrate concentration in the feed, with lower specific activity
observed at higher carbohydrate concentrations (0%, 11.6%, and
22.6%).2° This finding suggests that dietary protein acts as an
inducer, influencing the activity of a-amylase in the shrimp.}?? These
results highlight the importance of considering the protein-
to-carbohydrate ratio in formulated feeds for optimal enzyme activity
and nutrient utilization in Atlantic white shrimp.

Unlike fish where the digested nutrients are absorbed across the
brush border membrane of the enterocytes lining in the post-gastric
alimentary tract and then enter into the circulatory system through
the basolateral membrane,**° absorption of digested nutrients in crus-
taceans mainly occurs in the hepatopancreas through specialized cells.
The importance of hepatopancreas for nutrient absorption along with
its morphology and physiology in crustaceans has been reported long
ago.1®11%2 Among the different cells present in the hepatopancreas,
the R-cells are known to perform the absorptive function and are also
involved in the storage of glycogen and lipids which act as the major
source of energy during starvation.'*2? Besides hepatopancreas, the
midgut also helps in nutrient absorption and acts as a secondary
absorptive organ in crustaceans; for example, glucose absorption
takes place in midgut at a very low rate.!? Generally, complete diges-
tion of polysaccharides produces monosaccharides which can be
absorbed by the R-cells (German, Restzellen, reserve cell) of the brush
border in the hepatopancreas and then transported into the haemo-
lymph. The transportation of monosaccharides, mainly glucose is done
with the help of carrier proteins present in the plasma membrane
known as glucose transporters.t®® These transporter proteins can be
classified into two categories: (a) Na™-dependent glucose transporters
consist of Sodium-glucose transport (SGLT) proteins, and (b) Na™'-

independent facilitative glucose transporters consist of Glucose
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transporter (GLUT) family.2#73¢ The SGLT proteins transport glucose
against a concentration gradient with the help of Na'K'ATPase
pump*®” whereas, the GLUT proteins transport glucose through facili-
tated passive diffusion into the haemolymph. The GLUT protein can
be expressed in any cell related to carbohydrate metabolism, unlike
SGLT which is expressed in certain cells.?®® Very little knowledge is
available about SGLT in crustaceans and most sequence studies have
done on GLUT family.

The existence of different important metabolic pathways
(e.g., glycolysis, gluconeogenesis, Krebs cycle, pentose-phosphate
pathway, chitin synthesis, glycogenesis and glycogenolysis, etc.) in
different crustacean species has been hypothesized in many
reports and provided a basic understanding of these key metabolic
pathways in crustaceans.'®?"1%> Recent advances in a molecular
study (especially sequencing) ultimately confirms all these meta-

bolic pathways in crustaceans which can be found on the NCBI

website.
4.2 | Carbohydrate as energy source during
starvation

There are many reports which suggest that crustaceans utilize their
energy reserves in different ways based on the period of starvation
(short- or long-term), species, gender, moulting stage, nutritional sta-
tus (types of energy reserves), and so forth. In this section, the major
focus has been given to the role of carbohydrates during starvation in
crustaceans. Besides being a precursor of chitin synthesis, glycogen,
the stored form of carbohydrate plays an important role to serve as
an energy source during starvation.” The majority of glycogen is
stored in the hepatopancreas.’*®#” In the case of the southwestern
Atlantic crab (Neohelice granulata, previously known as Chasmagnathus
granulata), approximately 1% of the total hepatopancreatic mass is
reported to consist of glycogen.'® A general remark on the energy
harnessing during starvation regarding crustaceans suggests more
preferential utilization of lipid reserves or body proteins than carbohy-
drates to meet the energy requirement.” Although there are substan-
tial reports on this concept of ‘preferential use of lipids or proteins

than carbohydrates’,7'149’156

generalization of this concept for all the
crustaceans may not be appropriate (Table 4). For instance, Chinese
white shrimp (Fenneropenaeus chinensis) showed a shift from utilizing
pure protein during starvation to equal utilization of protein and lipid
or a lipid-carbohydrate mixture during later satiation feeding.2®” The
share of carbohydrate in energy production during starvation may be
lesser than lipids or proteins in some crustaceans. After 84 days of
starvation and then 21 days of re-feeding to California spot prawn
(Pandalus platyceros) resulted only about 6.3% of total metabolized
reserves contributed from carbohydrates, whereas lipid and protein
respectively contributed 73.1% and 20.6% of the total metabolized
reserves during this time.2®® In starving crabs, the preferential use of
protein over carbohydrate becomes more dominant in case of eye-
stalk crabs which may be due to more conversion of protein into car-

bohydrate during starvation in eyestalk crabs.>216%:170

Long-term starvation (80 days) study showed increase in glyco-
gen content in muscle and hepatopancreas of maroon stone crab
(Menippe rumphii) up to the 15th and 20th day of starvation, respec-
tively, whereas the lipid content of both tissues decreased con-
stantly.'®> This finding concluded that the lipids could be
preferentially used as an energy source during the initial days of fast-
ing and after 3 weeks, the lipid and glycogen were utilized synergisti-
cally to meet the energy demand during fasting.}** While, during
short-term starvation, freshwater crustacean species like giant fresh-
water prawns preferentially used carbohydrates as an energy source
at initial phase and shifted towards synergistic use of lipids and carbo-
hydrates for energy at later phase.*®° Both protein and carbohydrate
contents in the hepatopancreas of Northern crayfish (Faxonius virilis,
previously known as Orconectes virilis) were found to be reduced sig-
nificantly during 2 weeks of fasting and decreased in an identical pro-
portion in the first week of fasting.?®* During the short-term
starvation period of 5 days, Pacific white shrimp of intermolt stage
exhibited a significantly rapid decrease in plasma and hepatopancrea-
tic glucose levels along with a decrease in hepatopancreatic glycogen
content.® The hepatopancreatic acylglycerides decreased during
later times; however, no change in plasma or hepatopancreatic protein
content was found during these 5 days of fasting.*® A study con-
ducted on spiny lobsters (J. edwardsii) demonstrated that the inclusion
of gelatinized maize starch at levels up to 47% had a positive impact
on dry matter intake. However, it was observed that haemolymph glu-
cose regulation during feeding was inadequate, and glucose was not
efficiently utilized as an energy source.l” Instead, glucose was stored
as glycogen, which proved to be a valuable energy reserve during
short-term food deprivation. Additionally, the specific activity of
a-amylase increased, while the total protease activity decreased dur-
ing periods of short-term starvation.)” These findings indicate that
digestible carbohydrates have a beneficial effect on feeding behaviour
in spiny lobsters and may play a crucial role in maintaining nutritional
conditions during short-term periods of food scarcity.

On the other hand, long-term starvation of 80 days leads to a sig-
nificant reduction in the glycogen and lipid contents of the body with
lowered moult number, specific growth rate and hepatosomatic index
in Australian red claw crayfish (Cherax quadricarinatus) (6.27 g),
whereas starvation for 50 days and then 30 days of re-feeding exhib-
ited recovery of these parameters.'> Similarly, Australian red claw
crayfish juveniles (1 g body weight) showed decrease in body glyco-
gen content along with decrease in lipid content during 50 days of
long-term starvation.®® In the case of Namib river crab (Potamonautes
warreni; also known as South African Mooi River crab), prolonged star-
vation of 6 weeks resulted from a reduction of p-glucose concentra-
tion in haemolymph by 400% with more than 55% reduction in
haemocyanin level.1%3

The utilization of specific energy reserves may also be affected by
the previous nutritional history. For example, previously high protein-
fed N. granulata (southwestern Atlantic crab) showed a decrease in
the synthesis of glucose from “C-alanine resulting declined haemo-
lymph glucose level on third day of fasting.*é? It maintained the hae-

molymph glucose level as well as hepatopancreatic glycogen content
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TABLE 4 Preferential utilization of carbohydrates as energy source during starvation in crustaceans.

Species

Kuruma shrimp
(Marsupenaeus japonicus)

Ghost shrimp
(Palaemonetes
argentinus)

Pacific white shrimp
(Penaeus vannamei)

Giant freshwater prawn
(Macrobrachium
rosenbergii)

Maroon stone crab
(Menippe rumphii)

Southwestern Atlantic crab
(Neohelice granulata)

Spiny rock lobster (Jasus
edwardsii)

Namib river crab
(Potamonautes warreni)

Northern crayfish (Faxonius
virilis)

Australian red claw
crayfish (Cherax
quadricarinatus)

Period of starvation

28 days

15 days

5 days

8 days

80 days

21 days

3 days

42 days

14 days

80 days

50 days

Response during starvation

After a week of starvation, hepatopancreas glycogen
level declined sharply from 3.6 mg/g to 0.4 mg/g
and remained similar for 21 days and then slightly
increased to 1 mg/g on 28 days observation. Overall,
the starved shrimps consumed primarily
carbohydrates, then lipids for energy and proteins
were utilized significantly only during the final week
of starvation.

The branchial ectoparasite (Probopyrus ringueleti)
affected ghost shrimp preferentially utilized
carbohydrate reserves as energy source during
starvation; whereas, shrimps without branchial
ectoparasite infestation preferentially utilized lipids
for energy and preserved their carbohydrate
reserves during fasting period.

Short-term starved intermolt shrimps used
carbohydrate (haemolymph glucose and
hepatopancreatic glycogen) as preferential energy
source.

During first 4 days, major oxidative substrate was
carbohydrate which accounted 74%, whereas, lipids
and protein contributed 18% and 8% of the total
oxidative substrate, respectively. After 8 days,
carbohydrate remained major contributor (51%) of
total oxidative substrate and lipids and protein
contributed 34% and 15%, respectively.

Initially, lipids were used as energy source. After
3 weeks, a combination of lipids and glycogen were
used. After 2 months, the glycogen content of
muscle and hepatopancreas and lipid content of
muscle had decreased to its minimum and most of
lipid reserves from hepatopancreas were utilized. At
this stage, decrease in protein content of both
muscles and hepatopancreas was noticed.

Crabs previously fed with high carbohydrate feeds
preferentially used carbohydrates during first 6 days
of fasting and the production of glucose from 4C-
alanine was increased after 15 days of fasting.

Lobsters utilized stored glycogen as a source of energy
during short-term food deprivation irrespective of
carbohydrate levels in the feeds while soluble
protein content remained unchanged.

D-glucose concentration in haemolymph was depleted
by 400% with more than 55% reduction in
haemocyanin level.

Carbohydrate and protein were depleted in abdomen
from 4.5 to 1.5 pg/mg and 69 to 53 pg/mg,
respectively. In case of hepatopancreas,
carbohydrate, and protein were depleted from 18 to
11.3 pg/mg and 70 to 40 pg/mg, respectively.

Long-term starvation resulted in lower levels of lipids,
and glycogen along with lower number of moults
and specific growth rate. However, there were no
changes in the soluble protein levels.

Crayfish juveniles (1 g) showed decrease in body
glycogen content along with decrease in lipid
content during long-term starvation.

Reference

157

158

159

160

161

162

17

163

164

165

166
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even after 15 days of fasting and only after 21 days of fasting, the
haemolymph glucose and hepatopancreatic glycogen content were
decreased probably due to reduced gluconeogenic capacity.é?
Whereas, in the same experiment, the previously high carbohydrate-
fed southwestern Atlantic crab used hepatopancreatic glycogen as
preferential energy source during first 6 days of fasting and the raising
haemolymph glucose and hepatopancreatic glycogen content were
found after 15 days of fasting probably due to increased gluconeo-
genic capacity.*®? These results suggest that the same species could
have a differential preference to energy sources during normal feed-
ing and fasting periods based on previous nutritional history.

Besides the above-mentioned factors, the mobilization of energy
reserve may also be affected due to stress or pathogenic attack. The
branchial ectoparasite (Probopyrus ringueleti) affected ghost shrimp
(Palaemonetes argentinus) preferentially used carbohydrate reserves
during 15 days of starvation, whereas the control group (without any
branchial ectoparasite infestation) preferentially utilized lipids for
energy and preserved their carbohydrate reserves during 15 days of
fasting. 18

4.3 | Specific dynamic action and dietary
carbohydrate

The specific dynamic action (SDA) is a metabolic response character-
ized by an increase in energy expenditure following the ingestion and
digestion of food. Over the past century, numerous hypotheses have
been proposed to explain the physiological processes underlying SDA,
categorized as (a) pre-absorptive processes involving meal heating,
gut peristalsis, enzyme secretion, protein catabolism, acid secretion,
intestinal remodelling, and blood pH regulation; (b) absorptive pro-
cesses related to intestinal absorption, nutrient transport, and
hormone-induced postprandial metabolism; and (c) post-absorptive
processes including protein synthesis, ketogenesis, amino acid deami-
nation and oxidation, glycogen and urea production, renal excretion,
and growth-related costs.”* We highly recommend that readers refer
to the review by McCue®”? for a comprehensive and detailed explana-
tion of the physiological phenomena of SDA.

While extensive research has been conducted on SDA in various
organisms, including crustaceans, the influence of dietary carbohy-
drates on this physiological process remains relatively understudied.
Despite the limited number of studies specifically investigating the
relationship between SDA and dietary carbohydrate in crustaceans,
these investigations have provided valuable insights into the meta-
bolic response of crustaceans to different dietary compositions. In this
section, we will explore the current understanding of SDA in crusta-
ceans with a particular focus on the role of dietary carbohydrate and
its potential effects on energy expenditure and metabolic pathways.

A study on the protein-sparing action of dietary carbohydrates on
American lobster, Homarus americanus found that increasing dietary
carbohydrate levels (22.85%, 27.47%, and 31.27%) with decreasing
protein levels (23.30%, 19.97%, and 16.65%) did not show a correla-
tion with SDA.Y”2 However, similar SDA values (17.1%-17.6%) were

observed among these three groups of lobsters, suggesting that the
relationship between SDA and dietary factors is more complex than a
simple linear association between carbohydrate intake and increased
metabolism.}”? Another study on supplementation of dietary fibre
(a-cellulose: 0%, 5%, 10%, and 15%) in M. rosenbergii feeds showed
that feeds containing cellulose (5%-15%) led to higher SDA coeffi-
cients (37% to 386%) after 6 h of feeding compared to cellulose-free
feed.”® Feeds with 5%-15% cellulose were assimilated more effi-
ciently than cellulose-free feeds, suggesting a positive influence of
cellulose on SDA.Y”2 The influence that the cellulose in the feed has
on the SDA is also dependent on the way the prawns metabolize the
cellulose. For example, M. rosenbergii has been shown to metabolize
cellulose by fermentation and produces volatile fatty acids (VFAs)”#
which may contribute to SDA during metabolism.

An interesting study by Radford”®

provides important insight on
the effect of feeding time and different carbohydrate sources on SDA
of juvenile J. edwardsii. Lobsters that were fed in the morning exhib-
ited a significantly lower SDA compared to lobsters fed at night indi-
cating lobsters fed in the morning experienced lower energy loss
during digestion.2”® So, feeding juvenile J. edwardsii in the morning
could allow them to optimize the energy content of their meals,
potentially leading to increased growth. Furthermore, J. edwardsii fed
glucose resulted in a lower SDA compared to glycogen, sucrose, and
maltose indicates that glucose is less efficiently utilized in terms of
post-absorptive metabolism.}*”"1”> Although lobsters could digest all
the general carbohydrates but require more energy for the digestion
and metabolism of glycogen and sucrose.>” Additionally, lobsters fed
agar had a significantly higher haemolymph glucose concentration
than unfed lobsters, while alginate and carrageenans had similar
responses to unfed lobsters.2”® These findings indicate that the SDA
can be used as a technique to assess carbohydrate digestion in
juvenile J. edwardsii.t”®

These studies suggest that the relationship between SDA and die-
tary factors is not straightforward and involves complex interactions.
Further investigation is needed to understand the underlying mecha-
nisms and optimize the utilization of dietary carbohydrates in

crustaceans.

5 | FACTORS AFFECTING
CARBOHYDRATE UTILIZATION IN
CRUSTACEANS

Utilization of carbohydrates by aquatic animals is found to be poor and
the same is true for crustaceans. There are many factors regulating the
utilization of this inexpensive energy source. These factors are more or

less similar to factors limiting carbohydrate utilization in finfish.

5.1 | Species-specific response

The ability of carbohydrate utilization varied among the crustacean

species. This variation may be due to diversity in the digestive
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enzymes, metabolic utilization, preferential energy source, genetic
variation, and so forth. For example, lobsters poorly digest carbohy-
drates compared to shrimps,'* which leads to an argument for the
preferential use of protein as an energy source by lobsters rather than
carbohydrates.

Typically, giant freshwater prawn has a relatively high activity of
a-amylase than other crustaceans followed by Pacific white shrimp
and Indian prawn.1?8177:178 The variation in digestive enzyme activity
ultimately affects the capacity of carbohydrate utilization in different
crustacean species. Species-specific cellulase activity can also be seen
in the crustaceans like giant freshwater prawns fed with dietary crude
fibre up to 10%.17? The giant freshwater prawn exhibits enhanced
growth through an increase in gastric emptying time, which aids in
nutrient absorption.179 In contrast, Australian red claw crayfish,
despite having cellulase, did not show any growth improvement when
fed with a-cellulose.’® Moreover, a dietary a-cellulose content
exceeding 12% negatively impacts their survival, growth, and feed

conversion efficiency.&°

5.2 | The trophic level of crustaceans

Commercially important crustaceans play various roles within aquatic
ecosystems and occupy different trophic levels based on their feeding
habits. The trophic level of a crustacean is a critical factor that influ-
ences its dietary composition and the utilization of carbohydrates.
Additionally, it is important to note that crustaceans can change their
trophic level as they develop. Larval size determines their position in
planktonic food webs, and many species undergo trophic level shifts
during ontogenetic development.'®? Shrimp, such as P. vannamei, are
classified as secondary consumers and feed on detritus, algae, and
small invertebrates. They occupy a trophic level higher than primary
consumers like zooplankton. Crabs, like Callinectes sapidus, exhibit a
range of feeding habits. Some crabs are scavengers, consuming decay-
ing organic matter and detritus, while others are predators that prey
on small fish, molluscs, or other crustaceans. Although there are lim-
ited studies on how trophic level affects carbohydrate utilization,
comparing the digestibility of carbohydrates can provide some general
insights. For instance, the ADCs of dry matter and energy were higher
in Pacific white shrimp than in S. serrata when fed a feed with a 30%
inclusion level.”>?” Lobsters, such as the Caribbean spiny lobster, are
carnivorous predators found at higher trophic levels. They feed on a
variety of prey, including fish, crabs, molluscs, and other crustaceans,
placing them as tertiary consumers. In the feed of Caribbean spiny
lobsters, the inclusion level of carbohydrates is limited to 20% due to
the slow uptake of glucose from the haemolymph when fed a feed
containing 35% carbohydrates.* Freshwater-dwelling European cray-
fish juveniles exhibited a high survival rate when fed a feed with 31%
protein, along with moderately high carbohydrate content (16.6%)
and low lipid content (7%) as mentioned previously.® Furthermore,
older crayfish individuals showed a better response to higher dietary
lipid and carbohydrate levels compared to younger juveniles.8’ Cray-

fish can occupy different trophic levels depending on their specific

feed and habitat. Considering the trophic level is crucial for maximiz-
ing dietary carbohydrate utilization in crustaceans. Understanding
how the trophic level influences their feeding behaviour and dietary
requirements helps in formulating appropriate feeds that provide opti-
mal carbohydrate sources. By taking trophic level into account,
researchers and aquaculture farmers can enhance the utilization of
dietary carbohydrates and promote sustainable and efficient produc-

tion practices in the crustacean industry.

5.3 | Effects of age and moulting stages
The utilization of carbohydrates may be positively or negatively
affected with the age. The amylase activity of flower crab (Portunus
pelagicus) was reported to be increased with age®®? and this finding
suggests the more activity of amylase thereby relatively more utiliza-
tion of carbohydrates in the later life stages of crustaceans. Addition-
ally, the high carbohydrate feed increases the energy reserves in the
adult Parastacus brasiliensis (a freshwater crayfish) that supports
reproduction by providing excess energy required during this physio-
logical stage.8®

Besides the life stages, the utilization and energy reserves of car-
bohydrates are also affected by moulting stages.**>*4> The increased
level of carbohydrates is required during pre-moulting stage to act as
a precursor of chitin synthesis.'®* Moreover, the specific effects of
‘eyestalk factors’ which are currently known as crustacean hypergly-
caemic hormone (CHH) on the blood sugar and hepatopancreatic gly-
cogen storage varies with different moulting stages.*®>18¢
Additionally, the occurrence of pentose-phosphate pathway is found
to be high during intermolt stage (primarily stage C) and reduced in

pre-moult stage®144187.188

and this finding suggests the metabolic
changes during moulting stages and thereby variation in carbohydrate

utilization.

54 | Digestibility

As mentioned earlier (Section 3), the digestibility of carbohydrates in
crustaceans can be influenced by various inherent factors, as reported
in the case of fish studies.>*&18%1%° These factors can originate from
the source itself or within the organism. Additionally, the processing
effects should not be overlooked. Among the different carbohydrate
sources studied in various crustacean species, maize or corn, wheat,
rice, and sorghum or milo, in their pure or processed form as native or
gelatinized starch, have been commonly examined. Research indicates
that wheat as a carbohydrate source exhibits more efficient digestion
than maize in species such as black tiger shrimp®! and Pacific white
shrimp.”®?* Similarly, Caribbean spiny lobster showed higher dry mat-
ter and carbohydrate apparent digestibility coefficients (ADCs) for
wheat flour (native) compared to maize starch.1%? However, in Pacific
white shrimp, dry-extruded maize had a higher ADC than dry-

t,91

extruded whea suggesting that processing methods can influence

the ADC of dry matter and energy from different carbohydrate
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sources within the same crustacean species. On the contrary, the
ADC of energy for native corn (maize) (79.1%) was higher than that
for native wheat (76.8%) in the case of giant freshwater prawns.95
Likewise, the ADC of dry matter for extruded corn meal was higher
than that for extruded wheat flour in giant mud crab.”® These findings
highlight the impact of processing techniques and source variations
on the ADC of dry matter and energy from different carbohydrate
sources among crustacean species. In general, understanding the
digestibility of carbohydrates is crucial for regulating carbohydrate uti-
lization in crustaceans. Factors such as source origin, inherent charac-
teristics, and processing methods can significantly influence the
digestibility and subsequent utilization of carbohydrates. Researchers
have observed variations in digestibility coefficients among different
carbohydrate sources in various crustacean species. These findings
emphasize the importance of considering processing effects and
source variations when formulating feeds for crustaceans to optimize

their carbohydrate utilization and overall nutritional efficiency.

6 | FEED PROCESSING STRATEGIESTO
IMPROVE CARBOHYDRATE UTILIZATION IN
CRUSTACEANS

The utilization of carbohydrate has limitations in all aquatic organisms.
Many authors reviewed and provided different strategies to improve
the carbohydrate utilization in finfish.>*72 The use of carbohydrate-
rich feed is not only beneficial in economic point of view, but also for
environmental aspects. Addition of more carbohydrate in a growing
feed would be helpful for production of less-polluting feed for

crustaceans.

6.1 | Dehulling of raw ingredients

The seeds of plant-based ingredients typically have an outer covering
called the seed coat, also known as the hull contains a significant
amount of various antinutritional factors (ANFs) and fibre which affect
their optimum utilization in aquafeed. Therefore, dehulling of the
plant-based carbohydrate-rich ingredients can improve their utiliza-
tion in crustacean feed. Dehulling can remove most of the ANFs and
consequently improve the overall digestibility of different plant-based
ingredients.’* The digestibility of dehulled plant-based protein like
lupin showed an improved digestibility when fed to black tiger

shrimp.1?2 The approach can be adopted for carbohydrates sources.

6.2 | Thermal treatment during feed preparation

Thermal treatments such as cooking and steaming increase the bio-
availability of nutrients and enhance their digestibility. Apart from
bioavailability of the nutrients, stable feed pellet is a must for crusta-
cean species for their slow feeding behaviour. Application of thermal

treatment gelatinizes the starch which enhances durability and water

stability of feed pellets.'”® The native potato starch (ADC 72%) and
corn starch (ADC 85%) are less digestible than pre-cooked potato
(ADC 93%) and corn (ADC 94%) starch, respectively in shrimps.®
However, the increasing inclusion level of gelatinized maize starch
from 15% to 55% on dry weight reduced starch digestibility from 92%
to 79% in spiny rock lobsters.2® In this aspect, ingredient-specific
treatment would be a better approach for preparation of crustacean
feed. The changes in the dry matter, as well as energy digestibility of
different carbohydrate sources subjected to different extrusion pro-
cesses (no extrusion, dry extrusion and wet extrusion) in the feed of
Pacific white shrimp®* proves the ingredient-specific efficacy of extru-
sion process for improving carbohydrate digestibility in crustaceans.

7 | FARMING STRATEGIES TO IMPROVE
CARBOHYDRATE UTILIZATION IN
CRUSTACEANS

7.1 | Ambient temperature

Temperature plays an important role in the regulation of the carbohy-
drate metabolism in crustaceans.'”* At lower temperature, feed con-
sumption, nutrient absorption, and metabolic utilization were found to
be lower in red swamp and southern white river crayfish (Procambarus
zonangulus) and increasing temperature in the culture system could
increase feed intake and carbohydrate utilization in these crustacean
species.'?> While crustaceans tolerate a relatively broad temperature
range, cultivating them at their optimal temperature could significantly
enhance growth and feed intake, improving feed utilization. This is
exemplified by the green rock lobster (Sagmariasus verreauxi), which
displayed 100% survivability between 14.5°C and 25.0°C.27¢ Notably,
the species recorded its highest specific growth rate and feed con-
sumption at 21.5°C.2?¢ The intrinsic optimum temperature range for
‘cold-water’ and ‘temperate and tropical’ crustacean species was
found to be 6.91-9.06°C and 19.68-27.00°C, respectively.'?” Tem-
perature slightly above the higher optimum level may improve the car-
bohydrate utilization in the crustacean probably through enhancing
the metabolic activities. A similar approach can be seen in the case of
finfish species like rohu (Labeo rohita).?® At ambient temperature
(26°C), the performance of non-gelatinized starch was not as good as
that of gelatinized starch. However, when the groups fed with non-
gelatinized starch were exposed to higher temperature (32°C) for a
week, rohu exhibited improved growth and feed utilization, surpassing

the performance of those fed with gelatinized starch.1?®

7.2 | Water salinity

Growth of crustaceans depends on a combination of dietary protein
and carbohydrate and ambient salinity in culture system as found in
Pacific white shrimp.2”? To promote better growth, it is advantageous
to maintain an optimal salinity level in the culture system, as this

reduces the energy required for osmoregulation. Pacific white shrimp
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reared in low salinity (3 ppt) exhibited maximum growth when fed
with 20% dietary carbohydrate.2® The use of 15%-20% of dietary
carbohydrate reduced stress of Pacific white shrimp reared in low
saline condition.2’° Additionally, the optimum dietary carbohydrate
level for maximizing the specific growth rate of Pacific white shrimp
at salinity levels of 1, 2, 4, 8, and 16 ppt was found to be 29.9, 27.6,
26.9, 26.3, and 22.3%, respectively,?°! thus dietary carbohydrate level
is important for successful culture of this species, particularly at low
salinities.”® Dietary carbohydrate along with protein play an important
role in Pacific white shrimp at acute salinity-mediated stress condi-
tions by regulating the expression of carbohydrate metabolic

enzymes'3®

and also glucose receptors (GLUT1) in different tis-
sues.?%2 Therefore, the role of carbohydrates as stress mitigators in
low salinity conditions is significant. In such conditions, elevated glu-
cose levels serve as osmolytes,?°® helping maintain haemolymph
osmolality and providing the necessary energy to cope with adverse
circumstances. Therefore, when culturing crustaceans in relatively low
saline water, incorporating a higher amount of dietary carbohydrates

can contribute to improved species performance.

8 | FEED FORMULATION AND FEEDING
STRATEGIES TO IMPROVE CARBOHYDRATE
UTILIZATION IN CRUSTACEANS

8.1 | Tailoring dietary fibre for different species
When it comes to selecting the type of fibre for a crustacean feed, it
is important to consider the specific nutritional needs and digestive
physiology of the crustacean species in question. While soluble and
insoluble fibre are both valuable components of a balanced feed, the
optimal type of fibre may vary depending on the species. In general,
crustaceans can benefit from a combination of soluble and insoluble
fibre sources in their feed. Soluble fibres, such as pectin and gums,
have the ability to form a gel-like substance when mixed with water,
which can help slow down the release of glucose during digestion.
The tolerable limit of dietary crude fibre may vary among various spe-
cies but a lower inclusion level is always recommended for improving
the efficiency of carbohydrate utilization. Accordingly, the increasing
level of dietary a-cellulose resulted in reduced ADC of dry matter and
protein in giant freshwater prawns.>’# However, due to the presence of
endogenous cellulases, a high ADC of dietary a-cellulose (about 80%)
was reported in giant freshwater prawn.2”# Similar observations were
reported in the case of spiny lobster (J. edwardsii), which showed around
94% ADC for carboxymethyl cellulose.® Nevertheless, increasing die-
tary cellulose resulted in increasing specific dynamic action (SDA) with
increased energy requirement in giant freshwater prawn.t’® On the
other hand, the dietary fibre such as cellulose is associated with a delay
in gastric transit time which helps in efficient digestion and absorption
of dietary protein.2%* Unlike penaeid shrimp, freshwater prawn can uti-
lize as high as 30% of dietary fibre?°> due to the presence of endoge-
nous cellulase enzyme.r”* Therefore, it could be advantageous to

include dietary crude fibre within acceptable limits, as this can yield

several beneficial effects. These effects include facilitating a gradual
release of glucose from dietary carbohydrates, optimizing gastric transit
time to enhance nutrient digestion and absorption, and serving as an

energy source for select crustacean species.

8.2 | Use of feed additives

8.2.1 | Exogenous enzymes
Exogenous enzyme supplementation to reduce or eliminate the detrimen-
tal effect of antinutritional factors (ANFs) present in the high plant-based
feed is one of the common practice in aquafeed production.’®® Supple-
mentation of exogenous enzymes is found to be promising for larval nutri-
tion with improved carbohydrate utilization even at later life stages of
crustaceans.?%” Supplementation of exogenous p-gluconases in the shrimp
feed was found to improve the bioavailability of sugars from apparently
indigestible carbohydrates like cellulose and chitin,>*® thus may aid in pro-
duction of low-cost shrimp feed. Although, the live feed provides exoge-
nous sources of enzymes during larval development, but the amount may
not be sufficient to show a significant effect on nutrient utilization. For
example, Artemia as live feed contributed very little amount of exogenous
enzyme than required in Atlantic white shrimp (P. setiferus) larvae.?®® Fur-
thermore, the carnivores' ability to produce a sufficient quantity of carbo-
hydrases solely from natural food sources is believed to be restricted.?'°
The lack of existing literature on this aspect limits further discussion.

Phytase, another commercially important exogenous enzyme,
plays a crucial role in mitigating the negative effects of phytic acid and
enhancing the utilization of plant-based ingredients. Phytic acid, also
known as phytate, is a storage form of phosphorous (P) that is bound
to inositol within the fibre of raw whole cereal grains, oilseeds, and
nuts.2!! Phytase enzymes are widely distributed among various life
forms, with microorganisms being the most promising source, fol-
lowed by plants. Major sources of microbial phytases include filamen-
tous fungi like Aspergillus ficuum, Mucor piriformis, and Cladosporium
species.?? Supplementation of phytase (500 FTU) in a soybean-based
feed not only reduced the nitrogen and phosphorus burden on the
culture system but also significantly altered the fatty acid composition
of P. monodon tissue.?%® Likewise, the dietary supplementation of
microbial phytase in freshwater prawn feeds has been found to
enhance the utilization of plant-derived feed ingredients.?*3

In addition to exogenous f-glucanases and phytases, the inclusion
of other exogenous enzymes such as xylanase, cellulase, and more can
be beneficial in improving the utilization of carbohydrate-rich plant-
based feeds in crustaceans. Along with improving the utilization of
carbohydrates in crustaceans, this will reduce the feed cost and create

a more efficient feed.

8.2.2 | Dietary supplementation of biogenic amines

There are variations in the effect of different biogenic amines on the

carbohydrate metabolism in crustacean. Generally, serotonin,

85U8017 SUOWILLIOD A1) 8|qeot[dde auy Aq psusenob afe sejole YO ‘88N JO SaINJ 0} Akeiq18UI|UO /8|1 UO (SUONIPUOD-PUR-SLLIBYWI0D™AB | 1M AlRIq U1 |UO//SANY) SUORIPUOD PUe SWis | 8y} 89S *[7202/T0/2z] Uo ARiqiTauliuo A8|im ‘AiseAlun EWION UeteH Aq T982T bel/TTTT 0T/I0p/wod Ae|im Akl ijeul|uo//sdny wo.j pepeojumod ‘0 ‘TETSESLT



SINGHA ET AL

\
REVIEWS IN Aquaculture .~

dopamine, octopamine, norepinephrine, and epinephrine have hyper-
glycemic effect in crustaceans.?!* Serotonin and enkephalins exhibit
negative effect on CHH release, whereas dopamine shows a positive
effect on the release of CHH in the haemolymph of crustaceans.?*®
During cold shock, hyperglycaemia is induced not only by CHH but
also by the release of various biogenic amines such as serotonin,
dopamine, and epinephrine. These amines potentially cause hypergly-
caemia by stimulating the release of norepinephrine and/or octopa-
mine.?'® Furthermore, serotonin (5-HT) plays a pivotal role in
optimizing the utilization of glucose in the haemolymph?*” by activat-
ing phosphofructokinase in the hepatopancreas, thereby initiating the
glycolysis process. Administration of serotonin in decapod southwest-
ern Atlantic crab and Spiny-cheek crayfish (Faxonius limosus, previously
known as Orconectes limosus) resulted in hyperglycaemia in haemo-
lymph mediated through enhancing CHH release from the sinus gland
in both submerged and air-exposed condition.?'® Whereas, serotonin-
induced hyperglycaemia in both intact and eyestalk-ablated Indian
prawns suggesting its effect does not depend on CHH release.?'? On
the other hand, when serotonin was administered along with dopamine,
it induced hyperglycaemia specifically in eyestalk-intact specimens of

)?2% and giant fresh-

monsoon river prawn (Macrobrachium malcolmsonii
water prawn.??! This hyperglycemic effect was observed through the
reduction of total carbohydrate and glycogen content, as well as the
enhancement of phosphorylase activity in the hepatopancreas. These
findings suggest that the hyperglycaemia induced by serotonin and
dopamine administration is mediated by CHH.

Another important biogenic amine dopamine helps crustaceans in
adapting to environmental stressors??? and induces hypo- or hyper-
glycaemia depending on the species. For example, dopamine induces
hyperglycaemia in black tiger shrimp,??® Pacific white shrimp,??* and
European green crab (Carcinus maenas),??® but induces hypoglycaemia
through inhibiting CHH release in red swamp crayfish,22® Danube
crayfish (Astacus leptodactylus) and mantis shrimp (Squilla mantis).??”

Melatonin administration reduced total carbohydrate and glyco-
gen, and increased phosphorylase activity in the hepatopancreas of
both intact and eyestalk-ablated freshwater field crab (Oziotelphusa
senex senex) which suggests that 5-HT-induced hyperglycaemia in this
species is not mediated by CHH.??® Similar results were also reported
in the case of the Chinese mitten crab (Eriocheir sinensis) including a
reduction of total carbohydrate and glycogen, and increased phos-
phorylase activity in muscle.??” A study on tyramine showed that
giant freshwater prawns fed with feeds containing 1 and 10 mg/kg
tyramine stimulated aerobic glycolysis initially (after 3 days of feeding)
and then induced anaerobic glycolysis (after 7 days of feeding) to
maintain homeostasis. 230231

Based on the above results from different crustacean species of
different biogenic amines in the crustacean feed may give a promising
effect on better utilization of glucose. Specifically, biogenic amines
which can induce hyperglycaemia independent of CHH release could
be helpful to maintain homeostasis and energy supply from stored
carbohydrates in crustaceans during eyestalk ablation which is a com-
mon practice for induction of maturation and spawning.>*? General

glucose homeostasis, mode of action of crustacean hyperglycemic

hormone (CHH) and how other hormones and biogenic amines regu-
late glucose homeostasis in crustaceans has been illustrated in

Figure 2.

8.3 | Microbial approach

Although there is no permanent gut microbial community in crusta-
cean species, the most common gut microflora in decapods is Vibrio
sp., Moraxella sp. and Flavobacterium sp.?2 The gut microflora in crus-
taceans is less diverse than that of cultured fish.2*® Dietary supple-
mentation of short-chain fructo-oligosaccharides improved the
immunity of Pacific white shrimp through improving the beneficial gut
microbial community; however, most of these microbes were found
to be unculturable species.2* Similarly, supplementation of galacto-
oligosaccharides and resistant starch improved the gut microbiota and
short-chain fatty acids production in green mud crab.2%> Additionally,
16S rRNA gene sequencing showed variation in the gut microbial
diversity in Norway lobster (Nephrops norvegicus) under different
feeding regimes (frozen mussel fed, dry formulated pellet fed or star-
vation).22¢ These reports indicate that the gut microbial population of
crustaceans can be modified through dietary interventions.

Besides, an interesting report on the effect of dietary carbohy-
drates on gut microbiota of Pacific white shrimp showed that complex
carbohydrates were not a good source of energy for this species when
reared in low saline water due to an increase in opportunistic patho-
genic bacteria in the gut.2®” However, only corn starch was used as
complex carbohydrate in this research and other sources of carbohy-
drates were sucrose and glucose. So, general statement based on a
single complex carbohydrate may not be appropriate. Although Pro-
teobacteria was abundant in the gut of all carbohydrate-fed groups,
the group fed with corn starch exhibited a decrease in Actinobacteria
and an increase in Firmicutes in Pacific white shrimp.2®” Besides die-
tary interventions, the gut microbial community can vary during devel-
opment stages as found in ornate spiny lobster (Panulirus ornatus).2%®
Yet, throughout the developmental stages (6-7 days post-emergence
[dpe], 52 dpe, and 13 months post-emergence [mpe]), phyla Teneri-
cutes and Proteobacteria were the most abundant community in the
gut.2®®  Supplementation of feed probiotic generally improves
the microbial diversity in the gut of both fish and crustaceans.?*? The
factors and different strategies to improve the gut microbial composi-
tion of Pacific white shrimp have been reviewed recently which
showed the use of probiotic in the crustacean feed may play a remark-
able role in improving the overall dry matter digestibility.?*° Based on
these findings, it can be concluded that supplementation of feed-
specific probiotic, prebiotic, or both as symbiotic probably can
improve the carbohydrate utilization by crustacean.

8.4 | Feeding strategies

Feeding strategies concerning the culture system, life stage of the

species and type of feed should be adopted for efficient production of
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FIGURE 2 Glucose homeostasis and mode of action of crustacean hyperglycemic hormone (CHH) in crustaceans. Hyperglycaemia in
crustaceans is mediated through two pathways. First, the CHH-mediated pathway, where dopamine supports hyperglycaemia, and secondly, the
CHH-independent pathways, where hormones like serotonin and epinephrine show species-specific regulation and lipopolysaccharides enhance
hyperglycaemia. Hyperglycaemia is also encountered during the pre-moult stage. Biogenic amines such as insulin immunoreactive protein (lIP),
insulin-like growth factors (IGF), and insulin-like peptides (IIP) secreted from the hepatopancreas help maintain normal haemolymph glucose levels
during hyperglycemic conditions. Conversely, hypoglycemic conditions naturally occur during the intermolt stage. Different biogenic amines
regulate cyclic AMP and GMP synthesis, which in turn inhibits glycogen synthesis during hypoglycaemia to support normal glucose levels in the

haemolymph.

crustacean.”? Similarly, different feeding strategies can be adopted to
improve the utilization of carbohydrates by the crustacean. Increasing
feeding frequency of 38% carbohydrate-containing feed up to four
times a day was found to increase carbohydrate digestibility with
improved growth in Pacific white shrimp.?** As we know, crustaceans
are sluggish feeders, and hence, the feeding frequency should be
increased to enhance the feed intake with some exception like tem-
perate lobsters. Increased feeding frequency can result in slow rise of
glucose in the haemolymph to facilitate better metabolic utilization.
On the other hand, less frequent feeding for high carbohydrate feed
may lead to hyperglycaemia and poor metabolic utilization of
carbohydrates.

8.4.1 | Protein-sparing effect of dietary
carbohydrates

The protein-sparing effect of carbohydrates in the crustacean feed
has already been discussed in the previous section under nutritional
requirement for various crustacean species. Regardless, it is worth
noting that variation in the carbohydrate levels in feeds used in pro-

tein requirement studies can provide secondary data to get

information about carbohydrate level at the optimum protein levels
which shows optimum performance in terms of growth, survival, and
physio-metabolic responses. Optimization of dietary protein level
using non-protein energy sources can be done through the incorpora-
tion of lipid and/or carbohydrate. However, as mentioned earlier, the
negative impact of lipids on pellet stability and palatability restricts
their inclusion levels in feed. Therefore, to maximize carbohydrate
inclusion, it is beneficial to implement certain approaches such as
starch gelatinization and the use of exogenous enzymes. These
approaches play a significant role in enhancing the utilization of car-
bohydrates in feeds. Moreover, carbohydrates can serve as valuable
binding components, enabling the production of water-stable and
highly palatable feeds.?>*¢ In a recently published review on carbohy-
drate utilization in finfish,” the authors relied on data from few protein
requirement studies to determine the optimal or maximum permissible
limit of carbohydrates. However, considering the carbohydrate level
directly corresponding to the optimum protein level as the ‘optimum’
or ‘maximum permissible’ level for carbohydrates may not be highly
reliable. For that reason, we have extracted data from the protein
requirement studies to know the total carbohydrate level (TC%) as
well as nitrogen-free extract level (NFE%) to calculate the ratio of

crude protein to total carbohydrate (CP:TC) and crude protein to
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nitrogen-free extract (CP:NFE; Table 5). The main sources of carbohy-
drates used in the protein requirement studies has been also listed in
the Table 5. Except for giant freshwater prawn,?> the ratio of CP to
TC are found to be below one. The ratio below one suggests that at
optimum level of dietary protein, the inclusion level of total carbohy-
drate is higher than the crude protein. However, the ratio of CP to
NFE is found to be as high as 2.11 in case of Pacific white shrimp
when fed with 40% CP as optimum protein level.2*®> Whereas, the
ratio of CP to NFE was lower than one in the feed of Australian red
claw crayfish?®® and red swamp crayfish?** when fed with optimum
dietary CP. It is important to note that the ratio depends on the opti-
mum dietary crude protein level and the total carbohydrate and
nitrogen-free extract can be taken as a reference level to use in the

feeds of crustaceans when fed with optimum dietary crude protein.

9 | NUTRITIONAL PROGRAMMING AND
GENETIC SELECTION

9.1 | Nutritional programming

Though nutritional programming has not yet been popular or studied
in crustacean research but there are few reports on this aspect and
provide promising results. Feed restriction during early development
of Pacific white shrimp was found to modify the expression of
metabolism-related genes.2%> Both 40%2%¢ and 70%2%° feed restric-
tion in this species during protozoa and post-larval stage resulted in
higher expression of mRNAs related to enzymes coding for glycolysis
and ATP synthesis as long-term effects, respectively. Additionally, the
protozoa substage 1 and post-larval stage were suggested to have
high molecular plasticity and ideal stage for early stimulation for nutri-
tional programming in Pacific white shrimp.2¢” Nevertheless, complete
feed restriction (starvation) resulted in an increase in the abundance
of opportunistic pathogens, leading to detrimental effects on
health.2%® While these recent findings suggest the potential for nutri-
tional programming to enhance the ability of crustacean species to
utilize dietary carbohydrates during the growing stages, further

research is needed to fully implement this technique.

9.2 |
species

The development of genetically improved

Production of genetically improved varieties of shrimps become a key
priority in the shrimp industry to produce pathogen-free domesticated
shrimps.2%? In this regard, production of specific pathogen-free (SPF)
shrimp stock and subsequently the terms like specific pathogen resis-
tant (SPR) shrimp, specific pathogen tolerant (SPT) shrimp and even
‘all pathogen exposed’ (APE) shrimp gained popularity in the shrimp
industry.2’%271 Besides these disease-resistant shrimp brood stock
production, a recent report suggests that the female reproductive
traits like number of eggs per spawn (NE), number of nauplii per

spawn (NN) and spawn frequency over 30 days (SF) can be improved

through genetic selection in Pacific white shrimp.2’? Based on these
reports, it can be suggested that production of improved variety of
different crustacean species with high carbohydrate utilization capac-
ity without affecting the growth will be possible near future. Produc-
tion of high carbohydrate-tolerant crustacean species will not only
reduce the production cost through the protein sparing-effect of car-
bohydrate, but also improve water quality in intensive crustacean

farming systems.

10 | SUMMARY AND FUTURE
PERSPECTIVES

The role of carbohydrates in crustacean feed production is important
but requires careful consideration to avoid negative effects on crusta-
cean health. The inclusion level of carbohydrates should be based on
factors such as source, nature, and processing to optimize utilization.
Wheat and sorghum/milo have shown to be beneficial carbohydrate
sources. However, determining the maximum permissible limit of car-
bohydrates for crustaceans, irrespective of the source, requires fur-
ther investigation to provide species-specific recommendations.
Additionally, the utilization of carbohydrates as an energy source dur-
ing starvation varies among crustacean species and is influenced by
factors such as age, moulting stage, and digestive capacity.

To advance our understanding of carbohydrate utilization in crus-
taceans and enhance the profitability of crustacean aquaculture, sev-
eral critical research directions should be pursued. Although various
strategies to improve carbohydrate utilization have been discussed
above in Sections 6-8 based on scientific literature and briefly illus-
trated in Figure 3, the field remains relatively unexplored. The primary
objective should be to bridge the knowledge gap in carbohydrate
nutrition in crustaceans and make crustacean aquaculture more profit-
able. To achieve this, studies on the digestibility of different carbohy-
drate sources and forms should be expanded, focusing on
isonitrogenous, isolipidic, and hetero-energetic diets. Additionally,
there is a need to develop methodologies to track the utilization and
fate of dietary-derived glucose. Utilizing source-specific pre-treatment
methods, such as cooking, extrusion, gelatinization, and enzyme
hydrolysis, can enhance ingredient performance, reducing the need
for unnecessary high-cost treatments.?>2? Similarly, nutritional pro-
gramming should be emphasized to develop carbohydrate-tolerant
crustacean species, with attention given to identifying the optimal
developmental window during early life and providing appropriate die-
tary stimuli.2¢”

Furthermore, exploring high carbohydrate-tolerant genotypes in
commercially important crustacean species and establishing selection
and breeding programs, similar to those used in the shrimp industry,
can contribute to enhancing carbohydrate utilization and improving
profitability.?¢?=271 Adoption of successful approaches, such as the
production of SPF, SPR, SPT, and all-female producing (APE) shrimp
stocks, can facilitate the achievement of high carbohydrate tolerance
in crustaceans.?®’=2%% Supplementing exogenous enzymes and bio-

genic amines in crustacean nutrition is another avenue to enhance
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Strategies to improve
carbohydrate utilization in crustaceans

Nutritional
programming

Genetically improved
species

Salinity-friendly
strategy

Temperature-
friendly strategy

Use of biogenic
amines in feed

Dehulling of raw
ingredients
Thermal treatment of
ingredients
Reducing crude
fibre in feed
Use of exogenous
enzymes
Improved gut-
microbiome

Factors affecting
carbohydrate utilization
in crustaceans

‘ Species specificity

Age and molting stage

Digestibility of carbohydrate sources

FIGURE 3 Major factors affecting carbohydrate utilization in crustaceans and strategies to improve its utilization. Enhancing carbohydrate
utilization in crustaceans can involve nutritional programming and the selection of genetically improved, high-carbohydrate-tolerant species.
Crustaceans can utilize a more significant amount of dietary carbohydrates when cultured at slightly higher temperatures than their optimal
growth temperature and under lower salinity conditions. Dietary supplementation with biogenic amines could enhance carbohydrate utilization,
particularly concerning moulting. Strategies such as dehulling, thermal treatment of ingredients, use of exogenous enzymes, and reducing crude
fibre in the feed can enhance the digestibility of various carbohydrate sources. Furthermore, exploring targeted probiotics and manipulating the
gut microbiome presents a promising strategy for improving carbohydrate utilization in diverse crustacean species.

carbohydrate utilization.® Biogenic amines like melatonin, serotonin,
and dopamine play vital roles in carbohydrate mobilization and metab-
olism, while exogenous enzymes such as p-glucanases, phytase, xyla-
nase, and cellulase improve the utilization of carbohydrate-rich
feeds.> However, careful consideration of factors such as enzyme
source, combination, dosage, properties, and delivery systems is
essential for practical application.® Additionally, research on the natu-
ral gut microbiomes of different crustacean species and their relation-
ship with the host organism is crucial for targeted probiotic
development.?®#-2%8 probiotic application in aquaculture aims to pro-
mote beneficial microbial growth while suppressing pathogenic micro-
organisms in the gut?*° Advancements in metagenomics have
facilitated the understanding of probiotic functionality.2*? Addition-
ally, probiotic research should go beyond natural gut microbiomes and
attempt to improve carbohydrate utilization through gut microbiome
modulation.

In conclusion, dispelling the misconception that carbohydrates
are unnecessary for crustaceans and conducting further research to
understand carbohydrate utilization mechanisms are essential steps
toward advancing crustacean aquaculture. These efforts have the
potential to make the industry more profitable and sustainable,
benefiting both producers and consumers.
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