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In this study, the digestive physiology of 12 plankti-benthivorous species as functional
analogues from intertidal mudflats of Indian Sundarbans was carried out in order to
find out whether diet or phylogeny played a larger role in influencing digestive enzyme
activity. Upon analysis of prey preferences, they were categorized into different trophic
subgroups. Two dendrograms, one based on prey diversity and other on digestive enzymes of studied fish species were constructed through cluster analysis. These dendrograms were compared again with the phylogenetic tree constructed on the basis of the
taxonomic positions. The specific nature of the enzymes in two plankti-detritivorous
fishes appeared to possess a specific feeding behaviour and dietary preference though
no clear predominance among digestive enzymes was observed. However, regardless of
different feeding habits, four gobiid species showed similarity in their overall digestive
enzyme patterns and clustered together. Despite mixed results, it can be concluded that
digestive enzymes may serve as effective indicators of the feeding ecology of fishes,
but the physiological requirements to live in specific trophic guilds may differ among
families and therefore, influence of phylogeny on the digestive physiology could not
be avoided without understanding the evolutionary specializations for these feeding
modes in fishes.
Keywords: stomach content; plankti-benthivorous fishes; carbohydrases; proteolytic
enzymes

Introduction
Patterns of resource utilization are a fundamental property of ecological systems (Winemiller and Pianka 1990), aiming to assess the role of interspecific competition on the
co-existence of a great number of species (Schoener 1974). Fish communities in the tropics and sub-tropics are highly complex and consist of specialized co-evolved populations
(Moyle and Senanayake 1984). Food resources have received great attention (Simberloff
and Dayan 1991); many studies on feeding ecology having been conducted for different
fish communities (Pausey et al. 1995; Piet et al. 1999; Garrison and Link 2000; Chaudhuri
et al. 2012). The prevailing paradigm is that digestive enzyme activities in fishes are indicative of feeding ecology, correlating well with diet (Kapoor et al. 1975; Saha and Ray
1998; Fernández et al. 2001). Animals are thought to be plastic in their digestive enzyme
production in response to diet, because the metabolic expense of producing large amounts
of digestive enzymes would be wasted by animals ingesting low levels of the substrates
for those enzymes (Karasov 1992; Caviedes-Vidal et al. 2000). However, studies on the
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relationship between feeding habits and enzyme activities in fish are fragmentary and contradictory. Another school maintains that it is largely affected by phylogeny (Chan et al.
2004; German et al. 2004; Chaudhuri et al. 2012). However, knowledge of digestive enzymes of fish has important practical implications for their nutrition (Caruso et al. 2009).
The ability of fish to metabolize a diet depends on the availability of appropriate digestive
enzymes, which mediate specific degradation pathways, as well as on both physical and
chemical nature of food (Phillips 1969). The measurement of specific activities (proteases,
carbohydrases and lipases) may provide information about the whole digestive capacity
and the efficiency of species reared to use feeding components (Buddington et al. 1997).
The food and feeding habits of different fishes often differ widely and the stomachs of
many tropical and sub-tropical fishes have been studied to ascertain their feeding habits in
natural habitats (Ugwumba 1990). Fish may adapt their metabolic functions to the dietary
substrates, through a regulation in enzyme secretion, in order to improve the utilization
of feed ingredients (Caruso et al. 2009). Assays of digestive proteolytic and amylolytic
enzymes in the digestive tissues of a fish as well as a comparative study can provide information about its nutritional physiology and reveal the capacity of different species to
use protein and carbohydrates (Hidalgo et al. 1999). The dietary preference and digestive
physiology of 12 plankti-benthivorous species of fish was investigated in the present study
to determine which dietary components were most likely being assimilated. Although fish
did not always occupy separate ecological niche with regard to their food, there might be
some kind of preferences or affinity based on which the food habit of fishes could be designated (Chaudhuri et al. 2012).
Intertidal mudflats occupy a significant component of the total estuarine habitat available to fishes and play important roles as nursery and foraging grounds (Edgar and Shaw
1995; Horinouchi and Sano 2000). The stomachs of many tropical fishes have been studied
to ascertain their feeding habits in natural habitats and the relationship between the fishes
and their biotic environments (Ugwumba 1990; Edgar and Shaw 1995; Horinouchi et al.
1996). The control on algal biomass may occur through the whole planktonic food web in
cases where planktivorous fish play a central role (trophic cascade effect, Reynold 1994)
or may influence all pelagic–benthic interactions in cases where benthivorous and omnivorous fish have a significant impact on the internal load, transport and recycling of nutrients
(Horppila et al. 1998).
The Sundarban (India) mudflats (Banerjee 1998; Bose 2004) are found at the estuary
and on the deltaic islands where low velocity of river and tidal current occurs. The flats
are exposed in low tides and submerged in high tides, thus being changed morphologically even in one tidal cycle. Diverse, dynamic environment and pulsed resources have
important effects on consumer abundance and co-existence, as well as food web dynamics
and stability (Polis et al. 1997; Huxel et al. 2002) in the unique mudflat habitat of Indian
Sundarbans. The changing environments require continuous adjustments at all levels of the
biological organization (Val and Almeida-Val 1995; López-Vásquez et al. 2009). These adjustments undoubtedly affect how fishes acquire their food as well as how they metabolize
them. The trophic guild structure of the ichthyofaunal assemblage in the intertidal mudflat
habitat of Indian Sundarbans was already studied (Chaudhuri et al. 2014) and 12 species
were found to have plankton or benthos or the combination of both food categories with
detritus in their diet. However, no study regarding the utilization of food resources by the
plankti-benthivorous fishes and the digestive physiology of them were performed till now.
The present study aimed at investigating whether the enzyme activity of 12 fish species
with similar nutritional habits (plankti-benthivorous) is principally a function of diet or it
is largely affected by phylogeny.
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Materials and methods
Study site and fish samples collection
Twelve study sites, with similar physical features (composed predominantly of well-packed
soft mud) were selected randomly along a 10 km stretch of the Matla River, Boro Herobhanga
rivulet and their adjacent mudflats in Indian Sundarban (22°01′ N, 88°40′ E) (Figure 1). Samplings were conducted between October 2008 and February 2012. Fish collections were performed during high tide with gill net (20 m length with 3 cm spacing between adjacent knots),
cast net (1.2 m radius) and with hook net (50 m with 50 hooks, each at 1 m interval) and during
low tide with hand nets (dot net). Fish specimens were identified to species level following
existing literature (Day 1958; Talwar and Jhingran 1991). The specimens, retrieved from the
net were counted, and measured for total length (L, cm) and weighed for total mass (M, g).
Stomach content verification
The live fishes were anaesthetized with MS222 (15 specimens per each species) and
each stomach was visually assessed for fullness (1 = empty, 2 = 25%, 3 = 50%, 4 = 75%,
5 = 100% full), and those with a score of 3–5 were dissected. Various taxa digest at different rates, as such, all recently consumed taxa may be present in the foregut but only
resistant items remain in the hindgut. To avoid bias when both easily digested prey and
resistant prey are present, only the immediate foregut (e.g. stomach) was sampled in the
fishes where prominent stomach is absent. The contents of the stomach were collected separately in 70% ethanol and observed under microscope. Prey items found were identified
to the lowest possible taxon and data were quantified using the numerical methods such as

Figure 1. Location of study area in the Sundarbans. India. Inset: location of sampling sites in the
mudflats of the Matla river, the Bidya river and the Boro Herobhanga rivulet.
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per cent by frequency of occurrence (%O) and per cent by number (N%) following Hyslop
(1980).
Categorization of plankti-benthivorous fishes and stomach content analysis
Feeding guilds were already constructed based on the diet similarity phenogram considering 64% Bray–Curtis similarity in the previous studies (Chaudhuri et al. 2014). Among
31 species, 12 teleosts were categorized into plankti-benthivorous habit from the studied
habitat, and more than 75% of the stomach contents were recorded as either planktons or
benthic invertebrates or aquatic insects or detritus or the combination of the same (Figure 2).
To measure the trophic diversity, rarefaction curves (Hurlbert 1971) were used for the prey

Figure 2. Percentage abundance of major prey categories among stomachs of 12 plankti-benthivorous teleost species in intertidal mudflats of the Sundarbans.
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populations predated by 12 plankti-benthivorous fishes. The total number of food items consumed by each stage gives the richness of the prey consumed.
Rarefaction
is given by the cal���
��
��
∑
N −Ni
N
culation of E(S) for a sequence of n, E(S) = 1 −
, where E(S) = expected
n
n
richness in the rarefacted sample with a given n, n = standard size of the sample, N = total
number of quotations of each kind of food and Ni = number of meals with the ith food item.
The computation was performed using EstimateS software.
Digestive enzyme analysis
After collection of the stomach content, liver, stomach and intestine of 10 carnivorous
fishes previously anaesthetized, were dissected out, weighed, kept in liquid nitrogen during
transportation to the laboratory and frozen at −70 °C until assay of the enzymes.
The preparation of tissue extracts was carried out at 4 °C. The digestive organs of
each fish (liver, stomach and intestine) were thoroughly washed with chilled glass-distilled
water and homogenized in 0.02 M phosphate buffer pH 7.0 (1:5 w/v) for 3 min at 5500 G,
4 °C. Tissue homogenates were centrifuged in a Hermule Z323 K refrigerated centrifuge
at 10,000 G for 25 min at 4 °C. The supernatant was separated and preserved for enzyme
assays. The soluble protein content of each extract was determined against bovine serum
albumin as reference (Lowry et al. 1951). Five digestive enzymes were assayed at the optimum temperature in all the samples.
Alpha amylase activity was assayed as Bernfeld (1955), using starch (1%) [Sigma,
USA] as substrate, phosphate (Na2HPO4 + NaH2PO4) buffer (pH 6.9) and maltose as standard. One unity (U) of amylase was defined as the amount of enzyme needed to hydrolyse
1 mg of starch per min at 37 °C. Cellulase activity was determined following Kesler and
Tulou (1980) using carboxymethyl cellulose (1%) [Sigma, USA] as substrate, phosphate
buffer (pH 5.5) and glucose as standards. A unit of cellulase was defined as the amount
of enzyme needed to hydrolyse 1 mg 1% CMC per min at 37 °C. Invertase activity was
estimated following Pal et al. (1980) using (2.5%) sucrose [Sigma, USA] as substrate,
phosphate buffer (pH 5.5) and glucose as standards (Bacon 1955). A unit of invertase was
defined as the amount of the enzyme needed to hydrolyse 1 mg of substrate per min at
37 °C. Alkaline protease was measured following Ichishima (1970) using (1%) bovine
serum albumin [Sigma, USA] as substrate (pH 10.0). One unit of alkaline protease activity was calculated as the amount of enzyme needed to hydrolyse 1 mg of BSA per min
at 37 °C. Pepsin was measured following Ragyanszky (1980) using casein (1%) [Sigma,
USA] as substrate at pH 1.5 using 60 mM HCl. For alkaline proteases as well as for pepsin, tyrosine was used as standard. Enzyme assays were performed with a Shimadzu UV1700 PharmaSpec, UV/visible spectrophotometer. Activity of all enzymes was expressed
in units per mg of protein (U mg−1 protein).
Statistical analysis
Multivariate analysis of variance (Zar 1999) was applied using SPSS 7.0. The mean value
of 15 repetitions of each enzyme from each tissue evaluated for each fish species was used
to interpret the variations among the species. The homogeneity between mean values of
the different fish species was tested using post hoc Duncan test; values were considered
statistically different at the p < 0·05 level. Results are reported as means ± SE. Dendograms
were constructed for hierarchical cluster analysis among the plankti-benthivorous teleosts
for stomach contents as well as for digestive enzymes using Bray–Curtis similarity matrix
(PRIMER 6.0) and for taxonomic position.
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Results
The plankti-benthivorous teleosts were: Oxuderces dentatus Eydoux and Souleyet, 1850,
Glossogobius giuris (Hamilton, 1822), Taenioides buchanani (Day, 1873), Periophthalmus
novemradiatus (Hamilton, 1822), Himantura walga (Müller and Henle, 1841), Liza parsia
(Hamilton, 1822), Moringua raitaborua (Hamilton, 1822), Setipinna taty (Valenciennes,
1848), Coilia ramcarati (Hamilton, 1822), Trypauchen vagina (Bloch and Schneider,
1801), Gudusia chapra (Hamilton, 1822), Bregmaceros mcclellandi Thompson, 1840 (six
orders and eight families) (Table 1).
Stomach contents analysis
Food items in stomach or foregut of fishes were identified into 12 different categories
apart from some unidentified material and faecal pellets: (1) Phytoplankton, (2) Copepod
zooplankton, (3) Cladoceran zooplankton, (4) Macroalgae, (5) Amphipods, (6) Polychaeta,
(7) Oligocheta, (8) Aquatic insects, (9) Decapod shrimps, (10) Isopods, (11) Teleosts, (12)
Detritus; and grouped into 17 broad groups: macroalgae, phytoplankton, zooplankton, benthic invertebrates (amphipods, polychaete, oligochaetes, decapod crabs, Isopods), aquatic
insect, major animal preys (decapod crabs, decapod shrimps, teleosts) and detritus. On an
average about five prey species were found per stomach as majority of the individuals had
a more diverse diet (>4 prey types consumed) (Table 2).
As mentioned earlier, 12 species were found to be plankti-benthivorous based on prevalence of planktons, benthic invertebrates, aquatic insects and detritus (>50%) in their
stomach content. Among the plankti-benthivorous guild, fishes were again sub-grouped
into planktivorous, plankti-detritivorous and insecti- or benthic-invertebratevorous based
on the presence of plankton, detritus, insect and benthic invertebrates at major percentages
in the stomachs.
The trophic richness of these 12 plankti-benthivorous fish species was reflected by the
rarefaction curves for stomach content analysis (Figure 3), which indicated differences in
prey richness. Among the members of plankti-benthivorous feeding guild maximum food
items were found in G. giuris (seven prey species) and minimum trophic variety was observed in B. mcclenllandi (three prey species) followed by C. ramcarati (four prey species)
and H. walga (four prey species).
Among all prey items, phytoplankton, zooplankton and detritus were found to be common and consisting the major portions of the stomachs irrespective of species. Aquatic
insects and isopods were found frequently in the stomachs of most of the insectivorous
fishes. Detritus and planktons were the major components in six studied plankti-detritivorous fish species. However, decapods shrimps were also found in the stomachs of S. taty.
Macroalgae was also found in L. parsia and P. novemradiatus though in a very small
proportions. The stomach contents of planktivorous G. chapra and B. mcclellandi were
contributed by phytoplankton and zooplankton (>75%) prominently along with little proportions of the other food items (larvae of amphipods and annelids in case of G. chapra)
and detritus (Table 2).
Dendogram of 12 plankti-benthivorous fish species on the basis of their stomach contents showed a clustering between P. novemradiatus, G. giuris, O. dentatus and T. buchanani confirming their similar preference towards aquatic insects or invertebrates at 75%
level of similarity. L. parsia, M. raitaborua, H. walga, S. taty, T. vagina and C. ramcarati
formed another cluster when similar similarity level was considered and grouped under
plankti-detritivorous guild. On the other hand, B. mcclellandi and G. chapra with plank-

Family

Moringuidae

Clupeidae

Engraulidae

Engraulidae

Bregmacerotidae

Mugilidae

Gerreidae

Gobiidae

Gobiidae

Gobiidae

Gobiidae

Dasyatidae

Order

Anguilliformes

Clupeiformes

Clupeiformes

Clupeiformes

Gadiformes

Mugiliformes

Perciformes

Perciformes

Perciformes

Perciformes

Perciformes

Rajiformes

IUCN status
NE
LC
NE
NE
NE
NE
NE
NE
NE
NE
NE
NT

Species
Moringua raitaborua
(Mo.ra)
Gudusia chapra (Gu.ch)
Coilia ramcarati (Coi.ra)
Setipinna taty (Se. ta)
Bregmaceros mcclellandi
(Br.mc)
Liza parsia (Li.pa)
Glossogobius giuris
(Gl.gi)
Oxuderces dentatus (Ox.
de)
Periophthalmus novemradiatus (Pe.no)
Trypauchen vagina (Try.
va)
Taenioides buchanani
(Ta.bu)
Himantura walga (Hi.
wa)

190.90 ± 4.10

150.01 ± 10.8

162.18 ± 7.50

50.50 ± 11.17

120.90 ± 27.80

145.50 ± 5.50

132.27 ± 28.90

81.25 ± 50.31

164.10 ± 31.30

91.50 ± 7.50

100.10 ± 40.86

2950.00 ± 462.75

LT (mm)

8.64 ± 0.64

14.25 ± 2.12

11.73 ± 0.81

3.45 ± 1.52

15.50 ± 3.12

56.15 ± 4.56

45.65 ± 12.45

2.10 ± 0.05

57.33 ± 12.15

40.00 ± 3.35

9.20 ± 2.62

41.00 ± 15.47

W (g)

Commercial

Of no interest

Minor commercial

Of no interest

Of no interest

Commercial

Commercial

Commercial

Minor commercial

Subsistence fisheries

Subsistence fisheries

Of no interest

EI

Table 1. Fish species (abbreviation in parenthesis) analysed for digestive enzymes with IUCN status, economic importance (EI), mean ± SE of body mass (M) and
total length (LT) (n = 15).
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tivorous feeding habit also clustered together (Figure 4(a)) at 75% level of similarity using
Bray–Curtis similarity index.
Digestive enzymes
The stomach and intestine had higher (p < 0.05) α-amylase activity in most of the fishes. Negligible α-amylase activity was recorded from the digestive organs of insectivore
O. dentatus, though not significantly different from other planktivore B. mcclellandi, G.
chapra and plankti-detritivore S. taty and H. walga. Alfa-amylase activity was significantly
the highest (p < 0.05, df = 14) in insectivore P. novemradiatus followed by plankti-detritivore C. ramkarati (Figure 5(a), Tables 3 and 4). The enzyme activity was also prominent
in the gut of insectivore T. buchanani, G. giuris and plankti-detritivore T. vagina and M.
raitaborua.
Most of the fish presented moderate cellulase activity in the liver (p < 0.05) compared
to stomach and intestine. In plankti-detritivore C. ramkarati, the liver showed maximum
cellulase activity compared to other fishes (Figure 5(b)). However, insignificant cellulase
activities were found in insectivore O. dentatus, planktivore B. mcclellandi, G. chapra and
plankti-detritivore S. taty and M. raitaborua.
The activity of invertase in the intestine and liver was significantly higher (p < 0.05)
than in the stomach in majority of the studied fishes. Plankti-detritivore T. buchanani exhibited maximum (p < 0.05, df = 14) invertase activity in gut. However, other plankti-detritivore G.chapra, C. ramkarati and M. raitaborua exhibit the lowest invertase activity

Table 2. Percentage abundance of 10 prey items isolated from the stomachs of selected 12 plankti-benthivorous teleost species of inundated mudflats of Indian Sundarbans.

Notes: 1. Phytoplankton, 2. Copepod zooplankton, 3. Cladoceran zooplankton, 4. Macroalgae, 5. Amphipods, 6.
Polychaeta, 7. Oligochaeta, 8. Aquatic insects, 9. Decapod shrimps, 10. Isopods, 11. Teleosts, 12. Detritus.
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Figure 3. Rarefaction curve of 12 plankti-benthivorous fishes showing the abundance of prey items
inside their stomachs.

irrespective of digestive organs (Figure 5(c)). Although in general invertase activity was
negligible in most of the plankti-benthivorous fishes.
Alkaline protease activity was at maximum levels in plankti-detritivore C. ramkarati
and planktivore B. mcclellandi. In insectivore T. buchanani (all three tissues), minimum
activity of alkaline protease was found (Figure 5(d)). This enzyme activity varied significantly among tissues and the highest level of activity was found in the stomach in most of
the fishes.
The highest activity of pepsin was observed in stomach followed by liver and intestine
and the differences were significant (p < 0.05). Maximum (p < 0.05) pepsin activity was
recorded in the stomach of plankti-detritivore M. raitaborua (Figure 5(e), Tables 3 and 4).
Higher activity of this enzyme was also observed in other two plankti-detritivorous fishes,
C. ramcarati and T. vagina. Significantly lower activities of pepsin were recorded from the
insectivore O. dentatus and T. buchanani.
Dendogram of 12 plankti-benthivorous fish species on the basis of their digestive enzymes showed two large clustering, one between H. walga, L. parsia, S. taty, G. chapra,
B. mcclellandi and O. dentatus and other between M. raitaborua, G. giuris, T. buchanani,
T. vagina and P. nevemradiatus when 50% Bray–Curtis similarity was considered (Figure
4(b)). Except M. raitaborua, all species of the second cluster are belonging to gobiidae
family and formed a single cluster based on their taxonomic positions (Figure 4(c)). At this
level C. ramkarati did not form any cluster with any of the other studied species. If 75%
level of similarity was considered, only two clusters were found, one consisting of three
plankti-detritivorous fishes S. taty, L. parsia and H. walga and other structured with one
plankti-detrivore M. raitaborua and one insectivore G. giuris.
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Figure 4. Dendograms of 12 plankti-benthivorous fishes on the basis of their stomach content (a),
digestive enzymes (b) and phylogenetic tree based on taxonomic positions (c).

Digestive enzymes activity in plankti-benthivorous fishes   63

Figure 5. Alpha-amylase (a), cellulase (b), invertase (c), alkaline protease (d) and pepsin (e) activity
in 12 plankti-benthivorous fishes of inundated estuarine mudflats of the Sundarbans.
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Table 3. Digestive enzymes activities in 12 plankti-benthivorous fishes from the mudflats of Indian Sundarbans.
Alkaline protease

± 0.000

± 0.000
± 0.0001
± 0.000
± 0.000
0.0006c9d9 ± 0.0001

0.0001a8b8c8 ± 0.000

0.0002

a7b7

0.0005c9 ± 0.0001

0.0000

a8b8

0.0002a7b7 ± 0.000

0.0006

c9d9

0.0000 ± 0.000

0.0001

a7b7

0.0002a9b9 ± 0.000

0.0002b8c8 ± 0.0001

0.0001

a7b7

0.0000a9 ± 0.000

0.0003 ± 0.000
a8

0.0000a7 ± 0.000

0.0003 ± 0.0001
b9

0.0004d8 ± 0.0001

0.0003b7 ± 0.0001

0.0000 ± 0.000
a9

0.0001a8b8c8 ± 0.000

0.0002a7b7 ± 0.000

Pepsin

(continued)

0.0007b12c12 ± 0.0003

0.0003a11b11 ± 0.0001

0.0004a10b10 ± 0.0001

0.0005a12b12 ± 0.0001

0.0000a11 ± 0.000

0.0012c10 ± 0.0002

0.0012d12 ± 0.0002

0.0015c11 ± 0.0002

0.0010b10c10 ± 0.0001

0.0011c12d12 ± 0.0002

0.0009b11 ± 0.0003

0.0008a10b10c10 ± 0.0001

0.0001a12 ± 0.000

0.0024a11 ± 0.000

0.0001a10b10 ± 0.000

0.0003a12b12 ± 0.0001

0.0008b11 ± 0.0002

0.0007a10b10c10 ± 0.0003

0.0000a12 ± 0.000

0.0000a11 ± 0.000

0.0001a10b10 ± 0.000
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0.0005 ± 0.0002

± 0.0051

0.0104a15 ± 0.004

I

0.0001 ± 0.000

± 0.0011

0.0043

I
0.0000 ± 0.000

± 0.0003

0.0006

0.0024a15 ± 0.0007

S

I
0.0000 ± 0.000

± 0.0008

0.0161

0.0440a15b15 ± 0.0008

S

I
0.0000a3 ± 0.000

a2

0.0000a1 ± 0.000

a14b14

0.0090b13 ± 0.0005

L

0.0000a3 ± 0.000

a2

0.0000a1 ± 0.000

a14

0.3738c13 ± 0.1484

L

a3

0.0000a2 ± 0.000

a15

0.0065a14 ± 0.0033

± 0.0004

S

0.0010

0.0029
c1d1

0.0019c3 ± 0.0006

0.0005c2 ± 0.0002

b1

L
± 0.0003

0.0917c14 ± 0.0492

S
a13

0.0180

L
a13b13

± 0.0002
± 0.0017

± 0.0009

± 0.0003

± 0.0002

0.0037c6 ± 0.0007

0.0028

b5c5d5

0.0020a4 ± 0.0006

0.0018a6b6c6 ± 0.0005

0.0010
a5b5

0.0454d4 ± 0.0173

0.0022
a6b6c6

0.0014a5b5c5 ± 0.0004

0.0154 ± 0.0037
b4

0.0065d6 ± 0.0022

0.0063f5 ± 0.0022

0.0079
a4b4

0.0002a6b6c6 ± 0.0007

0.0001
a5b5

0.0002 ± 0.0007
a4

Cellulase
± 0.000

± 0.000

± 0.000
± 0.000

± 0.000
0.0001a9b9 ± 0.000

0.0001

a8b8c8

0.0000a7b7c7 ± 0.000

0.0000a9 ± 0.000

0.0004 ± 0.0002
d8

0.0013c7 ± 0.0005

0.0001

a9b9

0.0001a8b8c8 ± 0.000

0.0001
a7b7

0.0002a9b9 ± 0.0001

0.0000 ± 0.0002

0.0001
a7b7

0.0000d9 ± 0.0003

c8

0.0000 ± 0.0001

0.0000
a7b7

Alkaline protease

0.0013d12 ± 0.0002

0.0064e11 ± 0.0005

0.0000a10 ± 0.000

0.0004a12b12 ± 0.0002

0.0018c11d11 ± 0.0007

0.0042d10 ± 0.0017

0.0003a12b12 ± 0.0001

0.0007a11b11 ± 0.0001

0.0004a10b10 ± 0.0001

0.0000e12 ± 0.0009

0.0022d11 ± 0.001

0.0007a10b10c10 ± 0.0001

0.0000a12 ± 0.000

0.0000a11b11 ± 0.0002

0.0000a10b10 ± 0.000

Pepsin

Notes: values are means (±SEM, n = 15). Among-species comparisons of the activities for each enzyme in each digestive organ were analysed with one-way ANOVA and Duncans’ post
hoc with a family error rate of p = 0.05. Enzymes activities are expressed in mg min−1 mg−1 protein (U mg−1 protein). Different super script letter (e.g. a1, a2, a13 etc.) means enzyme
values with significant differences at 5% level of significance. Similar superscript with similar numbers indicates there is no significant difference between the enzyme values. The
enzyme values with two or three superscript indicates they are insignificant with two other values (e.g. value with a15b15 superscript indicates it is homogeneous with the value having
a15 superscript as well as with the other value having b15 superscript) L = Liver; S = Stomach; I = Intestine.

M. raitaborua

C. ramkarati

H. walga

T. vagina

0.0000a3 ± 0.0001

0.0003a15 ± 0.0011

I

± 0.000

0.0000

± 0.0011

0.0004
a2b2

S

0.0000 ± 0.000

± 0.0007

a14

0.0003
a1

L

Invertase

a13

S. taty

α-amylase

Tissue

Species

Table 3. (continued)
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Table 4. Comparisons of the activities for each enzyme in each fish species among three tissues with
one-way ANOVA and Duncans’ post hoc with a family error rate of p = 0.05.
α-amylase

Invertase

Cellulase

Alkaline protease

Pepsin

O. dentatus

S>L=I

L>S=I

L=S>I

L>S>I

L>S=I

P. novemradiatus

S=I>L

L≥I≥S

S>I>L

L=S=I

L=S>I

T. buchanani

I>L>S

I>L>S

I>L=S

S>L=I

S>L>I

G. giuris

I>L=S

L≥I≥S

L>S=I

S=I>L

L=S=I

B. mcclellandi

S>L=I

L>S=I

L>S=I

S>I>L

S≥I≥L

G. chapra

L=I>S

L=S=I

L>S=I

I>L=S

L>I>S

L. parsia

I>L=S

L ≥ I≤S

L>I>S

I>L=S

I>L=S

S. taty

S=L=I

I>L=S

I≥S≥L

I>L=S

S>I=L

T. vagina

S>L=I

I>L=S

L=S=I

S>L=I

S=I>L

H. walga

S≥I≥L

L>S=I

L>S=I

L=S=I

S>L=I

C. ramkarati

L>I=S

L=S=I

L>I=S

L>S=I

L>S=I

M. raitaborua

I>S>L

L=S=I

I>S>L

S=I>L

S>I>L

Discussion
In the present study, plankti-benthivore guild was mainly represented by planktivorous
fishes, insectivorous/invertebrate feeder fishes and plankti-detritivorous fishes. Planktivorous fishes feed either by selective capture of individual particles or by non-selective filter
feeding (Durbin 1979). In contrast to particle feeder, filterers do not orient visually with
the plankton particles (Gerking 1994). Moreover, filter feeding is more likely to occur than
particulate feeding when the prey are small and present at high concentrations (Gibson
and Ezzi 1992). The intertidal mudflats of Sundarbans were already reported (Chaudhuri
et al. 2014) to have continuous resources renewal from the adjacent ecosystems leading
to unlimited food resources for fishes. In the present study, B. mcclellandi and G. chapra
were found to feed majorly on planktons, while T. vagina, C. ramcarati, M. raitaborua,
L. parsia and H. walga utilized a greater proportion of detritus matter beside zooplankton.
However, Gibson and Ezzi (1992) reported that some species such as northern anchovy
(Engraulis mordax Girard, 1854), clupeids such as Atlantic herring (Clupea harengus Linnaeus, 1758) and alewife (Alosa pseudoharengus (Wilson, 1811)) and certain scombrids,
especially chub mackerel (Scomber japonicas Houttuyn, 1782), were capable of switching
between the two methods of feeding, which suggests that switching is associated with the
relative profitability of each method. The insect/invertebrate feeders such as P. novemradiatus, T. buchanani, G. giuris and O. dentatus in this study were observed to consume
large portion of terrestrial insects or other benthic invertebrates along with zooplankton.
Prey selectivity of predator fishes was controlled by the apparent size, number and type of
prey item consumed (Luo et al. 1996; Reiss et al. 2002). The selectivity, however, might
change with the prey concentration, distribution and abundance in predictable or food-rich
environments (Munk 1997).
The quality of a given food item is directly proportional to its ability to support growth
and its nutritional value is determined by the ability of the animal to digest and absorb it
(Akintunde 1985). Tengjaroenkul et al. (2000) reported that the distribution and specific
activity of digestive enzymes along the gut change with feeding habits. Under natural conditions, adults tend to capture larger prey, which demands a greater digestive effort due to
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the smaller surface area exposed to enzymatic action. Uys and Hecht (1987) stated that
knowledge of the digestive enzymes enhances the development of more efficient diets and
rearing techniques. Studies have been conducted on digestive enzymes of various tropical
fishes in sub-Saharan Africa (Olatunde and Ogunbiyi 1977; Uys and Hecht 1987; Fagbenro
1990; Fagbenro et al. 1993; Ugwumba 1993; Fagbenro et al. 2000). Fish species are highly
variable in both the production of particular carbohydases and their level of activity (Stone
2003). In the present study, significantly low levels of carbohydrases (α-amylase, cellulase
and invertase) activities were detected in the digestive tracts in O. dentatus (insectivorous; consumed 68% aquatic insect and zooplanktons), B. mcclellandi (planktivorous; 60%
zooplanktons), G. chapra (planktivorous; 74% phytoplankton and zooplankton), S. taty
(plankti-detritivorous; 43% zooplankton, 23% shrimps, 17% detritus). The digestibility of
any food consumed by fish must be determined by the balance between energy gain from
the food and the energy expending on digestion, the incomplete digestive mechanism on
algae reflects an adaptive strategy for these stomachless, filter-feeding fishes which continuously feed on small suspended particles including not only plankton, but also large
amounts of organic detritus of low nutritional value (Xie 1999). However, higher activities of α-amylase and cellulase were observed in other insectivorous P. novemradiatus, T.
buchanani and plankti-detritivorous C. ramkarati. Kuzmina and Gelman (1997) reported
that the activity of amylase varied considerably with activity in carp 70–100 times higher
than that in pike. Differences in the ability to secrete various enzymes have been demonstrated in fishes and seem to be related to interspecific or intraspecific differences in food
habits. Comparisons between species or groups of species revealed some expected differences: amylase levels tend to be higher in the guts of herbivorous and omnivorous species
than those in carnivore guts; pepsin levels tend to be high but pancreatic proteases low in
carnivores with the shortest gut (Fange and Grove 1979; Ugolev et al. 1983; Hidalgo et
al. 1999). Furthermore, Hidalgo et al. (1999) also found differences in the amylase pool
and in the amylase: protease ratio within carnivorous species. In contrast, in a study of 11
species of freshwater fishes including carnivores, omnivores and herbivores, the kinds and
amounts of enzymes were similar irrespective of food habit, which the authors attributed
to incomplete food niche segregation and plasticity of digestive functions (Chakrabarti et
al. 1995). Chan et al. (2004) also mentioned that the activity of α-amylase follows a pattern
influenced more by phylogeny than by diet in prickleback fishes. Similar observation was
also reported by German et al. (2004) and Horn et al. (2006).
In fishes, protein is digested initially in the stomach by pepsin and acid, and then further degraded into smaller peptides and free amino acids in the intestine by the combined
actions of various alkaline proteases (Hirji and Courtney 1982). Protease and peptidases
activities show complex and variable relationships to dietary habits. Some comparative
studies report higher endoprotease activity in carnivorous species than in herbivorous species (Sabapathy and Teo 1993; Hidalgo et al. 1999) and the omnivorous characids varied
the activity and composition of proteases in responses to change in dietary protein content
(Garcia-Carreño et al. 2002). Pepsin is probably responsible for the earliest stage of protein
digestion in breaking down large-chain polypeptides chains in the stomach with the help
of secreted hydrochloric acid (Tengjaroenkul et al. 2000; Natalia et al. 2004). Between
the stomach and the intestine there is usually a valve called the pyloric valve. Beyond this
valve, a duct from the liver and pancreas enter the intestine to secrete digestive enzymes
including “pepsin and trypsin” into the food. Pepsin and trypsin are not only secreted into
the intestine at this place, but are also formed and secreted into the stomach and intestine all along the stomach and intestine from sub-mucosal cells (Antony and Thibodeau
1983). Plankti-detritivore M. raitaborua showed maximum pepsin activity in its stomach
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followed by C. ramcarati and T. vagina belonging to the same feeding group. The chemical
nature of detritus and its relationship to the nutritional requirements of detritivores along
with the gut retention time could explain the different digestive strategies, developed by
different detritivores to exploit the same food source in a given environment (Féral 1989).
However, significantly lower activities of pepsin were recorded from the insectivorous O.
dentatus and T. buchanani. No differences in pepsin and trypsin activity were previously
found between carnivorous and herbivorous stichacid (prickleback) species (Chan et al.
2004) and frugivorous adults of the characid had higher pepsin and trypsin activities than
the carnivorous juvenile (Drewe et al. 2004). Similar observations between non-carnivorous and carnivorous fishes were also reported by other authors (Chakrabarti et al. 1995;
Hidalgo et al. 1999; Chan et al. 2004). In the present study, the highest level of activity
was found in the stomach in most of the fishes. The distribution of proteinases varies, depending on species and organs. Nasri et al. (2011) studied digestive alkaline proteases from
different fish species and found crude enzyme extracts are highly stable over a wide broad
pH range. In the current study, alkaline protease activity was higher in plankti-detritivore
C. ramkarati and planktivore B. mcclellandi while, minimum in insectivore T. buchanani.
The results corroborated with the study by Kuzmina and Gelman (1997). Accordingly, it
can be inferred that a clear-cut correlation between feeding habit and proteolytic activity
does not exist in fishes. It was also suggested that to compensate for a lower amount of
protein available in their diet, herbivorous fishes appeared to increase consumption rate
and enzyme production (Hofer 1982). Moreover, as the vegetal proteins are more difficult
to digest than animal proteins (Hidalgo et al. 1999), the same amount of protein consumed
requires a 10 times higher proteolytic activity in fish feeding on grass than in fish feeding
on meal worms (Hofer 1982). This argument probably explained why prominent protease
activity is observed in the planktivorous or plankti-detritivorous fishes having higher percentage of phyto and zooplankton and allochthonous plant debris in their stomach rather
than in insectivorous fishes in the current study. Chan et al. (2004) and German et al.
(2004) investigated the digestive enzyme activities in four closely related prickleback fishes, including two herbivorous and two carnivorous species. Their results showed that the
activities of digestive enzymes correlated more strongly with phylogeny rather than with
the fish’s natural diets. Likewise in the present study also, four gobiid species (G. giuris,
T. buchanani, P. novemradiatus and T. vagina) were found in proximity in the dendrogram
when overall digestive enzyme patterns were considered. Influence of the genetic traits on
the activities of brush border enzymes was demonstrated in the crosses of Oreochromis
mossambicus (Peters, 1852) and O. aureus (Steindacher, 1864) (Hakim et al. 2006) and in
the silver perch Bidyanus bidyanus (Mitchell, 1838) (Hakim et al. 2007). Furthermore, the
activities of digestive enzymes were also influenced by many other factors such as the ages
of the fishes (Kuźmina 1996), temperature and season (Kuźmina et al. 1996) and the composition of their diets (Zambonino-Infante and Cahu 2001). Thus, the relationship between
digestive enzyme activities and feeding habits in fishes is still not very clear.
Fish usually display high versatility in their feeding habit that is reflected in different
anatomical and functional features; both nutritional and physiological characteristics allow
them the exploitation of a wide range of food resources, thus improving their adaptation to
changing environmental conditions particularly when in competition. But this relationship
does not always coincide with the concept of digestive physiology and proves that such a
specification is not always necessary (Chaudhuri et al. 2012). The specific nature of the enzymes in some of the mudflat fishes (H. walga and L. parsia) considered here appeared to
possess a specific feeding behaviour and dietary preference, whereas others were more variable. Despite controversial results it can be concluded that digestive enzymes may serve
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as effective indicators (Chan et al. 2004) of the feeding ecology of fishes, however, the
physiological requirements to live as a carnivore, herbivore, planktivore or detritivore may
differ among families and without studying closely related fishes, these differences have
never been fully elucidated. Therefore, more work is needed, especially in a phylogenetic
context, to understand the evolutionary specializations for these feeding modes in fishes.
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