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Studies of interspecific differences in the physiological performance of animals and
their relationship with metabolism may provide insight into how selection
influences diversity in phenotypic traits. To investigate the effects of food habits
on growth, digestion, specific dynamic action (SDA), and the intestinal microbiota
and verify their relationships in freshwater fishes, we measured the specific growth
rate (SGR), meal remaining in the gastrointestinal tract, postprandial metabolic
response, and intestinal microbial diversity of nine freshwater fish species with
different food habits (three carnivorous, four omnivorous, and two herbivorous)
fed at 25°C. The SGR, energy ingested (El), energy efficiency (EE), gastrointestinal
evacuation rate (GER), peak metabolic rate (PMR), peak metabolic scope (PMS), and
SDA duration values were the highest in carnivores and the lowest in herbivores.
The routine metabolic rate (RMR) and SDA coefficient values of carnivores were
also significantly greater than those of omnivores and herbivores. The SGR was
also significantly and positively correlated with the El, GER, PMS, and SDA
coefficients. These results indicated that growth performance, feeding and
digestion abilities, and feeding metabolic responses were the strongest in
carnivores and the weakest in herbivores. There was no significant difference in
the richness of the intestinal microbiota with different food habits, whereas
omnivores presented the highest diversity, followed by herbivores, and
carnivores presented the lowest diversity. Moreover, while the phylum
composition of the intestinal microbiota in fish with different food habits was
similar, significant differences were observed in the composition proportions
among carnivores. This might be related to the host's ability to digest and utilize
proteins, fats, and carbohydrates. We suggest that the interspecific differences in
growth associated with different food habits are related to their feeding and
digestive abilities, metabolic response, and gut microbiota.
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1 Introduction

Animals can be classified as carnivores, omnivores, or
herbivores according to their food habits. The investigation of
growth, food habits, and their relationships has a long history in
fishes and other animals, as it involves fields related to physiology,
ecology, behavior, and evolution (Held and Peterka, 1974;
Kooyman and Donald, 1977; Mayntz et al., 2005). Like all other
vertebrates, fish need time for digestion, absorption, and
assimilation after being fed for energy accumulation. The growth
ability of fish is not only influenced by external environmental
conditions but also limited by internal physiological factors, such as
digestive capacity and metabolism (Pérez-Casanova et al., 2009;
Dan et al.,, 2014). Previous studies suggested that the growth of
animals may be more easily limited by their digestive capacity than
by the availability of food under conditions of abundant food
resources (Kvist and Lindstrom, 2000; Speakman and Krol, 2005).
Fishes require additional energy consumption during digestion,
assimilation, and growth processes (Jobling, 1981a). The
characteristics of the feeding metabolism of fishes exhibit wide
and consistent interspecific differences (Secor, 2009). For example,
after feeding, the duration of feeding metabolism ranges from
several hours to more than 10 days, and the energy consumed for
feeding metabolism accounts for less than 2% to more than 50% of
the energy in the food among fish species (Secor, 2009). Therefore,
different fish species might have different growth potentials in terms
of their digestive capacity and metabolic response to food and/or
feeding habits.

For fish species, the gastrointestinal content weight can be used
to estimate daily food rations, and the gastrointestinal evacuation
rate (GER, i.e,, the reduction in gastrointestinal contents over time
after feeding) can be used to estimate the physiological performance
of digestion and assimilation (Jobling, 1981b; Miyasaka et al., 2005;
Bunnell, 2013). Several previous studies have shown that the GER is
correlated with growth ability under different conditions in some
fish species (Sveier et al., 1999; Speakman and Krol, 2005; Pang
et al, 2022). The relationship between growth rate and digestive
capacity has also been investigated at the histological, physiological,
and biochemical levels, such as gut morphology and size, the
hepatosomatic index, and metabolic enzyme activity in the
intestines of some fish species (Couture et al., 1998; Stevens et al.,
1999; Belanger et al., 2002; Messina et al., 2023). An increase in the
metabolic rate above the routine metabolic rate (RMR) is a
physiological response to feeding, a phenomenon commonly
referred to as specific dynamic action (SDA) (Jobling, 1981a). The
energy consumption of SDA includes parts such as ingesting,
digesting, and assimilating food (Jobling, 1981a; Secor, 2009). The
energy expended during SDA is determined by the peak metabolic
scope [PMS, i.e., the difference between the peak metabolic rate
(PMR) and RMR], the SDA duration, and the shape of the feeding
metabolic power curve. Several studies have demonstrated that
increased growth rates are associated with increased postprandial
metabolic rates and vice versa (Carter and Brafield, 1992; Leggatt
et al., 2003; Li et al., 2013; Moffatt et al., 2022). Therefore,
understanding and testing the complex interactions among
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growth, digestion, and feeding metabolism are important and of
interest to the fields of fish physiology and aquaculture.

The intestinal microbiota plays an important role in aquatic
animal nutrition and immunology (Wang et al, 2024). The
intestinal microbiota absorbs host nutrients or decomposes host
food to synthesize their own nutrients, and the intestinal microbiota
can also secrete digestive enzymes and synthesize vitamins in some
fish species (Clements et al., 2014; Chen et al., 2015). In addition,
intestinal probiotics can inhibit the increase in pathogenic bacteria
and thus protect organisms from pathogen infections in some fish
species (Sugita et al., 1997). Previous studies have revealed a
potential correlation between intestinal probiotics and food
habits, growth, and metabolic responses in some fish species
(Moran et al., 2005; Sakyi et al., 2020; Wang et al., 2023).

To evaluate these hypotheses, we measured nine freshwater fish
species with different food habits. Three species (Silurus meridionalis, a
benthic ambush-feeding species, Micropterus salmoides, a slow-flow
species living in the middle and lower layers of water bodies, and
Siniperca chuatsi, a benthic still-water species pursuing living prey) are
carnivorous; four species (Oreochromis niloticus, a euryphagous
species living in the lower layers of water bodies; Cyprinus carpio, a
eurytopic and widely distributed species; Carassius auratus, a
eurytopic and widely distributed species; and Spinibarbus sinensis,
an active fast-flow species) are omnivorous; and two species
(Megalobrama amblycephala, a still-water species living in the
middle and lower layers of water bodies; and Ctenopharyngodon
idella, an active slow-flow species) are herbivorous. S. meridionalis
belongs to the order Siluriformes, and the families Siluridae, M.
salmoides, S. chuatsi and O. niloticus belong to the order
Perciformes and the families Centrarchidae, Serranidae and
Cichlidae, respectively. These species are all important aquaculture
fish in China. Our goals were to (a) evaluate the interspecific
differences and effects of food habits on growth, digestion, feeding
metabolism, and the intestinal microbiota, and (b) verify their
relationships in freshwater fishes. To achieve these goals, the fishes
were subjected to specific growth rate (SGR), GER, and SDA
parameters and intestinal microbial diversity measurements.

2 Materials and methods

2.1 Experimental animals, holding,
and diets

All nine experimental freshwater fish species (approximately
200 each species) were purchased from local fishermen
(aquaculture farms) in Chongging, China. All the experimental
fish were approximately 6-9 months old. Before purchase, these
experimental fish were fed mainly formulated food (for
carnivores, approximately 45% protein; for omnivores and
herbivores, approximately 30% protein). Prior to the
experiment, the fish were maintained for 2-3 weeks in
laboratory polyvinyl chloride water tanks (200 cm x 120 cm X
70 cm) with recirculating water (to maintain consistency of
conditions, all tanks were interconnected). During this period,
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the temperature of the fresh dechlorinated water used was
maintained at 24.5°C-25.5°C, the water oxygen content was
above 7.0 mg L', the pH ranged from 6.5-7.3, and the
ammonia-N content varied from 0.005 to 0.025 ppm. The
photoperiod was maintained at 12 h light: 12 h dark. The fish
were fed to satiate daily at 12:00 with commercial diets [for
carnivores, Guangdong Haid Group, Guangzhou, China, dry
composition: 49% protein, 5% lipid, 3% carbohydrate, 18% ash,
and 14.055 kJ g~ bioavailable energy; for omnivores and
herbivores, Tongwei Group, Chengdu, China; dry composition:
30% protein, 3% lipid, 12% carbohydrate, 16% ash, and 10.329 kJ
g~! bioavailable energy; the diets were dried to constant weight at
70°C for approximately 48 h, and the dietary bioavailable energy
was calculated as protein, 23.6 kJ g_l; lipid, 39.5 kJ g_l; and starch,
17.2 kJ g (Fu et al, 2009)]. The uneaten food and feces were
removed, and approximately one quarter of the water in each tank
was replaced daily at 13:00 with freshwater to maintain good
water quality.

2.2 Experimental protocol

After being held in the water tanks, the similarly sized fish of
each species were transferred individually into separate
compartments (25 cm x 15 cm x 20 ¢cm) immersed in the tanks
for measurements of growth and GER or the separate respirometer
chamber (350 ml) of the continuous-flow respirometer (see set up
in Fu et al., 2005a) for measurements of the SDA parameters. These
individuals were allowed to acclimate for 7 days in these separate
compartments or respirometer chambers (more than the rated
sample individuals of each species were allowed to acclimate
because some experimental fish did not feed in separate
compartments or respirometer chambers, and then the rated
sample individuals who had completed feeding were selected for
any measurements). During the acclimation period, the fish were
individually fed food with a maintenance ration daily. To reduce the
influence of undigested food on the physiological status of the fish,
the S. meridionalis was fasted for 3 days, and the other species were
fasted for 2 days before any measurements were taken.

2.3 Measurements of growth

After fasting, growth was measured for a 28-day period. During
the experimental period, all the fishes were individually allowed to
satiate once daily (at 12:00) with commercial diets of similar size
pellets (for carnivores, 0.4850 kJ per pellet, and for omnivores and
herbivores, 0.3776 k] per pellet; see the previous paragraph for
dietary composition). Uneaten food and faces were removed 1 h
after feeding, and food consumption was calculated on the basis of
the number and average weight of the pellets. The other conditions
remain consistent with the holding period. At the beginning and
end of the 28-day experimental period, the experimental fish were
lightly anesthetized (MS222, tricaine methanesulfonate, 50 mg L")
for approximately 2 min, and body mass was then measured to the
nearest 0.1 g. The following growth parameters were calculated:
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SGR (% d™) = 100 x [In(M,) - In(M,)]/t (1)
EI (k] kg™'d™") = 1000 x E./[(M, + M,)/2] /t )
EE (gkJ ™) = (M, — M) /E. 3)

where M, and M, are the initial and final body masses (g) of the
experimental fish, respectively, t is the experimental period (d), and
E. represents the total energy (kJ) of food consumed by the fish.

2.4 Measurements of GER

After fasting, the experimental fishes were lightly anesthetized
(MS222, 50 mg L") for approximately 2 min, after which their body
mass was measured. On the next day, the fishes were fed to the
average EI per unit weight (the feeding regimen was the same as that
used for the fish measured for growth in each species). These
experimental fishes, which were able to complete the
predetermined feeding amount within 1 h after feeding, were
anesthetized (MS222, 100 mg Lfl) and sacrificed for dissection of
the gastrointestinal tract. Undigested feed contents were collected at
1,2,and 4 h post feeding and at other time points (after 4 h, samples
were taken at 4-h intervals until digestion and absorption were
completed, i.e., at a certain time point, some individuals had no
meal remaining in the gastrointestinal tract, with six individuals per
time point; S. meridionalis for 32 h; M. salmoides and C. carpio for
24 h; S. chuatsi and O. niloticus for 20 h; C. auratus, S. sinensis, and
M. amblycephala for 16 h; and C. idella for 12 h). The
gastrointestinal contents were dried to constant weight at 70°C
for approximately 48 h and then measured to the nearest 0.001 g,
and the bioavailable energy value of the remaining meal was
calculated. The GER (k] kg71 h™') is the decrease in the
remaining energy value of the meal (kJ kg™') per hour and was
obtained from linear regressions of the postfeeding time (h) and
remaining energy value of the meal, that is, the absolute value of the
slope of the regression equation.

2.5 Measurements of SDA parameters

After fasting, the experimental fishes were lightly anesthetized
(MS222, 50 mg L") for approximately 2 min, after which their body
mass was measured. After the measurements were completed, the
experimental fish were transferred individually into the
respirometer chamber. The next day, the oxygen consumption
rate (MO,) was measured six times at 1-h intervals, and the
means were used as the RMR (i.e.,, the prefeeding baseline). The
fishes were then fed to the average EI per unit weight (the feeding
regimen was the same as that used for the fish measured for growth
in each species). After 1 h, the chambers were immediately closed.
The postprandial MO, of those experimental fish, which were able
to complete the predetermined feeding amount within 1 h after
feeding, was measured at 2 h (S. meridionalis) or 1 h (other species)
until the MO, returned to the RMR level of prefeeding (eight
individuals in each species; S. meridionalis for 48 h, M.
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amblycephala and C. idella for 18 h, and other species for 24 h). The
following formula was used to calculate the MO, (mgO, kg_1 )
of individual fish:

MO, = A02 x v/m 4)

where AO2 is the difference in the oxygen concentration (mgO,
L") between the experimental chamber and the control chamber
(chamber without fish), v is the water flow rate in the experimental
chamber (L h™), and m is the body mass of the fish (kg). The
dissolved oxygen concentration was measured at the outlet of the
chamber with an oximeter (HQ30, Hach Company, Loveland, CO,
USA). The flow rate of water through the respirometer chamber was
measured by collecting the water outflow from each tube. The PMR
is the postprandial maximum metabolic rate; the PMS is the
difference between the PMR and RMR; the SDA duration is the
time from feeding to when the metabolic rate returns to within
the standard deviation of the RMR of a given fish (Fu et al., 2005b);
the energy expended during SDA is the accumulated energy
expended above the RMR for the duration of the SDA response,
and the oxygen consumption is converted to energy by using a
conversion factor of 13.84 ] mgO,~" (Guinea and Fernandez, 1997);
the SDA coefficient is the SDA divided by the meal energy.

2.6 Analysis of intestinal microbial diversity

Fresh whole gut samples were collected after 3 weeks of holding
for gut microbial analysis (S. meridionalis were fasted for 3 days,
and the other species were fasted for 2 days), and 135 fish were
selected from the 9 fish species (3 individuals per measurement, 5
measurements per species). Bacterial genomic DNA was extracted
from the contents of the frozen gut samples stored in liquid
nitrogen via a QIAamp PowerFecal Pro DNA Kit (QIAGEN,
Germany) according to the manufacturer’s instructions. The V3-
V4 region of the 16S rRNA gene was amplified via two specific
primers (Yan et al., 2020). The PCR products were sequenced on an
Mumina HiSeq 2500 platform (Illumina Inc., San Diego, CA) by
Biomarker Technologies Corporation (Beijing, China). After
demultiplexing and quality filtering, high-quality reads are
clustered into amplicon sequence variants (ASVs). Bacterial ASVs
were classified via the SILVA database and then denominated at the
phylum level (Gupta et al., 2019). The analyses of the correlation
between bacterial communities were executed on the online
Biomarker Cloud platform (www.biocloud.net). The analysis of
microbial diversity data was conducted statistically via SPSS
statistical software (IBM® SPSS® Statistics).

2.7 Data analysis and statistics

STATISTICA 6.0 (StatSoft Inc., Tulsa, OK, USA) was used for
data analysis, and P < 0.05 was used as the statistical criterion of
significance. The effects of food habits and species on growth
parameters (SGR, EI, and EE) and the GER and SDA parameters
(RMR, PMR, PMS, duration, energy expended during SDA, and the

Frontiers in Marine Science

10.3389/fmars.2024.1490406

SDA coefficient) were tested via two-factor analysis of variance
(ANOVA), with food habits and species as primary and secondary
fixed factors, respectively; the initial body mass was used as a
covariate for growth parameters; and body mass was used as a
covariate for SDA parameters. ANOVA was followed by Duncan’s
multiple range test if a statistical evaluation comparing different
food habits and species group values was necessary. The effects of
species and time postfeeding on the meal remaining in the
gastrointestinal tract were tested via two-factor ANOVA, with
both food habits and species as fixed factors and body mass as a
covariate. ANOVA was followed by a Duncan’s multiple range test
if a statistical evaluation was necessary for comparing different time
postfeeding group values for the same species or different species
group values for the time postfeeding. The relationship between the
amount of meal remaining and the duration of postfeeding was
described by a linear equation for each species group. The
relationships among the SGR, EI, and EE and among the SGR,
GER, and PMS were analyzed via Pearson’s correlation analysis.
The effects of the alpha diversity index on the intestinal microbiota
were tested via the Kruskal-Wallis H test, with both food habits and
species as fixed factors.

3 Results
3.1 Growth performance

Both food habits and species had significant effects on SGR, EL,
and EE (P < 0.001; Table 1). The SGR, EI, and EE values were the
highest in carnivores and the lowest in herbivores (P <
0.05; Table 1).

The SGR was significantly and positively correlated with the EI
(r = 0.910, P = 0.001; Figure 1A) and EE (r = 0.915, P = 0.001;
Figure 1B), and the EI was also significantly and positively
correlated with the EE (r = 0.754, P = 0.019; Figure 1C).

3.2 Meal remaining and GER

Both species (Fg 315 = 433.947, P < 0.001) and time postfeeding
(Fo;315 = 656.707, P < 0.001) significantly affected the number of
meals remaining in the gastrointestinal tract (Table 2). The
remaining meal values significantly differed among the different
species groups within each treatment and changed with time
postfeeding (interaction effect, Fy5 315 = 11.290, P < 0.001; Table 2).

Both food habits and species had significant effects on GER (P <
0.001; Figure 2). The GER values were the highest in carnivores and
the lowest in herbivores (P < 0.05; Figure 2]).

3.3 SDA parameters
Both food habits and species had significant effects on the RMR,

PMR, and PMS (P < 0.001; Table 3; Figure 3). The RMR of the
carnivores was significantly greater than that of the omnivores and
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TABLE 1 Specific growth rate (SGR), energy ingested (El), and energy efficiency (EE) of nine freshwater fish species with different food habits (mean + S.E., n = 10).

Parameters Initial mass (g) Final mass (g) Initial length (cm) = Final length (cm) SGR (% d7}) El (kd kgtd™

Carnivores A A A

S. meridionalis 27.64 + 146 98.04 + 3.84 1581 + 027 2244 +0.32 454 +0.20° 44674 + 12.29° 0.089 + 0.002°
M. salmoides 1937 + 081 4452 +2.32 9.95 + 0.15 12.74 + 0.18 2.96 + 0.12° 29439 + 8.71° 0.095 + 0.002°
S. chuatsi 10.71 + 036 1951 + 112 8.17 + 0.08 10.05 + 021 211+ 0.13 33226 + 1133 0.062 + 0.004"
Omnivores B B B

0. niloticus 1178 + 1.12 17.98 + 1.82 713+ 021 8.13 +0.26 150 +0.11¢ 207.37 + 12.64° 0.050 + 0.003*
C. carpio 1168 + 034 2034 £ 0.57 8.16 + 0.08 925+ 0.11 1.98 + 0.10° 33434 + 19.70° 0.058 + 0.001™
C. auratus 10.82 + 072 14.77 £ 1.00 7544 0.15 8.35 % 0.17 111 + 0.06° 201.02 + 9.56° 0.055 + 0.001
. sinensis 1675 + 0.84 2316 + 149 9.51 0,19 10.73 + 033 114 + 0.08° 22656 + 6.15° 0.049 + 0.003*
Herbivores C C C

M. amblycephala 1248 + 0.67 14.66 + 0.84 8.69 + 0.11 9.38 +0.21 0.57 + 0.03" 15427 + 4.92° 0.037 + 0.001°
C. idella 13.41 + 0.36 1524 + 043 8.87 + 0.09 9.18 + 0.14 0.45 + 0.02" 120.73 + 4.62° 0.038 + 0.001¢

Food habits effect

Species effect

Initial mass effect

Fygo = 438.614, P
<0.001

Fg g0 = 53.197, P < 0.001

Fy 80 = 6.240, P = 0.015

F, g0 = 251.065, P < 0.001

Fe g0 = 35.278, P < 0.001

Fy g0 = 3.543, P = 0.065

Fyg0 = 262.473, P
<0.001

Fe 50 = 21.606, P < 0.001

Fy g0 = 0.002, P = 0.964

A-C: values followed by different capital letters indicate significant differences among the different food habit groups. af: values followed by different lowercase letters indicate significant differences among species (P < 0.05).
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FIGURE 1

Relationships between specific growth rate (SGR) and energy ingested (El) (A), between SGR and energy efficiency (EE) (B) and between El and EE (C)
among nine freshwater fish species (mean + S.E.). (1. S. meridionalis, 2. M. salmoides, 3. S.chuatsi, 4. O. niloticus, 5. C. carpio, 6. C. auratus, 7. S.

sinensis, 8. M. amblycephala, 9. C. idella).

herbivores (P < 0.05), whereas there was no difference between the
omnivores and herbivores (Table 3). The PMR and PMS values
were the highest in carnivores and the lowest in herbivores (P <
0.05; Table 3).

Both food habits and species had significant effects on SDA
duration (P < 0.001; Table 3). The SDA duration was the longest in
carnivores and the shortest in herbivores (P < 0.05; Table 3).

Frontiers in Marine Science

Both food habits and species had significant effects on
expansion during SDA (P < 0.001; Table 3). The amount
expended during SDA was the highest in carnivores and the
lowest in herbivores (P < 0.05; Table 3). Food habits had a
significant effect on the SDA coefficient (P < 0.001), whereas
species had no effect on the SDA coefficient (Table 3). The SDA
coefficient of the carnivores was significantly greater than those of
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TABLE 2 Meals remaining in the gastrointestinal tract of nine freshwater fish species with different food habits (mean + S.E., n = 6).

Species

S. meridionalis

Time postfeeding (h)

1

2

Body mass (g) 32.70 + 2.09 3333 + 3.15 33.65 + 2.74 31.75 + 2.37 33.95 + 3.05 32.65 + 131 35.58 + 0.9 32.70 +2.22 34.65 + 142 37.45 + 1.61
Energy ingested (kJ kg™") 440.33 + 0.58 439.55 + 0.68 441,93 + 125 441.84 + 1.90 439.76 + 4.43 440.16 + 1.88 437.65 + 2.60 439.64 + 0.56 434.35 + 3.33 436.16 + 1.65
Meal remaining (kJ kg™") 44231 +2.14™% 43747 225" 372,69 + 19.75%" | 24828 + 7.93%" 18227 +21.09%* 12910 + 10.71%* | 86.80 + 1459 | 42.13 + 15.07%* | 20.62 + 8.808" 1.81 + 1.81"
M. salmoides
Body mass (g) 21.51 + 221 24.03 + 391 21.55 + 2.67 18.41 + 1.04 20.54 + 1.97 2191 + 1.03 21.89 + 1.92 2137 + 125
Energy ingested (kJ kg™) 285.78 + 0.33 286.70 + 0.86 285.02 + 0.92 286.65 + 0.28 285.84 + 1.04 285.94 + 0.31 286.09 + 0.11 285.56 + 0.37
Meal remaining (kJ kg™") 266.12 £ 507  267.94 +3.31%% 246,04 + 4.09°C | 170.54 + 19.18"%¢ | 103.40 £ 9.93°® | 3121 +3.93%F 39.80 + 10.74%% | 0.62 + 0.46°°
S. chuatsi
Body mass (g) 9.83 + 0.90 13.08 + 1.89 14.60 + 1.55 1522 +2.35 13.47 + 1.42 12,02 + 2.52 1145 + 1.23
Energy ingested (kJ kg™) 331.84 + 1.58 333.15 + 1.65 33438 + 1.24 331.36 + 0.95 333.73 £ 0.37 331.19 + 1.99 330.95 + 1.38
Meal remaining (kJ kg™") 29238 + 456" 271.89 + 4.88% 234.80 + 527>¢ 149.25 + 9.13°¢ 99.74 + 10.86%% | 3584 + 9.40°% 21.62 + 5.68%P¢
O. niloticus
Body mass (g) 10.28 + 0.55 9.18 + 0.39 9.77 + 0.43 9.28 + 0.63 9.62 +0.81 8.53 + 0.60 10.85 + 0.77
Energy ingested (kJ kg™") 297.9 + 1.00 285.49 + 4.01 286.06 + 6.50 297.03 + 1.14 297.93 + 0.82 298.19 + 0.77 299.81 + 1.09
Meal remaining (kJ kg™) 213.30 + 8.55%P 179.35 + 7.77%¢ 159.61 + 10.81° | 67.10 + 6.57°PF 53.51 + 2.95%C 4581 + 7.1 6.72 + 3.30%C
C. carpio
Body mass (g) 113 +0.29 10.75 + 0.39 10.88 + 0.53 11.45 +0.16 10.77 + 0.58 11.52 + 045 12.75 + 0.59 12.02 + 0.60
Energy ingested (k] kg™') 325.17 + 13.76 338.11 + 8.64 345.14 + 15.45 325.11 + 15.44 343.02 + 3.96 337.13 + 10.98 330.68 + 8.67 34320 + 2.52
Meal remaining (kJ kg™) 283.44 + 956" 26457 + 15.38*% | 276.34 + 13.98"" | 18833 + 22.46™% | 133.16 + 21.32°F 12479 + 679" | 32.85 + 694 | 0.75 + 0.60*®
C. auratus
Body mass (g) 13.28 + 0.60 13.47 + 1.19 13.68 + 0.63 13.23 + 0.52 13.95 + 0.69 13.93 + 0.49
Energy ingested (kJ kg ™) 203.97 + 6.34 201.31 + 7.03 205.72 + 3.84 203.64 + 5.35 200.11 + 3.43 201.64 + 2.52
Meal remaining (kJ kg™") 151.46 + 7.32%F 123.95 + 15.34"° 89,51 + 7.47°%F 61.42 + 5.624°F 38.77 +835%P | 2,63 + 1.73°¢
(Continued)
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TABLE 2 Continued

Species Time postfeeding (h)
1 2

S. sinensis
Body mass (g) 17.37 + 0.94 17.05 + 1.78 16.99 + 0.86 17.12 + 0.78 16.34 + 0.90 17.62 + 2.04
Energy ingested (k] kg™") 227.68 + 5.57 227.32 + 3.61 227.16 + 525 236.29 + 10.14 213.78 * 6.69 21745 + 5.57
Meal remaining (kJ kg™) 173.15 + 336 157.33 + 7.73%¢ 113.43 + 8.16™F 90.89 + 9.38°P 45.89 + 3.49%°P | 407 + 1.95%¢
M. amblycephala
Body mass (g) 10.85 + 1.28 10.73 + 1.52 12.20 + 2.12 11.72 + 2.17 10.73 + 1.54 10.55 + 0.32
Energy ingested (kJ kg™) 149.97 + 6.40 161.52 +10.27 154.94 + 12.09 150.74 + 9.45 167.16 + 6.89 155.61 + 2.17
Meal remaining (k] kg™") 114.40 + 13.54%¢ | 100.13 + 84.49 + 892> | 3531 + 5,147 17.78 +3.99°4CP 347 + 2,06%¢

10.05°>PF
C. Idella
Body mass (g) 31.10 + 1.80 30.13 + 1.82 26.50 + 1.80 27.30 + 1.83 29.42 + 1.98
Energy ingested (kJ kg™") 122.41 +0.15 124.45 + 0.77 119.12 + 2.29 124.79 + 1.77 124.85 + 5.15

Meal remaining (k] kg™")

114.24 + 3.32%¢

84.70 + 7.30>F

73.49 + 7.60°F

56.53 + 3.02°PF

15.19 + 9.614P

a-h: Significant differences among the different times postfeeding in the same species; A-G: significant differences among the different species at the same time postfeeding (P < 0.05).
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capital letters indicate significant differences among the different food habit groups. (a—d) Values followed by different lowercase letters indicate

significant differences among species (P < 0.05), (mean + S.E).

the omnivores and herbivores (P < 0.05), whereas there was no
difference between the omnivores and herbivores (Table 3).

3.4 Relationships among the SGR, GER,
and PMS

The SGR was significantly and positively correlated with the
GER (r=0.840, P = 0.005; Figure 4A) and PMS (r = 0.856, P = 0.003;
Figure 4B), and the GER was also significantly and positively
correlated with the PMS (r = 0.894, P = 0.001; Figure 4C).

3.5 Intestinal microbial diversity

The high-quality sequences were clustered into 6,257 ASVs to
analyze the similarity in bacterial communities among the different
groups via a Venn diagram. Only three ASVs were clustered together
across all species. The number of ASVs in carnivores ranged from 339
to 603, that in omnivores ranged from 427 to 1,191, and that in
herbivores ranged from 307 to 875, with crucian having the highest
number of ASVs (Figure 5A). The number of ASVs in omnivores

differed significantly from that in carnivores and herbivores.
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The results of principal coordinate analysis (PCoA) revealed
that the bacterial communities were diverse, as they clustered
separately in the plot and presented different degrees of similarity
in terms of species abundance among all the samples (Figure 5B).
Although crucian carp presented the highest species richness, the
alpha diversity index revealed no significant differences in species
richness. Moreover, there was a significant difference in the
diversity of the intestinal microbiota, with omnivores displaying
the highest diversity, followed by herbivores, and carnivores
showing the least diversity (Figure 5C). Hierarchical clustering
and heatmaps also support this point (Figure 5F).

While the phylum and genus compositions of the intestinal
microbiota in fish with different feeding habits were similar,
significant differences were observed in the composition
proportions among the groups. Proteobacteria were dominant,
although there were exceptions among S. meridionalis and S.
chuatsi (Figure 5D). Cetobacterium occupied a dominant position
in most genus groups, except for S. meridionalis and C. auratus.
Mycoplasma had the highest proportion in S. meridionalis, whereas
Aeromonas had the highest proportion in C. auratus (Figure 5E).
Moreover, BugBase can be used to predict microbiome phenotypes
at the organism level. These findings indicate that most fish

intestinal microbiome phenotypes are similar, except for S.

frontiersin.org


https://doi.org/10.3389/fmars.2024.1490406
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Pang et al.

A(Silurus meridionalis)

=500

£

2400

4

o [} & L] § [

3,300 [ X ] iy

£

Ezoo ® S agt

Jid ® ®eop o ®

5 [ XN A ]

=100

2

©

$ 0

[

= 0 6 12 18 24 30 36 42 48
Time (h)

B(Micropterus salmoides)

~500

=

400

E 3

~

7

Og,soo ¥ 9.

© 200 ”

© L ]

o

£ 100

o

s

= 0

[

= 0 6 12 18 24

Time (h)

C(Siniperca chuatsi)
~500

= )
400 of (X $
& o"te
3,300

E ] ,§i~
@ 200

[
2 100

[=}
s
< 0

[
= 0 6 12 18 24

Time (h)

FIGURE 3

D(Oreochromis niloticus)

10.3389/fmars.2024.1490406

G(Spinibarbus sinensis)

~ 500 =500
= =
5,400 o0
& 5
300 300
> LY 2 990355,
£ |ea* E | 'sed
£ 200 Lok ""'J"ig.i
o [ u
£ 100 2 100
S a
= 0 6 12 18 24 = 0 6 12 18 24

E(Cyprinus carpio)

Time (h)

~500 ~500
= k=
T o400
400 E
o) o}
Q 300 &“‘!‘ 3,300
£ .‘i m...! £
© 200
© 200 . & ..;Q"'l'.'“..
R g oo
£ 100 S0 P
2 2
© &
© 0 w 0
= 0 6 12 18 24 = 0 6 12 18 24
Time (h) Time (h)
F(Carassius auratus) |(Ctenopharyngodon idella)
500
~ 500 <
.IC =
b= 400
5400 2
= S
300
S50 | eve 2
£ o §200 o’ .
o 200 Soeg . £ "'Cuugg.
A § .
2 100 3 100
[=} -3
3 ot
5 0 s 0
= 0 6 12 18 24 0 6 12 18 24
Time (h) Time (h)

(A-1) Postprandial metabolic rates of nine freshwater fish species (mean + S.E., n = 8).

chuatsi, which presents more anaerobic and gram-positive
phenotypes (Figure 5G).

4 Discussion

In this study, we measured the growth, digestion, SDA, and gut
microbiota parameters of nine freshwater fish species with different
food habits. This study revealed that the growth (SGR, EI, and EE),
digestion (GER), and feeding metabolism (PMR and PMS) values
were the highest in carnivores and the lowest in herbivores. The
SGR was significantly and positively correlated with EI, GER, and
PMS. Analysis of intestinal microbial diversity revealed a significant
difference in the diversity of the intestinal microbiota, with
omnivores showing the highest diversity, followed by herbivores,
and carnivores showing the lowest diversity. We suggest that the
different growth performances of freshwater fishes with different
food habits are related to their feeding and digestive abilities,
metabolic response, and gut microbiota.
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4.1 Effects of food habits on
growth performance

Research on the relationships between food habits and growth
has been highly common in recent decades in animals (Held and
Peterka, 1974; Kooyman and Donald, 1977; Mayntz et al., 2005).
From the perspectives of physiology and nutriology, it is generally
believed that the food (i.e., prey) composition is nutritionally
balanced for carnivores, which consequently should be limited by
the availability of food (Galef, 1996), but omnivores and herbivores
should face a heterogeneous nutritional environment and therefore
possess a well-developed ability to balance their intake of multiple
nutrients (Raubenheimer and Simpson, 1997). In addition,
carnivores have separate stomachs in their digestive system,
whereas omnivores (except for O. niloticus) and herbivores have
no such structure in this study. Consequently, under conditions of
abundant food resources (e.g., under culture conditions), carnivores
have a higher energy intake rate than omnivores and herbivores do.
Our results revealed that the SGR and EI values were the highest in
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TABLE 3 SDA parameters of nine freshwater fish species with different food habits (mean + S.E., n = 8).

Parameters Body Energy ingested RMR (mgO, PMR (mgO, PMS (mgO, Duration (h) Energy expended during SDA coeffi-
mass (g)  (kJ kg™ kg™t h™) kgt h™) kgt h™) SDA (kJ kg™ cient (%)

Carnivores A A A A A A

S. meridionalis | 38.06 + 1.36  431.56 + 1.08 141.66 + 7.58°¢ 429.71 + 19.61° 288.05 + 13.89° 32.75 + 1.64° 57.25 + 2.77° 13.26 + 0.63

M. salmoides 19.14 + 1.06  285.95 + 0.13 164.53 + 6.03° 342,68 + 21.88° 178.16 + 20.51° 20.88 + 0.81* 27.69 + 4.30° 9.68 + 1.50

S. chuatsi 1510 + 1.68  332.25 + 1.30 239.27 + 5.72° 490.90 + 18.17° 251.63 + 14.93" 21.25 + 0.62 3891 +3.17° 11.73 +0.98

Omnivores B B B B B B

0. niloticus 1513 £0.99 29430 + 2.35 149.25 + 9.31°¢ 309.72 + 5.75% 160.48 + 7.05> 18.63 + 1.84% 22.75 + 2.42% 7.76 + 0.85

C. carpio 1219 £ 046  340.57 + 12.66 155.10 + 5.99% 334.43 + 14.50¢ 179.33 + 13.30° 22.25 + 1.05° 29.34 + 3.33¢ 8.77 + 1.16

C. auratus 1334 +0.35  201.05 + 1.41 132.60 + 5.04% 307.40 + 7.79% 174.80 + 8.98" 13.75 + 0.65 17.67 + 1.19% 8.79 + 0.60

S. sinensis 1894 + 1.10  226.36 + 13.70 155.49 + 7.90° 312.75 + 24.11%¢ 157.26 + 20.08% 15.75 + 1.28% 18.12 + 2.40% 7.87 +0.63

Herbivores B C C C C B

M.

amblycephala 10.16 £ 0.90 15275 + 2.74 125.10 + 7.37¢ 244.63 + 10.19° 119.52 + 9.31¢ 15.25 + 0.88% 13.62 + 1.25° 8.91 + 0.80

C. idella 3023 +£222 12311 +4.01 158.12 + 5.74% 286.84 + 11.49% 128.72 + 6.21¢ 11.75 + 0.80° 9.53 + 091" 7.87 +0.87

Food Fagr = 32.234, P < 0.001  Fyg = 74115, P < 0.001 = Fyg, = 49.140, P < 0.001 | Fyg, = 66.472, P < 0.001 = F,¢, = 84.763, P < 0.001 Fags = 12.025, P < 0.001

habits effect

Species effect

Fe 6> = 24.925, P < 0.001

Fe62 = 9.306, P < 0.001

Fe 62 = 6.291, P < 0.001

Fe 6> = 17.521, P < 0.001

Fe62 = 12.964, P < 0.001

Fe, =153, P=0.183

Body
mass effect

A-C: values followed by different capital letters indicate significant differences among the different food habit groups. a—f: values followed by different lowercase letters indicate significant differences among species (P < 0.05).

Fy 62 = 10.744, P = 0.002

F 62 = 10.658, P = 0.002

Fy 62 = 4.387, P = 0.040

Fy62 = 0314, P=0.577

Fy 62 = 1.005, P = 0.320

Fy 6> = 1.157, P = 0.286
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FIGURE 4

Relationships between the specific growth rate (SGR) and gastrointestinal evacuation rate (GER) (A), between the SGR and peak metabolic scope (PMS) (B),
and between the GER and PMS (C) among nine freshwater fish species (mean + S.E)). (L. S. meridionalis, 2. M. salmoides, 3. S. chuatsi, 4. O. niloticus, 5. C.

carpio, 6. C. auratus, 7. S. sinensis, 8. M. amblycephala, 9. C. idella).

carnivores and the lowest in herbivores and that the SGR was also
positively correlated with EI among the different freshwater fish
species. Therefore, the greater the energy intake, the faster the
growth of freshwater fish. For omnivores and herbivores, increasing
their feeding frequency not only ensures nutritional balance but also
compensates for growth (Raubenheimer and Simpson, 1997; Wu
et al, 2021). In fact, omnivores need much time to obtain food, and
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the current feeding regime (once daily) is insufficient, which is also
an important factor that affects their growth.

Feed efficiency is influenced by feed intake; when feed intake is
below a rated level, feed efficiency increases with feed intake
(Storebakken and Austreng, 1987; Hung et al., 1989; Tuene and
Nortvedt, 1995; Du et al., 2006). Our results revealed that the EI and
EE values were the highest in carnivores and the lowest in
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FIGURE 5
Intestinal microbial diversity in freshwater fishes with different feeding habits. (A) Venn diagram of 100% amplicon sequence variants (ASVs) of each
group. (B) Venn diagram of 100% ASVs associated with each feeding habit. (C) Principal coordinate analysis (PCoA) based on the binary Jaccard
distance. (D) Alpha diversity index of each group (mean + S.E., P value determined by the Kruskal-Wallis H test). ACE: abundance-based coverage
estimator; Chaol: number of ASVs index; Simpson: Simpson's index of diversity (1-Dgmpson); Shannon: Shannon's entropy. The greater the Simpson
index and Shannon’s entropy values are, the greater the diversity of the microorganisms. (E) Hierarchical clustering and heatmap showing the
percentages of different groups by abundance. Species of high and low abundance are grouped into blocks to reflect the similarities and differences
in the compositions of multiple sample communities via color gradients and varying degrees of similarity. (F) Microorganism relative abundance at
the phylum level. (G) Microorganism relative abundance at the genus level. (H) BugBase predicts organism-level microbiome phenotypes. (A. S.
meridionalis, B M. salmoides, C S. chuatsi, D O. niloticus, E C. carpio, F C. auratus, G S. sinensis, H M. amblycephala, | C. idella, X. carnivorous, Y.
omnivorous, Z. herbivorous).

herbivores, and the EI was positively correlated with the EE among
the different freshwater fish species. These results indicate that
species with high energy intake rates have relatively high feed
conversion efficiencies. In addition, maintenance energy
consumption might also affect feed efficiency; for example, among
three carnivorous species, the RMR of S. chuatsi was greater than
those of S. meridionalis and M. salmoides and therefore had a lower
EE in this study (Table 1).

4.2 Effects of food habits on GER

Several previous studies reported that the gastrointestinal
evacuation time increased and that the absolute GER (food
reduction per unit time in the gastrointestinal tract) increased
with increasing meal size in some fish species (Persson, 1981;
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Andersen, 1998; Paikkonen et al., 2010; Smith et al., 2011). Food
is digested from the surface, and the specific surface area (the ratio
of surface area to volume) increases with increasing meal size;
therefore, the absolute GER also increases with increasing meal size
(Andersen, 1998; Piikkonen et al., 2010; Smith et al., 2011). Our
results revealed that the GER and EI values were the highest in
carnivores and the lowest in herbivores, and the GER was also
positively correlated with the EI among the different freshwater fish
species (r = 0.913, n =9, P = 0.001). In the present study, the food
habits of the fish were closely related to their digestive enzyme
activity and digestive tract structure (Parrizas et al., 1994; Hidalgo
et al,, 1999; Rong et al., 2023). The protease and lipase activities of
carnivorous fish are greater than those of herbivorous and
omnivorous fish; however, carnivorous fish present lower amylase
activity (Parrizas et al., 1994; Rong et al.,, 2023). Compared with
omnivorous and herbivorous individuals, carnivorous individuals
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have longer and wider intestinal microvilli and thicker intestinal
muscle layers (Rong et al., 2023). These results indicated that the
digestive ability (for protein and fat digestion) was the strongest in
carnivores (3% carbohydrate in the diets of carnivores in this study)
and the weakest in herbivores.

4.3 Effects of food habits on SDA

During the processes of SDA, digestion, and nutrient
assimilation, animals experience a postprandial increase in
metabolic rate and increased energy consumption (Jobling, 1981a;
McCue, 20065 Secor, 2009). In the process of digestion, the energy
cost is related to the mechanical and chemical breakdown of food
macromolecules (secretion of digestive enzymes and digestive
juices) and the absorption of the resulting nutrients from the gut
into the blood (Reenstra and Forte, 1981; Secor, 2009; Moffatt et al.,
2022). Our results revealed that the PMS and GER values were
highest in carnivores and lowest in herbivores, and the PMS was
also positively correlated with the GER and EI (r=0.874,n=9,P =
0.002) among the different freshwater fish species. Therefore,
similar to GER, the difference in EI is the primary contributor to
the difference in PMS (Fu et al., 2005b, 2009). These results
suggested that the higher PMS species had a greater feeding
metabolic response because of their greater energy intake and
stronger digestive ability, and vice versa.

Some previous studies have suggested that a larger SDA and/or
higher postprandial metabolic rate are associated with a higher rate
of protein synthesis in some fish species and thus faster growth
(Hidalgo and Alliot, 1988; Carter and Brafield, 1992; McCarthy
et al., 1994, 1999; Leggatt et al., 2003; Li et al., 2013; Moffatt et al,,
2022). Our results revealed that the SGR and PMS values were the
highest in carnivores and the lowest in herbivores, the SDA
coefficient of carnivores was greater than those of omnivores and
herbivores, and the SGR was also positively correlated with the PMS
and SDA coefficients (r = 0.823, n = 9, P = 0.006) among the
different freshwater fish species. These results suggested that the
faster growing species presented a greater feeding metabolic
response and a greater SDA for digestion and assimilation.

4.4 Effects of food habits on intestinal
microbial diversity

In this study, we compared the intestinal microbiota of
individuals with different food habits. Although the main phyla of
bacteria are not the same, a similar community composition was
observed, consisting of four dominant phyla: Proteobacteria,
Firmicutes, Fusobacteria, and Bacteroidota. The richness of the
intestinal microbiota in fish with different food habits was
relatively consistent. However, there was a significant difference
in the diversity of the intestinal microbiota, with omnivores
showing the highest diversity, followed by herbivores, and
carnivores showing the lowest diversity. These results were
similar to those of previous studies (Jiao et al., 2023). In general,
carnivorous fish species have shorter intestines (Day et al., 2014)
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and are unable to utilize carbohydrates (Ma et al., 2019), which
might lead to a greater GER. Consequently, the intestinal
microbiota in carnivores tends to increase the absorption of
proteins and fats in the diet. In contrast, omnivores need to
obtain nutrients from a variety of foods, which may lead to a
more complex diversity of their intestinal microbiota. Acinetobacter
and Pseudomonas species might help the host digest protein,
whereas Bacteroidetes species may help the host digest cellulose
(Day et al, 2014). In addition, our results revealed that both
Simpson (r = 0.835, n = 9, P = 0.005) and Shannon (r = 0.797, n
=9, P =0.010) diversities were negatively correlated with the SDA
coefficient among the different freshwater fish species. Therefore,
the high gut microbiota diversity of fish species could reduce energy
consumption during feeding metabolism. Together, these factors
may lead to differences in the intestinal microbial diversity and
composition of different food habits of different fish species.
Although we found correlations between gut microbiota diversity
and fish physiology, these correlations do not imply causation.
Further studies are needed to establish the causal relationships
between these variables.

However, this study has several limitations: (a) the
macronutrient composition (i.e., the relative contents of proteins,
carbohydrates, and lipids) might ultimately affect the growth,
digestion, feeding metabolism, and gut microbiota of some fish
species (Naik et al., 2000; Fu and Xie, 2005; Monentcham et al.,
20105 Fu et al., 2005a; Pang et al., 2022). Fish with different food
habits have different nutritional requirements and tolerances (Fu
and Xie, 2005; Monentcham et al.,, 2010; Chen et al., 2020).
Therefore, the macronutrient compositions of the diets used by
carnivores, omnivores, and herbivores were different in this study.
(b) Genetic background has a profound effect on physiological
ability. In fact, Siluriformes (S. meridionalis), Perciformes (M.
salmoides, S. chuatsi, and O. niloticus), and Cypriniformes (C.
carpio, S. sinensis, M., amblycephala, and C. idella) presented the
highest, moderate, and lowest growth and digestive performance,
respectively. (c) To ensure consistency of experimental conditions,
it is not appropriate to use consistent feeding methods (feeding time
points and feeding frequency), for example, for omnivores and
herbivores, feeding once a day is not sufficient for growth
(Raubenheimer and Simpson, 1997; Wu et al.,, 2021), aquaculture
conditions (temperature and photoperiod), for example, the
optimal feeding temperature for S. meridionalis is 29°C rather
than 25°C (Xie and Sun, 1992), or fish behaviors (feeding
behavior and social interaction); for example, for benthic fish,
nighttime is more suitable for feeding than daytime is for species
with different feeding and ecological habits. Specifically, the
response of freshwater fish growth, digestion, metabolic reactions,
and so forth, to environmental conditions and the integration of
production practices with laboratories are worthy of
further research.
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