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Abstract

Protein accretion in some fish species is affected by dietary lipids, starch and their interactions, but this aspect of nutrition
is largely unknown in largemouth bass (LMB). Therefore, we designed six experimental diets with three starch levels (5%,
10%, and 15%; dry matter basis) and two lipid levels (10% and 12.5%; dry matter basis) to evaluate the effects of dietary
starch and lipid levels on the protein retention, growth, feed utilization, and liver histology of LMB. There were three tanks
(18 fish per tank, ~4.85 g per fish) per dietary treatment group and the trial lasted for 8 weeks. Fish were fed to apparent
satiation twice daily. Results indicated that increasing the dietary starch level from 5 to 15% reduced (P <0.05) absolute
feed intake (AFIL; — 9.0%, — 15% and — 14% on days 14-28, 28-42, and 42-56, respectively) and weight gains (— 4.4% and
— 6.5% on days 42 and 56, respectively) of LMB. Increasing the dietary lipid level from 10 to 12.5% reduced (P <0.05) AFI
(= 9.7%, — 11.7% and — 11.9% on days 14-28, 28-42; and 42-56, respectively), weight gains (— 4.2%, — 5.9% and — 6.9%
on days 28, 42 and 56, respectively), and survival rate (by a 5.6% unit) of LMB. The retention of dietary protein and some
amino acids in the body was affected by dietary starch or lipid levels and their interactions. The viscerosomatic index (VSI),
hepatosomatic index (HSI), and intraperitoneal fat ratio (IPFR) increased with increasing the dietary starch level from 5 to
15%. Compared with 10% lipids, 12.5% lipids in diets increased IPFR but had no effect on VSI or HSI. The concentrations
of glucose in serum increased with increasing the dietary starch level from 5 to 15% at 4 to 24 h after feeding, with the effect
of dietary lipids being time-dependent. Compared with a 5%-starch diet, fish fed a diet with 10%- or 15%-starch exhibited
an enlarged and pale liver with excessive glycogen. Based on these findings, we recommend dietary lipid and starch levels
to be 10% and < 10%, respectively, for juvenile LMB to maximize the retention of dietary protein in their bodies.
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Abbreviations PAS  Periodic acid-Schiff
AFI  Absolute feed intake (g/fish) PER  Protein efficiency ratio
BW  Body weight VSI  Viscerosomatic index
CP Crude protein WG  Weight gain

FCR Feed conversion ratio
HSI  Hepatosomatic index

IPFR Intraperitoneal fat ratio Introduction
LMB Largemouth bass
NO Nitric oxide Fish have particularly high requirements for dietary protein,

because amino acids are their major metabolic fuels (Jia
et al. 2017). To reduce protein requirement and feed costs,
it is important to improve amino acid utilization for protein
54 Guoyao Wu synthesis rather than as an energy source (Mohanta et al.

g-wu@tamu.edu 2008). In swine and poultry nutrition, the non-productive
use of ingested protein is generally reduced considerably
when proper amounts of starch or lipids are added to diets
(Wu 2018). As a major non-protein energy source in fish
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and the protein-sparing effect of dietary starch has been
reported in some fish species (Jafri 1995; Wang et al. 2005;
VésquezTorres and Arias-Castellanos 2013). The inclusion
of starch can also improve the physical properties of extru-
sion and steam pellet feeds (Wilson 1994). However, for car-
nivorous fish, dietary lipids are regarded as better providers
of energy than digestible carbohydrate, because utilization of
glucose by their tissues is limited (Cowey and Sargent 1977,
Jia et al. 2017). Moreover, appropriate levels of dietary lipids
or starch should be carefully evaluated and determined for
fish to enhance their growth, health, and product quality.
Excessive lipids and starch in diets could lead to growth
restriction, hepatopathy, poor immune function, and excess
fat accumulation in fish (Han et al. 2014; Li et al. 2015;
Wang et al. 20164, b; Yang et al. 2018; Zhou et al. 2020).
Largemouth bass (LMB) is a carnivorous species, which
is cultured in North America (Durborow 2019) and many
other countries [including China (Tidwell et al. 2019;
Wang et al. 2015)] worldwide as an aquaculture species
due to its high market value. Results of our recent studies
have indicated that LMB extensively oxidize amino acids

as metabolic fuels but have a limited ability to utilize glu-
cose or fatty acids for ATP production (Li and Wu 2019;
Li et al. 2020). The reported requirement of this fish for
dietary crude protein is 40-50%, depending on fish size and
experimental conditions (Huang et al. 2017). However, little
is known about the requirements of LMB for dietary lipids
and starch or their interactions. Therefore, we conducted this
study to evaluate the effects of dietary starch (5%, 10% and
15%) and lipid (10% and 12.5%; dry matter basis) levels on
the growth, feed utilization, glucose metabolism, and liver
histology of LMB.

Materials and methods

Experimental diets

Six experimental diets were formulated to contain three
starch levels (5%, 10%, and 15%; dry matter basis) and two

crude lipid levels (10% and 12.5%; dry matter basis) with
a fixed level of 45% crude protein. The ingredients and

Table 1 Composition

. . Ingredient L10/C5 L10/C10 L10/C20 L12.5/C5 L12.5/C10 L12.5/C20

experimental diets (g/100 g of

dry matter in diet) Fish meal Menhaden” 5373 5373 53.73 53.73 53.73 53.73
SPC¢ 12.62 12.62 12.62 12.62 12.62 12.62
Soybean oil: fish oil (2:1)%f 3.00 3.00 3.00 3.00 3.00 3.00
Poultry fat® 1.23 1.23 3.73 3.73 3.73
Dextrinized starch® 5.00 10.00 15.00 5.00 10.00 15.00
Vitamin premix” 1.00 1.00 1.00 1.00 1.00
Mineral premix! 2.00 2.00 2.00 2.00 2.00 2.00
Cellulose’ 19.18 14.18 9.18 16.68 11.68 6.68
cmck 2.00 2.00 2.00 2.00 2.00 2.00
Choline chloride 0.24 0.24 0.24 0.24 0.24 0.24
Composition (g/100 g of dry matter in diet)*
Crude protein 45.0 45.0 45.0 45.0 45.0 45.0
Lipids 10.0 10.0 10.0 12.5 12.5 12.5
Energy (klJ/g) 14.96 15.82 16.68 15.94 16.80 17.66

“The content of dry matter in the as-fed diets was 97.0%

®Omega Fish Meal (Corporate Headquarters of Omega Protein, Houston, Texas)
‘PROFINE® Soy Protein Concentrate (Dupont, WI, USA)

dNutrioli Pure Soybean Oil (Ragasa, N.L., Mexico)

°Chicken fat (Tyson Foods, Arkansas, USA)

fFish oil (Paragon, Illinois, USA)

£Maltodextrin (Baolingbao Biology, Shangdong, China)

"Vitamin premix (g/kg): vitamin A, 2.31; vitamin D5, 2.02; vitamin E, 20.00; vitamin K3, 1.2; vitamin C,
30.00; vitamin Bs, 10.87; inositol, 15.00; niacin, 14.00; vitamin Bg, 3.04; vitamin B,, 3.00; vitamin B,
3.26; biotin, 0.15; folic acid, 0.6; vitamin B ,, 0.02; cellulose, 894.53

iMineral premix (g/kg): NaCl, 181.94; MgS0,.7H,0, 293.33; FeSO,.7H,0, 11.11; AlCl;.6H,0, 0.33; KI,
0.0.33; CuSO,.5H,0, 1.11; MnSO,, 2.33; CoCl.6H,0, 0.43; ZnSO,.7H,0, 9.04; Na,SeO3, 0.33; cellulose,

500.00

jMicrocrystaline cellulose 102 (Blue Diamond Growers, California, USA)

kSodium carboxy methyl cellulose (Pro Supply Outlet, California, USA)
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Effects of dietary starch and lipid levels on the protein retention and growth of largemouth... 1001

proximate composition of diets are shown in Table 1. The
main protein sources used in this study were fishmeal and
soybean protein concentrate with defined composition of
amino acids, carbohydrate and lipids (Li and Wu 2020). The
main lipid sources were fish oil, poultry fat, and soybean oil.
All solid ingredients were thoroughly mixed using a mixer
and thereafter, fish oil, soybean oil, and water were added to
the mixture to form a moist dough. The experimental diets
were produced by a screw extruder (Big Bite Meat Grinder,
West Chester, OH) and oven-dried at 50 °C until dry matter
content was 97.0%. All feeds were kept at — 20 °C.

Experimental animals

Juvenile LMB were obtained from a commercial fish farm
(Bait Barn, Bryan, TX, USA), and maintained in a recir-
culating water system. Prior to starting the experiments,
LMB were acclimated to the experimental condition and
maintained on a commercial diet (AquaMax® Grower 400,
Purina, MO) for 2 weeks. The recirculating experimental
system for the culture of fish consisted of 18 tanks, with
three tanks for each dietary treatment. Each tank contained
55 1 of deionized water (26.0+0.01 °C; mean + SEM,
n=56). From the outlet of fish tanks, the water flowed
through mechanical and biological filters. At the begin-
ning of this trial, 18 fish with a uniform body size [initial
mean body weight, about 4.8 g (ranging from 4.7 to 4.9 g)
per fish] were randomly distributed into each tank. Air was
supplied to the water through air stones connected to air
pumps, with its salinity being maintained at 3—5 ppt. The
photoperiod of the housing facility was maintained for
14 h per day, with lights being turned off between 10:00 PM
and 8:00 AM. Water quality parameters [pH 6.90+0.03,
NH4Jr (0.48 +0.02 mg/l), nitrite (0.25 +0.01 mg/l), nitrate
(11.1+0.07 ppm), and dissolved O, (8.0 +0.05 ppm);
mean + SEM, n=56] were monitored daily and remained
within acceptable limits. Fish were hand-fed with experi-
mental diets to apparent satiation twice daily at 09:00 and
16:00. Total feed consumption was recorded every day. The
amount of the unconsumed diet supplied to each tank was
collected to determine the weight of feed based on the num-
ber of pellets. We determined that the loss of provided pellet
feed into the water was 10%, and therefore, the true feed con-
sumption by fish was calculated as the amount of provided
feed X 0.9. Total fish weight in each tank was recorded every
2 weeks to minimize handling and stress. Fish were weighed
after a 24-h period of food deprivation. Almost 100% water
in tanks was replaced gradually every day by adding fresh
water into a central reservoir tank at the rate of ~4 1/min for
5 h to make sure the quality of water is optimal. The feeding
trial lasted for 56 days.

Sample collection

At the beginning of the trial, 30 fish were euthanized with
140 ppm MS-222 (neutralized by an appropriate amount of
NaHCO;) for the analysis of whole-body composition. At
the end of the experiment, blood (0.5 ml) was collected from
the caudal vein of conscious fish (6 fish/tank) with the use
of a hypodermic syringe at various time points after feeding.
After blood collection, all fish were euthanized as described
previously, with four fish being randomly selected from each
tank for the analyses of whole-body composition and with
4 fish being randomly selected from each tank to obtain vis-
cera organs [including the stomach and intestine (without
luminal contents), as well as liver, pancreas, and spleen)],
peritoneal adipose tissue, and skeletal muscle. Blood sam-
ples were immediately centrifuged (2 min at 8000 g) at 4 °C.
The supernatant fluid (serum) was obtained and stored at
— 80 °C until analyzed.

Biochemical analyses

Crude protein (N % 6.25) was determined by the combustion
method, and calcium and phosphorus were determined by
optical spectrometry in Servi-Tech laboratories (Amarillo,
TX, USA). Moisture was determined by drying at 105 °C
in an oven to a constant weight. Lipids were extracted from
the samples with chloroform/methanol (2:1 v/v) according
to the method of Folch et al. (1957). Glucose in neutralized
samples was determined enzymatically using a fluoromet-
ric method involving hexokinase and glucose-6-phosphate
dehydrogenase (Fu et al. 2005), and lactate was analyzed
using lactate dehydrogenase (Wu et al. 1995). The gross
energy values of the diets were calculated based on
22.6 kJ/g, 39.3 kl/g and 17.2 kJ/g for crude protein, crude
lipid, and glycogen/starch, respectively. Amino acids in the
diets and the bodies of fish were analyzed, as described by
Li and Wu (2020).

Syntheses of glycogen and lipids from glucose
in the liver and skeletal muscle

Each fresh tissue (20-50 mg) was placed into a tube with
1 ml KHB buffer containing 5 mM glucose and [U-'*C]glu-
cose (150 dpm/nmol). Each tube was incubated at 26 °C for
2 h after the incubation medium was gassed with 95% O,/5%
CO, for 20 s. At the end of the 2-h incubation, all tubes were
centrifuged for 3 min at 600 g and the tissue was obtained for
glycogen analysis, as described by Jobgen et al. (2009) with
modifications. Briefly, tissue was washed with ice-cold PBS
four times. Thereafter, 0.3 ml of 30% KOH was added to the
tissue. The solution was boiled for 5 min in a water bath for
solubilization, followed by addition of 0.1 ml of 2% Na,SO,
and 0.9 ml of 100% alcohol. Then, all the tubes were kept at
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25 °C for overnight. The pellet (glycogen-sodium sulphate)
was obtained by centrifugation at 600 g for 10 min, and the
supernatant fluid was saved for the extraction of glycogen
associated with protein. The glycogen pellet was washed
with 2 ml of 65% alcohol twice. After the alcohol was evap-
orated in a waterbath at 70 °C, the precipitate was dissolved
in 0.1 mL of 1 M H,SO,. The solution was transferred to
a counting vial with 5 ml of scintillation cocktail and *C
radioactivity was measured by a liquid scintillation counter
(Zhang et al. 2019). The supernatant fluid from the glyco-
gen-sodium sulfate precipitation step above was neutralized
with 6 M HCl (about 265 pl), followed by addition of 1 ml
of 1.5 M HCIO, and centrifugation (10 min at 600 g rpm).
The resultant pellet was washed with 2 ml of 1.5 M HCIO,
three times and dissolved in 0.3 ml of 30% KOH. An aliquot
(0.2 ml) of this solution was mixed with 5 ml of scintillation
cocktail for the measurement of '4C radioactivity in a liquid
scintillation counter (Zhang et al. 2019).

4C-lipids was extracted from tissue with the use of
isopropylalcohol:heptane: 1N H,SO, (40:10:1; extraction
solution), as described by Wu et al. (1991). Briefly, each
tissue was homogenized with 5 ml of extraction solution.
The homogenate and incubation medium were mixed, and
vortex for 1 min. After 5 min, 3 ml Heptane and 3 ml H,O
was added to each tube. All the tubules were vortexed for
2 min. After 5 min, the upper layer (heptane layer) was col-
lected, and heptane was dried down to less than 0.5 ml at
65 °C. Finally, 5 ml of scintillation cocktail was added to

the tube for the measurement of '“C radioactivity by a liquid
scintillation counter.

Histological analysis of the liver

A portion (~ 500 mg) of the liver was fixed with 4% para-
formaldehyde (buffered to pH 7.2) for 24 h. The samples
were rinsed, dehydrated, and embedded in paraffin for his-
tological analysis at the Veterinary Medicine & Biomedical
Sciences Histology Laboratory of Texas A&M University.
Each sample was cut into two of 6 pm transverse sections
with a rotary microtome. The sections were stained with the
periodic acid-Schiff (PAS) solution as described by Fu and
Campbell-Thompson (2017). One section was digested by
a-amylase, and the other was treated with the vehicle buffer,
and both were stained with the PAS solution. The PAS solu-
tion containing diastase (an enzyme that digests glycogen)
was also used to stain the tissue for differentiating glycogen
from other PAS-positive elements in tissue. For each treat-
ment group, the size of hepatocytes was calculated as the
area of the cells (10 cells for each liver sample). Hepatocyte
images in the histology slides were evaluated using an Axi-
oplan 2 microscope (Carl Zeiss, Thornwood, NY) interfaced
with an Axiocam HR digital camera, the cell area was meas-
ured by Axiovision 4.3 software (Carl Zeiss).

Calculation and statistical analysis

Growth performance, feed utilization and morphometrical
parameters were calculated as follows:

Weight gain (WG, %) = 100 x (final body weight — initial body weight)/initial body weight;

Absolute feed intake (AFI, g/fish) = amount of feed consumed by all fish in a tank/the number of fish in the tank;

Feed conversion ratio (FCR) = absolute feed intake /body weight gain;

Protein efficiency ratio (PER) = body weight gain/protein intake;

Viscerosomatic index (VSI, %) = 100 X (viscera weight/whole body weight);

Hepatosomatic index (HSI, %) = 100 x (liver weight/whole body weight);

Intraperitoneal fat ratio (IPFR, %) = 100 X (intraperitoneal fat weight/whole body weight);

@ Springer



Effects of dietary starch and lipid levels on the protein retention and growth of largemouth... 1003
Table 2 Growth performance of juvenile largemouth bass fed diets containing different starch and lipid levels'
Diet Body weight (g/fish) Weight gain (%)
Starch (S), % Lipids (L), % Day0O Day14 Day28 Day42 Day56 Days0-14 Days(0-28 Days(0-42 Days 0-56
5 10 486  9.10 14.4* 20.6% 26.7% 87.2 1972 3232 448?
10 10 487 924 14.8* 20.6% 26.4* 90.0 2032 3232 443
15 10 4.87 9.06 13.8° 20.12 24.9° 86.0 183° 3132 412
5 12.5 4.85 9.16 13.8° 20.42 25.5% 888 185° 320 425%
10 12.5 4.80 9.09 13.5° 18.2° 23.1¢ 89.3 182° 278 381¢
15 12.5 4.85 8.97 13.9° 19.0° 24.1* 848 186° 291° 39194
Pooled SEM 002  0.04 0.13 025 0.39 0.80 2.80 4.97 8.09
Main effect means
5 4.86 9.13 14.1 2054 2614 88.0 191 3214 4374
10 4.84 9.17 14.1 19.48 24.88 89.7 193 3018 4128
15 4.86 9.00 13.8 19.68 2448 85.4 184 3028 4018
10 487 9.4 1434 2044 260" 877 1944 3201 4344
12.5 484  9.06 13.78 19.28 24.28 87.6 1848 2978 3998
Two-way ANOVA
S 0271  0.219 0.203  0.001 0.007  0.105 0.278 0.003 0.018
L 0573 0.152 0.005  0.029  0.005 1.000 0.023 0.038 0.010
SXL 0.089  0.066 0.404 0428 0208  0.0084 0.246 0.373 0.156

"Values are means with pooled SEM for 3 tanks per dietary group

#“Within a column, means not sharing the same superscript letter differ (P <0.05)

A-CWithin a column, main effect means not sharing the same superscript letter differ (P <0.05)

Retention or productive value of dietary nutrient and
energy (%)= 100 X nutrient or energy gain/dietary nutri-
ent or energy intake. The term “productive value” is used,
because some of the lipids gained in animals (including
fish) are derived from de novo synthesis.

All data were tested for homogeneity (the Levene’s test)
and normal distribution (the Kolmogorov—Smirnov test).
When the tests were statistically significant, the data were
log transformed before analysis. A 2 X 3 factorial analysis
of variance (ANOVA) was used to analyze the main effects
(lipids and starch) and their interactions. The tank for fish
rearing was the experimental unit for data analyses. Differ-
ences among treatment groups were analyzed by the Stu-
dent—-Newman—Keuls multiple comparison test. P < 0.05
was taken to indicate statistical significance. All statistical
analyses were performed using the SPSS package (version
18.0, Chicago, IL).

Results

AFIl, growth performance, feed efficiency,
and survival of LMB

Data on the AFI [as done by other researchers (Borges
et al. 2009; Rueda-Jasso et al. 2004)], growth performance,

and feed efficiency of LMB are summarized in Tables 2
and 3. Between days 0 and 14 of the trial, increasing the
dietary starch level from 5 to 15% or the dietary lipid
level from 10 to 12.5% did not affect (P > 0.05) the AFI or
weigh gains of LMB. Between days 14 and 28 of the trial,
increasing the dietary starch level from 5 to 15% reduced
(P <0.05) the AFI of LMB by 9.0% but had no effect
(P>0.05) on their weight gain; increasing the dietary
lipid level from 10 to 12.5% reduced (P < 0.05) the AFI
of LMB by 9.7% and their weigh gains by 4.2%. After day
28 of the trial, increasing the dietary starch level from 5
to 15% reduced (P <0.05) AFI (— 15% and — 14% on days
28-42 and 42-56, respectively) and weight gains (— 4.4%
and — 6.5% on days 42 and 56, respectively) of LMB,
whereas increasing the dietary lipid level from 10 to 12.5%
reduced (P <0.05) AFI (= 11.7% and — 11.9% on days
28-42 and 42-56, respectively) and weight gains (— 5.9%
and — 6.9% on days 28-42 and 42-56, respectively) of the
fish. During the entire 8-week experiment, the relative feed
intakes (% of body weight per day) of the LMB in the 5%,
10% and 15% starch groups were 2.70+0.13,2.58 +0.12,
and 2.56 +0.12 (means + SEM, n =6 tanks), respec-
tively (P> 0.05), whereas the values for fish in the 10%
and 12.5% lipid groups were 2.66 +0.09 and 2.56 +0.08
(means + SEM, n=9 tanks), respectively (P> 0.05). Nei-
ther feed conversion ratio (AFI/weight gain) nor protein
efficiency ratio (weight gain/protein intake) was affected
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Effects of dietary starch and lipid levels on the protein retention and growth of largemouth... 1005

Table 4 . Retention rate§ or Diet Retention or productive value of dietary nutrients and energy, %
productive values of dietary
energy and nutrients in the body Starch (S) % Lipids (L) % Energy Protein Lipids Phosphorus Calcium
of juvenile largemouth bass fed
diets containing different starch 5 10 39.14° 29.74¢ 52.62¢ 35.00¢ 49.02%
and lipid levels' 10 10 41.50* 33.17° 66.23° 39.89° 50.66
15 10 39.88° 29.88° 71.36% 35.76° 46.87°
5 12.5 39.52° 31.86° 49.69% 37.80° 48.68"
10 12.5 35.38¢ 29.19° 48.44¢ 35.00° 46.16°
15 12.5 36.59° 29.74¢ 58.24¢ 37.30° 49.56%
Pooled SEM 0.23 0.20 1.01 0.24 0.46
Main effect means
5 39.33 30.804 51.13€ 36.66 49.02
10 38.43 31.194 57.338 37.44 48.40
15 38.24 29.82B 64.80* 36.53 48.21
10 30.174 30.934 63.38% 37.04 48.96
12.5 36.828 30.278 52.128 36.70 48.12
Two-way ANOVA
S 0.177 0.010 <0.001 0.293 0.209
L <0.001 0.032 <0.001 0.494 0.561
SxL <0.001 <0.001 0.032 <0.001 0.020

"Values are means with pooled SEM for 3 tanks per dietary group

“Within a column, means not sharing the same superscript letter differ (P <0.05)

A-CWithin a column, means not sharing the same superscript letter differ (P <0.05)

(P >0.05) by dietary starch (5% to 15%) or lipid (10% to
12.5%) levels during the entire experimental period. There
were no interactions (P > 0.05) between dietary starch and
lipid levels in affecting the fed intake or weight gain of
LMB. Thus, overall, juvenile LMB consumed less feed
and grew more slowly when fed a 45%-protein diet con-
taining either > 10% starch or 12.5% lipids. The absolute
weight gain of fish did not appear to be closely related
to the percentages of dietary AAs retained in the body
(Tables 5 and 6).

The rates of survival of LMB were 93-99%, depending
on dietary groups (Table 7). Increasing the dietary starch
level from 5 to 15% did not affect (P> 0.05) the survival of
LMB. In contrast, increasing the dietary lipid level from 10
to 12.5% reduced (P <0.05) the survival rate of LMB by a
5.6% unit. There were no interactions (P> 0.05) between
dietary starch and lipid levels in affecting the survival of
the fish.

Ratios of energy, protein, lipids, phosphorus,
calcium and amino acids gained in the body to their
dietary intakes of LMB

During the entire 56-day trial, 35-41% of dietary energy,
29-33% of dietary protein, 35-40% of dietary phosphorus,
and 46-50% of dietary calcium were retained in the body of
LMB, whereas the ratios of lipids gained in the body to their
dietary intake (productive value) were 48-71% (Table 4).

Increasing the dietary starch level from 5 to 15% or the die-
tary lipid level from 10 to 12.5% did not affect (P> 0.05) the
retention of dietary phosphorus and calcium in the body of
LMB. In contrast, increasing the dietary starch level from
5 to 15% had no effect (P> 0.05) on the productive value
of dietary energy in the body of LMB, reduced (P <0.05)
the retention of dietary protein by 3.2%, and increased
(P <0.001) the productive value of dietary lipids by 26.7%.
Increasing the dietary lipid level from 10 to 12.5% reduced
(P <0.05) the productive value of dietary energy, protein,
and lipids by 8.3%, 2.2%, and 17.8%, respectively. There
were interactions between dietary starch and lipid levels in
affecting the productive of dietary energy (P <0.001), pro-
tein (P <0.001), lipids (P <0.05), phosphorus (P <0.001)
and calcium (P=0.020) in the body of LMB. Specifically,
the retention of dietary energy, protein and phosphorus in
the body of LMB fed the 10% starch and 10% lipid was the
highest (P <0.05) among all the dietary groups, whereas the
productive value of dietary lipids in the body of LMB fed
the 15% starch and 10% lipid diet was the highest (P < 0.05)
among all the dietary groups. The retention of dietary
phosphorus in LMB fed the diet containing 10% starch and
10% lipids was the highest (P <0.05) among all the dietary
groups, whereas the retention of dietary calcium in LMB
fed the diet containing 10% starch and 10% lipid diet, the
5% starch and 10% lipid diet, and the 15% starch and 12.5%
lipid diet was higher (P < 0.05) than other groups of the fish.
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Table 5 Percentages (%) of the gains of nutritionally dispensable amino acids to their dietary intakes in juvenile largemouth bass fed diets con-
taining different starch and lipid levels'

Lipids (L) % Starch (S) % Ala Asn Asp Cys Gln Glu Gly Pro OH-Pro Ser Tyr
10 5 20.119  28.42° 23.70° 3422% 23.96° 26.54° 40.49° 33.37°  31.57°  28.92° 24.04¢
10 10 32.82%  32.04° 2671 38.58"  27.02° 29.93* 4565 36.95° 35.60° 32.60° 27.11%
10 15 30.06°¢  29.34% 24.46% 35330  24.74% 2740% 41.81% 3445¢  32.60% 29.86% 24.82%
12.5 5 32.10% 3133 26.13% 3731 26.43%® 2027 44.65® 3679 34.82%® 31.89% 2651
12.5 10 30.54°  29.81°¢ 25.20% 36.42' 25.14%¢ 28230 43,09 3550 33.12%¢ 3034 2522°
12.5 15 31.18% 30.43% 25.38™ 36.65" 25.67° 28.43* 43.37° 3574 3382 3097 2575
Pooled SEM 0.35 0.34 0.27 0.37 0.28 0.30 0.46 0.35 0.37 0.34 0.32
Main effect means
5 30.61 29.88 24588 35778 2519 27918  4257%  3441® 3319 3040 2528
10 31.68 3092 2596 37.50% 26.08 29.08% 4437% 36234 3436 3147 2617
15 3062 29.89 24928 35998 2520 27928 42598 350048 3321 3041 2529
10 30.66 2993 2496 3605 2524 2796 4265 3492 3326 3046 2533
12.5 3127 3053 2535 3679 2574 2864 4370 3556 3392 3106 2583
Two-way ANOVA
S 0.088 0.092 0015 0003 0077 0017 0013 0007 0.08 0085 0.089
L 0.137  0.169 0.155 0.058 0143 0.055 0.050 0.163 0.136 0.151 0.145
SxL 0.001  0.001 0.001 <0.001 0001 <0.001 <0001 0015 0.001 0001 0.001

"Values are means with pooled SEM for 3 tanks per dietary group
#“Within a column, means not sharing the same superscript letter differ (P <0.05)

A-CWithin a column, means not sharing the same superscript letter differ (P <0.05)

Table 6 Retention (%) of ingested nutritionally indispensable amino acids in juvenile largemouth bass fed diets containing different starch and
lipid levels'

Lipids (L) % Starch (S) %  Arg His Ile Leu Lys Met Phe Thr Trp Val
10 5 25.84°  28.16% 2541° 2587 23.04¢ 19.12¢ 2626 27.03¢ 2687  2558¢
10 10 2845 3175% 2743 2796™ 2598  2156°  29.61*  3047°  3030°  28.84%
10 15 26.67°  29.08°¢ 2553 2671 23.79%  19.75¢  27.11¢¢  27.90¢¢  27.75% 2641
12.5 5 2849*  31.06°® 27.26° 28.53* 2541 21.09° 2896 29.80°°  29.64" = 28.20%
12.5 10 2710 29.54% 25094 27.14% 2417 20.06¢ 27.55%  28.35%d 2819 27.21b¢
12.5 15 2767 30.16%  26.48® 2771 24.68% 20.48°c  28.13* 28.95*  28.78*  27.39b
Pooled SEM 0.28 0.33 0.25 0.27 0.27 0.23 031 0.32 0.32 0.29
Main effect means
5 27.16 2961 2634 2670 2423  20.11 27.61 2841 28.26 26.898
10 2778 3065 2668 2755 2508 2081 28.58 2941 29.25 28.02%
15 27.17  29.62 2600 2721 2424  20.11 27.62 2842 28.27 26.90°
10 2699  29.66 2612 2685 2427  20.14 27.66 2847 28.31 26.94
125 2776 3025 2656 2746 2476  20.54 2821  29.03 28.87 27.60
Two-way ANOVA
S 0350 0079 0325 0709 0086  0.070 0.076  0.087 0.079 0.022
L 0.084  0.141 0245 0.155 0159  0.147 0.167  0.156 0.151 0.127
SxL 0.004  0.001  0.007  0.080  0.001 <0.001 0001  0.001 0.001 <0.001

"Values are means with pooled SEM for 3 tanks per dietary group
#“Within a column, means not sharing the same superscript letter differ (P <0.05)
A-CWithin a column, means not sharing the same superscript letter differ (P < 0.05)
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Fig. 1 Representative pictures of the whole fish body, liver, and intraperitoneal adipose tissue in largemouth bass fed diets containing different

starch and lipid levels

Table 7 The viscerosomatic
index (VSI), hepatosomatic
index (HSI), intraperitoneal
fat ratio (IPFR), hepatocyte
size, and survival of juvenile
largemouth bass fed diets
containing different starch and
lipid levels!

Diet VSI % HSI % Hepatocgte IPFR % Survival %
Starch (S) % Lipids (L) % size (um’)
5 10 731¢ 1.12° 64.2° 2.19° 100
10 10 7.62¢ 1.76* 75.64 2.19¢ 96.3
15 10 8.05° 1.76* 104%¢ 2.62° 100
5 12.5 7.31° 1.23° 96.3¢ 2.29° 944
10 12.5 7.73° 1.65* 1332 291% 92.6
15 12.5 8.542 1.90* 114° 2.95% 92.6
Pooled SEM 0.10 0.03 2.30 0.05 1.4
Main effect means
5 7.31€ 1.18€ 69.9¢ 2.24¢ 97.2
10 7.678 1.718 1008 2568 945
15 8.297 1.834 1234 2784 96.3
10 7.66 1.55 100 2.34° 98.8%
125 7.86 1.60 95 2724 93.2°
Two-way ANOVA
S <0.001 <0.001 <0.001 <0.001  0.161
L 0.349 0.514 0.121 <0.001  0.0011
SxL 0.605 0.302 0.001 0.066 0.072

Values are means with pooled SEM for 12 fish per dietary group for VSI, HSI, and IPFR. Values are means
with pooled SEM for 6 fish per dietary group for hepatocyte size

#*Within a column, means not sharing the same superscript letter differ (P <0.05)

A-CWithin a column, means not sharing the same superscript letter differ (P <0.05)
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Table 8 Composition of nutrients in the whole body and skeletal muscle of juvenile largemouth bass fed diets containing different starch and

lipid levels'
Diet Nutrients in the whole body (% of wet weight) Nutrients in skeletal muscle (% of
wet weight)
Starch (S) % Lipids (L) % Water Protein Lipids Phosphorus Calcium Water Protein Lipids
Initial fish
5 10 72.5% 16.2° 5.83¢ 0.70¢ 1.12¢ 77.1 20.0 1.12°
10 10 70.5° 17.7% 6.53% 0.772 1.25% 772 19.9 1.17°
15 10 71.9° 16.7° 6.81° 0.73° 1.19% 77.0 20.0 1.372
5 12.5 70.9¢ 17.72 6.82° 0.75% 1.22% 77.1 19.8 1.25%
10 12.5 70.2¢ 16.9° 8.22% 0.72° 1.17¢ 774 19.7 1.16°
15 12.5 70.5° 17.0° 7.942 0.76* 1.23% 71.3 19.8 1.34%
Pooled SEM 0.17 0.15 0.25 0.006 0.014 0.049  0.051 0.040
Main effect means
5 71.74 16.8 6.338 0.72 1.17 77.1 19.9 1.198
10 70.48 17.3 7.374 0.75 1.21 713 19.8 1.168
15 71.24 16.9 7.634 0.75 1.21 772 19.9 1.364
10 71.6 16.8 6.588 0.73 1.19 77.1 20.04 1.22
12.5 70.5 17.1 7.664 0.75 1.20 71.3 19.78 1.25
Two-way ANOVA
S <0.001  0.079 0.005 0.187 0.451 0.199  0.569 0.027
L 0.005 0.389 0.002 0.205 0.550 0.111 0.017 0.705
SXL 0.295 0.044 0.676 0.011 0.042 0282  0.988 0.670

"Values are means with pooled SEM, n=12 fish per dietary group

#“Within a column, means not sharing the same superscript letter differ (P <0.05)

A-CWithin a column, means not sharing the same superscript letter differ (P <0.05)

Data on the ratios of amino acids gained in the body to their
dietary intakes are summarized in Table 5 (for nutritionally
dispensable amino acids) and Table 6 (for nutritionally indis-
pensable amino acids). There were interactions between die-
tary starch and lipid levels in affecting the retention of most
dietary amino acids (P <0.05). Increasing the dietary starch
level from 5 to 10% increased the percentages of aspartate,
glutamate, cysteine, proline, glycine, and valine gained in
the body to their dietary intake, whereas increasing the die-
tary lipid level from 10 to 12.5% did not affect the retention
of dietary amino acids (P > 0.05).

Relative weights of all viscera organs, liver,
and intraperitoneal adipose tissue of LMB

Figure 1 shows the pictures of the body, liver and intra-
peritoneal adipose tissue of LMB fed diets containing
different starch and lipid levels. Data on the VSI, HSI,
IPFR, and hepatocyte size of juvenile LMB fed different
diets are summarized in Table 7. Viscera organs, liver, and
IPFR represented 7.3-8.5%, 1.1-1.9%, and 2.2-3.0% of
the whole-body weight, respectively. All of the three varia-
bles increased (P < 0.05) with increasing the dietary starch
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level from 5 to 15%. Increasing the dietary lipid level from
10 to 12.5% increased (P <0.001) IPFR by 16.2% but had
no effect (P> 0.05) on VSI or HSI. There were no interac-
tions (P> 0.05) between dietary starch and lipid levels in
affecting the VSI, HSI or IPFR of LMB. Increasing the
dietary starch level from 5 to 15% augmented (P <0.001)
the hepatocyte size in the liver by 75.9%, but increasing
the dietary lipid level from 10 to 12.5% had no effect.
There were interactions (P < 0.05) between dietary starch
and lipid levels in affecting the hepatocyte size of LMB,
in that the hepatocyte size in the liver of LMB fed the 15%
starch and 10% lipid diet was the largest (P < 0.05) among
all the dietary groups.

Composition of macronutrients in the body of LMB

At the end of the 56-day trial, the content of water, protein,
lipids, phosphorus, and calcium in the body of LMB was
about 70-72%, 17%, 6.3-7.6%, 0.75%, and 1.2%, respec-
tively, whereas the content of water, protein, and lipids in
the skeletal muscle of LMB was about 77%, 20%, and 1.2%,
respectively (Table 8). Increasing the dietary starch level
from 5 to 15% did not affect (P> 0.05) the content of pro-
tein, phosphorus, and calcium in the body of LMB or the
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Table 9 Composition of nutrients in the liver of juvenile largemouth
bass fed with diets containing different protein levels'

Diet Nutrients in the liver (g/100 g of wet
weight)
Starch (S) % Lipids (L) % Water Protein Lipids Glycogen
5 10 76.0° 12.9* 276  8.16°
10 10 741° 112° 225 10.8°
15 10 745 10.1°  1.66°  12.3°
5 12.5 76.9* 112° 255> 9.12¢
10 12.5 75.9° 105  1.87¢  9.91°
15 12.5 73.0¢ 890  1.59° 1217
Pooled SEM 021 0.5 0.06 0.25
Main effect means
5 73.7¢ 1204 266%  8.65°
10 75.08 1098  2.06° 104P
15 7645 9.5¢ 1.62¢ 1224
10 748 1145 222% 104
12.5 753 1028 200 104
Two-way ANOVA
S 0.001 <0.001 <0.001 <0.001
L 0.119 0.002  0.020  1.000
SxL 0.014 0414 0.589  0.366

"Values are means with pooled SEM, n=12 fish per dietary group

#“Within a column, means not sharing the same superscript letter dif-
fer (P <0.05)

A-CWithin a column, means not sharing the same superscript letter
differ (P <0.05)

content of water and protein in their skeletal muscle, but
increased the content of lipids in both the body (+20.5%;
P=0.005) and skeletal muscle (+ 14.3%; P=0.027). Com-
pared with the 5%-starch diet, the LMB fed the 10% starch
diet had a 1.8% lower content of water in the body. Increas-
ing the dietary lipid level from 10 to 12.5% had no effect
(P> 0.05) the content of protein, phosphorus and calcium in
the body or the content of water and lipids in skeletal mus-
cle, increased (P=0.002) the content of lipids in the body
by 16.4%, and reduced (P < 0.01) the content of water in the
body by 1.5% and the content of intramuscular protein by
1.5%. There were no interactions (P > 0.05) between dietary
starch and lipid levels in affecting the content of water and
lipids in the body of LMB or the content of water, protein
and lipids in skeletal muscle. However, there were interac-
tions (P <0.05) between dietary starch and lipid levels in
affecting the content of protein, phosphorus and calcium in
the body. Specifically, the retention of dietary protein in the
body of LMB fed the 10% starch and 10% lipid diet and the
5% starch and 12.5% lipid diet was the highest (P <0.05)
among all the dietary groups, whereas the retention of die-
tary phosphorus and calcium in the body of LMB fed the

10% starch and 10% lipid diet, the 5% starch and 12.5% lipid
diet, and the 15% starch and 12.5% lipid diet was the highest
(P <0.05) among all the dietary groups.

Composition of macronutrients in the liver of LMB

At the end of the 56-day trial, the content of water, protein,
lipids, and glycogen in the body of LMB was about 73-77%,
16.9-17.7%, 1.6-2.8%, and 8—12%, respectively (Table 9).
Increasing the dietary starch level from 5 to 15% enhanced
(P<0.001) the content of water (+3.7%) and glycogen
(+41%) in the liver of LMB, but decreased (P <0.001) the
content of protein (— 20.8%) and lipids (— 39.1%). Increas-
ing the dietary lipid level from 10 to 12.5% also decreased
the content of protein in the liver (— 10.5%; P=0.002) and
lipids (— 9.9%; P=0.020), but did not affect (P >0.05) the
content of water or glycogen in the liver. There were inter-
actions (P <0.05) between dietary starch and lipid levels in
affecting the content of water in the liver of LMB. Specifi-
cally, the content of water in the liver of LMB fed the 5%
starch and 12.5% lipid diet was the highest (P <0.05) among
all the dietary groups.

Syntheses of glycogen and lipids from glucose
in the liver and skeletal muscle

To assess the metabolic rates of glycogen and lipid syntheses
from glucose, livers and skeletal muscle from the six differ-
ent groups of LMB were incubated with the same extracel-
lular concentration of glucose (5 mM). The rates of glycogen
synthesis from glucose in the liver of LMB were about three
times those for fatty acid synthesis (Table 10). Compared
with the liver, the skeletal muscle of LMB had a very low
activity to synthesize glycogen and fatty acids from glucose.
The rates of glycogen synthesis in the liver or skeletal mus-
cle did not differ (P> 0.05) between LMB fed 5% and 15%
starch diets. Likewise, the rates of fatty acid synthesis from
glucose did not differ (P> 0.05) among LMB fed the 5%,
10% and 15% starch diets. Of interest, there was a tissue-
specific effect of dietary lipid levels on the rates of fatty acid
and glycogen syntheses in the liver and skeletal muscle. Spe-
cifically, increasing the dietary lipid level from 10 to 12.5%
did not affect (P> 0.05) the rates of fatty acid synthesis from
glucose in the liver but increased (P < 0.05) those in skeletal
muscle by 19.7%. In contrast, increasing the dietary lipid
level from 10 to 12.5% did not affect (P> 0.05) the rates
of glycogen synthesis from glucose in skeletal muscle but
decreased (P <0.05) those in the liver by 12.4%. There were
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Table 10 Syntheses of fatty

; Diet Liver (nmol C/2 h/mg protein)  Skeletal muscle (nmol
acids angl glycqgen from C/2 h/mg protein)
glucose in the liver and skeletal
muscle of juvenile largemouth Starch (S) % Lipids (L) % Fatty acids Glycogen Fatty acids Glycogen
bass fed diets containing
different starch and lipid levels' 5 10 3.26 10.7* 0.68° 1.33

10 10 2.75 10.3%® 0.75¢ 1.33
15 10 2.63 9.50° 0.96° 1.27
5 12.5 3.19 9.14% 0.86° 1.23
10 12.5 2.77 8.40°¢ 0.93° 1.37
15 12.5 3.29 9.28 1.07? 1.43
Pooled SEM 0.12 0.31 0.03 0.04
Main effect means
5 3.23 9.92 0.77¢ 1.28
10 2.76 9.35 0.858 1.35
15 3.11 9.39 1.014 1.35
10 2.88 10.24 0.808 1.31
12.5 3.08 8.948 0.954 1.34
Two-way ANOVA
S 0.285 0.325 0.007 0.686
L 0.398 0.012 0.014 0.655
SxXL 0.398 0.505 0.847 0.411

'Values are means with pooled SEM, n=9 fish per dietary group

“Within a column, means not sharing the same superscript letter differ (P <0.05)

A-CWithin a column, means not sharing the same superscript letter differ (P < 0.05)

no interactions (P >(0.05) between dietary starch and lipid
levels in affecting fatty acid and glycogen syntheses in the
liver or skeletal muscle of LMB.

Concentrations of glucose and lactate in the serum
of LMB

Concentrations of glucose in the serum of LMB were 4.64,
3.92,3.41, 1.82 and 2.11 mM (pooled SEM =0.12; n=18
tanks per time point) at 2, 4, 8, 12, and 24 h after feed-
ing. The concentrations of glucose in serum decreased
(P<0.001) progressively between 2 and 12 h after feeding
and remained low at 24 h after feeding, with no difference
(P>0.05) between 12 and 24 h after feeding. Increasing
the dietary starch level from 5 to 15% elevated (P <0.001)
the concentrations of glucose in serum at 2 to 24 h after
feeding. In contrast, the effect of dietary lipids on the
concentrations of glucose in serum was time-dependent.
Specifically, increasing the dietary lipid level from 10 to
12.5% decreased (P <0.05) the concentrations of glucose in
serum by 13.7-17.6% at 2 to 8 h after feeding, had no effect
(P>0.05) at 12 h after feeding, and increased (P < 0.05)
those by 23.1% at 24 h after feeding. A 4 h after feeding,
there were interactions (P =0.006) between dietary starch
and lipid levels in affecting the concentrations of glucose
in the serum of LMB. Specifically, the concentrations of
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glucose in serum was higher when the 45% protein diet
contained 15% starch and 10% lipids, compared with the
5% starch and 10% lipid diet, the 10% starch and 10% lipid
diet, and the 5-15% starch and 12.5% lipid diets. At other
time points, there were no significant interactions (P> 0.05)
between dietary starch and lipid levels in affecting the con-
centrations of glucose in serum.

Concentrations of lactate in the serum of LMB were
2.73,2.06,2.14, 2.18 and 2.46 mM (pooled SEM =0.09;
n=18 tanks per time point) at 2, 4, 8, 12, and 24 h after
feeding. The concentrations of lactate in serum decreased
(P<0.001) between 2 and 4 h after feeding, remained at
reduced values through 12 h after feeding, and increased
(P <0.05) at 24 h after feeding, compared with 4-12 h
after feeding. Increasing the dietary starch level from 5
to 15% enhanced (P <0.001) the concentrations of lactate
in serum at 2 to 24 h after feeding. In contrast, increas-
ing the dietary lipid level from 10 to 12.5% did not affect
(P >0.05) the concentrations of lactate in serum at 2
to 24 h after feeding. At 4 to 12 h after feeding, there
were interactions (P < 0.05) between dietary starch and
lipid levels in affecting the concentrations of lactate in
the serum of LMB. Specifically, the 4-h concentrations
of lactate in the serum of LMB fed the 15% starch and
10% lipid diet was the highest (P <0.05) among all the
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Starch 5% /Lipids 10% Starch 5% /Lipids 10%-D Starch 5% /Lipids 12.5%

Starch 10% /Lipids 10%-D
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Starch 15% /Lipids 10% Starch 15% /Lipids 10%-D

Fig.2 Hepatic histology of juvenile largemouth bass fed diets con-
taining different starch and lipid levels. The PAS stain (without dia-
stase): showing the red staining of the hepatocyte cytoplasm. D refers

dietary groups, whereas the 8- and 12-h concentrations
of lactate in the serum of LMB fed the 15% starch and
10% lipid diet, 10-15% starch and 12.5% lipid diets were
higher (P <0.05) than those in the 5-10% starch and 10%
lipid diets and the 5% starch and 12.5% lipid diet. At 2
and 24 h after feeding, there were not significant interac-
tions (P> 0.05) between dietary starch and lipid levels in
affecting the concentrations of lactate in serum.

Liver histology

Histological analyses revealed that, compared with LMB
fed the 5% starch diet, LMB fed 10-15% starch diets
exhibited an enlarged and pale liver, as well as enlarged
hepatocytes with excessive glycogen in the cytosol, as
indicated by the PAS stain (Fig. 2). These histologic
findings are characteristics of glycogenic hepatopathy
(hepatic glycogenosis).

Starch 15% /Lipids 12.5%

Starch 15% /Lipids 12.5%-D

to the PAS stain with diastase (to break down glycogen): showing a
marked decrease in the bright red staining (or the amount of glyco-
gen) of the hepatocyte cytoplasm

Discussion

Results of this study indicated that juvenile LMB adapted
well to our culture system on the basis of the rates of
their growth and survival. The lean tissue gain in fish
is mainly determined by the deposition of protein in the
body (Dumas et al. 2007). We noted a few reports that
LMB could achieve a rate of up to 40% of dietary nitro-
gen retention in the body (Li et al. 2018, 2019; Ding et al.
2019). Our lower values (29-33%) for this variable are
similar to or better than those for similar size LMB that
were fed similar diets, such as 22-30% (Portz et al. 2001),
25-30% (Subhadra et al. 2006), 26-28% (Tidwell et al.
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2007), 30% (Gong et al. 2019; Song et al. 2018), 25% (Cai
et al. 2020), 17-22% (Guo et al. 2020), ~20% (Zhong et al.
2020), and 25-30% (Zhou et al. 2014). The average reten-
tion of dietary nitrogen in juvenile LMB is ~30% (Tidwell
et al. 2019), which is lower than the value of 55-65% in
poultry (Rehman et al. 2018) and 45-70% for growing
pigs (depending on age; Wu et al. 2014). Fry et al. (2018)
indicated that the average rates of the retention of dietary
nitrogen as edible protein in aquatic species and chickens
were 19% and 37%, respectively, and the value is 41% for
pigs (Wu et al. 2014). Dietary amino acids that are not
retained in the body are either oxidized or excreted into
the environment. A number of environmental factors, such
as temperature, oxygen concentration, salinity, density and
photoperiod, can influence the growth rate of farmed fish
(Chen et al. 2015; Matthias et al. 2018; Ren et al. 2018).
In the current study, a relatively high density (18 fish/55 1
of water) may be a reason for the relatively lower rate of
growth. Moreover, differences in genotypes and the culture
systems may also influence the growth rate of fish (Gje-
drem 2000; Pierce et al. 2008). Of note, fish generally have
1.5- to two-fold greater requirements for dietary protein
(30-55%) than livestock species and poultry (12-20%),
and use more amino acids as metabolic fuels (Wu 2018).
In support of this view, we recently reported that tissues
(the proximal intestine, liver, skeletal muscle, and kid-
neys) of hybrid-striped bass (Jia et al. 2017) and LMB
(Li and Wu 2019; Li et al. 2020) prefer to use glutamate,
glutamine and aspartate to provide ATP.

Appropriate dietary starch and lipid levels could improve
the protein retention and growth performance of fish, but the
nutritional effects likely vary among different species (NRC
2011). Despite the wide use of LMB in aquaculture, little is
known about their dietary requirements for starch and lipids
for maximum protein accretion. We found that the reten-
tion of dietary nitrogen in the LMB, as well as the ratios of
some amino acids gained in the body to their dietary intakes,
increased with increasing the dietary starch level from 5 to
10% (Tables 5 and 6), and the growth of LMB decreased
with increasing the dietary starch level from 5 to 15% or the
dietary lipid level from 10 to 12.5% (Table 2). Interestingly,
the ratio of glycine gained in the body to its dietary intake
was about 43%, which was greater than that for any of the
other amino acids (Table 5), suggesting a substantial syn-
thesis of this amino acid in LMB. In addition, the survival
rate of LMB fed the 12.5% lipid diet was lower than that of
LMB fed the 10% lipid diet (Table 7). The growth perfor-
mance of some carnivorous fish is impaired when their diets
contain more than 15% starch (NRC 2011). For example,
Li et al. (2015) reported that the growth of giant croaker
(Nibea japonica) decreased with increasing the dietary
cornstarch level to more than 12.2%. In addition, juvenile
grouper (Epinephelus akaara), a dietary level of 7.64% starch
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appeared to be sufficient for maximum growth of juvenile
grouper (Epinephelus akaara) (Wang et al. 2016a, b). Simi-
larly, we found that even 10% of dietary starch could limit
the weight gain (Table 2) of LMB. There are reports that
the requirement of LMB for dietary lipids is about 10-15%,
dependent on experimental conditions (Huang et al. 2017;
Bright et al. 2005). In our another study, we found that LMB
grew faster when fed a 10% lipid diet, compared with a 7.5%
lipid diet (our unpublished work). Taken together, we recom-
mend that the requirement of juvenile LMB for dietary lipids
be 10% (dry matter basis). For comparison, omnivorous fish
(e.g., tilapia) tolerate well high dietary starch intake, as
increasing the dietary starch level from 10 to 40% improves
their growth performance (Amirkolaie et al. 2006), whereas
some carnivores (e.g., hybrid grouper) tolerate well 28%
cornstarch in diets and do not accumulate excess intraperi-
toneal fat, compared with a 0% starch diet (Luo et al. 2016).
Likewise, many species of fish have dietary requirements
for 15-20% starch for optimal growth (Watanabe 1982). The
lower limit to the inclusion of starch and lipids in LMB diets
is consistent with our recent report that the major tissues
of LMB, including the intestine, liver, skeletal muscle, and
kidneys, had a low ability to oxidize glucose and fatty acids
into CO, (Li and Wu 2019; Li et al. 2020).

The primary reason for the lower rate of growth in LMB
fed the 10-15% starch diets compared with the 5% starch
diet or in LMB fed the 10% lipid diet compared with the
12.5% lipid diet may result from metabolic and structural
alterations in the liver of the LMB. To our knowledge,
such a phenomenon has not been reported for LMB. We
found that increasing the dietary starch from 5 to 15% or
the dietary lipid level from 10 to 12.5% did not affect the
relative feed intake (mg feed/g body weight per day) of the
LMB. Interestingly, after the second week until the end of
the trial, the AFI of fish (g feed/fish) decreased with increas-
ing dietary starch or lipid levels. Like terrestrial animals
(Wu 2018), fish usually regulate their feed consumption to
meet energy requirements (Hemre et al. 1995; Sveier et al.
1999). When fed a diet containing excess energy, fish exhibit
growth depression due to a reduction in AFI (Ellis and Reigh
1991; El-Sayed and Garling 1988; Han et al. 2014) and pro-
tein intakes (Khan and Abidi 2012). Likewise, high dietary
starch or lipid levels, along with high dietary energy levels,
decrease protein intake by animals, which contributes to a
reduced growth rate, as observed for LMB in this study.
Moreover, as in terrestrial animals (Wu 2020), reduced AFI
by fish may result from pathological changes in tissues of
fish (e.g., the intestine and liver) due to excessive starch and
lipid intakes (Tan et al. 2007). A decrease in growth rate
in association with excessive accumulation of glycogen in
the liver (hepatic glycogenosis) was observed in some fish
species (e.g.,> 10% starch for juvenile grouper and > 7%
glucose for juvenile white sturgeon) fed diets containing
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high starch levels (Wang et al. 2016a, b; Fynn-Aikins et al.
1992). Clearly, LMB cannot tolerate > 10% dietary starch
and > 10% dietary lipids (dry matter basis).

The FCR and PER in LMB were not affected by the
levels of dietary starch (5-15%) or lipids (10-12.5%). Our
results suggest that these dietary levels of starch and lipids
do not negatively influence the efficiency of the utilization
of dietary nutrients for weight gains of LMB during a 56-day
experimental period. However, when the components of
weight gains are unknown, values on the FCR and PER may
be misleading. For example, we noted that increasing the
dietary starch level from 5 to 15% reduced the retention of
dietary protein in LMB by 3.2% and increased the retention
of dietary lipids in the body by 27% (Table 4), possibly con-
tributing to an unfavorably fatter carcass. Similarly, Lie et al.
(1988) suggested that protein retention is a better indicator
of feed efficiency for lean tissue growth than the PER in fish
species. Likewise, Han et al. (2014) concluded that a body
weight change cannot be regarded as an accurate predictor
of true protein accretion in fish when their bodies accumu-
late lipids. It is possible that high dietary starch impairs the
digestion of dietary protein and/or the subsequent synthesis
of protein from amino acids in extra-intestinal tissues while
promoting lipid synthesis from starch-derived glucose in
tissues, such as the liver and skeletal muscle (Table 10) as
well as white adipose tissue depots (Table 7). Nonetheless,
a lower rate of growth in fish (including LMB) will delay
the time from their entry into aquaculture facilities to their
marketing. This will increase both the costs of farm labors
as well as the risks for production losses due to possible
infectious diseases, climate changes, and natural disasters,
thereby leading to reductions in production efficiency and
economic returns. Therefore, excessive levels of starch and
lipids in fish diets should always be avoided.

White adipose tissue, which is distributed in abdomi-
nal, mesenteric, subcutaneous, and peri-gonadal sites,
as well as the liver, skeletal muscle, and other organs,
is the main depot for lipid storage primarily as triacyl-
glycerols in fish (Salmerén 2018), as in terrestrial ani-
mals (Wu 2018). Juvenile LMB contained 6.33-7.66%
lipids (Table 8). Based on the content of lipids in skeletal
muscle (1.19-1.36%; Table 8) and assuming that skel-
etal muscle represents about 50% of the body weight,
about 9% of total lipids in LMB are present in the skel-
etal muscle of the fish (1.19% x0.5/6.33% =9.4%;
1.36% % 0.5/7.66% = 8.9%). Considering that lipid con-
tent in white adipose tissue is 82% (g/g; Jobgen et al.
2009) and that IPFR was 2.24% to 2.78% of body weight
in LMB (Table 7), abdominal white adipose tissue con-
tributed to about 30% (2.24% % 0.82/6.33% =28.4%;
2.78% x 0.82/7.66% =29.8%) of total lipids in the fish.
Thus, abdominal adipose tissue is a main site of fat depo-
sition in juvenile LMB. Increasing the dietary starch level

from 5 to 15% or dietary lipid level from 10 to 12.5%
promoted the accumulation of lipids in the abdominal cav-
ity, these results indicate that the nutritional regulation
of fat accretion in LMB is depot-specific. At present, it
is unknown whether the enlarged fat mass in the body
results from an increase in the volume of existing adi-
pocytes (hypertrophy) and/or the number of adipocytes
through the proliferation and differentiation of precursor
cells (hyperplasia or adipogenesis). Future studies are war-
ranted to address this issue.

In monogastric animals (e.g., swine, poultry, and rats),
chronic high intake of dietary starch or lipids results in the
development of fatty liver and hepatic dysfunction (Wu
2020). This has been assumed to occur in fish. However,
we observed that increasing the dietary starch level from
5 to 15% or the dietary lipid level from 10 to 12.5% did
not increase lipid content in the liver of LMB but rather
reduced lipid content in this organ (Table 9) likely due to
reduced deposition of dietary lipids. Based on the reten-
tion of dietary lipids in LMB (Table 4) and their digestibil-
ity (90%), 21-46% of absorbed dietary lipids are oxidized
to CO, or excreted from the body. Notably, high dietary
starch resulted in hepatic glycogenosis (Figs. 1 and 2).
Thus, the hepatopathy in LMB fed high starch diets is not
a fatty liver disease. In support of this view, we observed
that: (1) the HSI, hepatocyte area, and hepatic glycogen
concentrations increased substantially with increasing the
dietary starch level from 5 to 15% (Tables 7 and 9; Fig. 1);
and (2) excessive amounts of glycogen deposits are present
in the cytosol of hepatocytes, as determined by the PAS
stain (Fig. 1). The enlargement of the liver in LMB fed the
10-15% starch diets is due, in part, to the deposition of
water, because 1 g glycogen is associated with 3 g water
(Brooks and Fahey 1984), leading to structural abnormali-
ties in the liver and possibly impairments in some of its
metabolic functions (e.g., protein synthesis, bile produc-
tion, and lipoprotein assembly). Our other study revealed
that LMB fed diets with low protein and high starch exhib-
ited hepatic glycogenosis (Li and Wu, unpublished work).
Similar results were obtained in the present study, where
LMB were fed diets containing 45% protein. Thus, high
intake of starch can induce hepatic glycogenosis in LMB
regardless of low or adequate protein intake. This species
is highly sensitive to starch intake, because it has a limited
ability to oxidize glucose in the body (Li and Wu 2019; Li
et al. 2020). Of note, Goodwin et al. (2002) reported that
juvenile LMB fed a 45% protein diet containing 21, 27
or 35% carbohydrate (nitrogen-free extract that included
starch) exhibited hepatic glycogenosis and growth restric-
tion. In contrast, Amoah et al. (2008) did not detect any
differences in the PER, hepatosomatic index, or liver gly-
cogen concentration among fish fed three diets containing
13, 19, and 25% starch. This may be explained, based on
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Table 11 Concentrations of lactate and glucose in the serum of juvenile largemouth bass fed diets containing different starch and lipid levels'

Diet Lactate (mM) Glucose (mM)
Starch (S) % Lipids (L)%  2h 4h 8h 12h 24h 2h 4h 8h 12h 24h
5 10 258> 1.55° 1.70% 1.47° 1.78¢ 470° 376> 299  1.49° 1.63¢
10 10 2.59°  1.49° 2.01° 1.51° 1.96° 478>  337°  3.67° 206 1.90%¢
15 10 326 2.86% 2472 3.06° 3.17° 545%  557°  457*  2.19° 217%™
5 12.5 249> 1.83° 1.39¢ 1.65° 1.91¢ 3.92°¢ 338 2.62° 1.49°  2.14%
10 12.5 2778 2.39° 2.69* 2.592 2.66° 3.96° 356" 3.08™ 1.79%  2.29°
15 12.5 269> 2320 2.57% 2.79% 3.28° 5.01% 402> 3.55° 1.86®  2.582
Pooled SEM 0.09 0.12 0.12 0.15 0.14 0.17 0.18 0.17 0.13 0.09
Main effect means
5 2.548  1.698 1.548 1.56¢ 1.85¢ 4318 346% 281¢ 1.49%  1.88B
10 2,698 1.94B 2.354 2.058 2.318 4378 357 3378 1934 2098
15 2984 2594 2.524 2.934 3.224 5234  480%  4.06° 203 2374
10 2.81 1.97 2.06 2.02 231 498% 4234 374% 192 1.908
12.5 2.65 2.10 222 2.34 2.62 4308 3538 3088 172 2344
Two-way ANOVA
S 0.011  0.001 <0.001 <0001 <0.001 0.004 0.002 0.001 0023 0.030
L 0325  0.329 0.254 0.151 0.154 0.017  0.009 0010 0454  0.008
SxL 0.157  <0.001  0.028 0.004 0.200 0.869  0.006 0519 0.863 0934

"Values are means with pooled SEM, n=18 fish per dietary group at each time point

#“Within a column, means not sharing the same superscript letter differ (P <0.05)

A-CWithin a column, means not sharing the same superscript letter differ (P <0.05)

the findings from the present study, that the control, 13%
starch diet might have maximized its adverse effects on
these variables.

The mechanisms responsible for the hepatic glycogeno-
sis in LMB fed a diet containing > 10% starch are not fully
understood. There is a suggestion that some fish develop
this disease due to their limited ability to control blood glu-
cose concentration (Palmer et al. 1972; NRC 2011). In many
fish species (Kamalam et al., 2017), as in terrestrial animals
(Wu 2020), glucose can be converted into glycogen through
glycogenesis in the liver and skeletal muscle. This was also
observed in LMB (Table 10). Of particular note, the rates of
glycogen synthesis from glucose in the liver of LMB were
much greater than those for fatty acid synthesis (Table 10),
indicating a high capacity for hepatic glycogenesis in LMB.
In this study, we found that high dietary starch resulted in
an 84-130% increase in serum glucose concentrations at 2 h
after feeding in comparison with time 0 (24 h after feeding)
and the elevated glucose levels remained through 8 h after
feeding (Table 11). Such a prolonged post-prandial elevation
in the circulating levels of glucose is not common in healthy
terrestrial animals (Wu 2018) and is a characteristic of
metabolism in LMB, possibly due to a low uptake of glucose
by extra-hepatic tissues, including skeletal muscle and kid-
neys (Li and Wu 2019; Li et al. 2020). At the same extracel-
lular glucose concentration (5 mM), the rate of conversion of
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glucose into glycogen in the liver did not differ among LMB
fed the 5%, 10% and 15% starch diets, indicating that the
machinery of hepatic glycogenesis (i.e., enzymes and regu-
lation) was not altered by high starch intake. Thus, elevated
blood glucose, which is derived from intestinal absorption
after feeding, increased the intake of glucose by the liver to
drive hepatic glycogen synthesis because of enhanced sub-
strate provision. This leads to hepatic glycogenosis. Such
a metabolic disease not only reduces the AFI of LMB and
impairs their growth, but also causes their deaths (Goodwin
et al. 2002).

In conclusion, the retention of dietary protein in LMB
was affected by dietary starch or lipid levels and their inter-
actions. The liver of LMB had a high capacity for synthe-
sizing glycogen from glucose and a much lower capacity
for converting glucose into fatty acids. Compared with the
liver, the synthesis of fatty acids or glycogen from glucose
was limited in the skeletal muscle of LMB. A dietary level
of starch > 10% resulted in hepatic glycogenosis due to pro-
longed elevations of blood glucose for glycogen synthesis
in the liver, as well as reductions in the AFI and weight gain
of LMB. Compared with a 10%-lipid diet, a dietary level of
12.5%-lipid decreased the AFI, growth and survival of the
fish. Increasing the dietary starch level from 5 to 15% or the
lipid level from 10 to 12.5% did not lead to a fatty liver in
LMB. Based on these results, we recommend dietary lipid
and starch levels to be 10% and < 10% (dry matter basis),
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respectively, for juvenile LMB to maximize the retention of
dietary protein in their bodies.
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