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Abstract. The objective of the study was to find the optimum methionine level for the snakehead fish
(Channa striata) fingerlings (initial weight = 5.20+0.06 g fish'!). The basal diet (without methionine
supplementation) contained 0.79% of methionine (M1), and four experimental diets contained graded
levels of methionine: 0.95% (M2), 1.10% (M3), 1.27% (M4), and 1.43% (M5). All five diets were
isonitrogenous, isolipidic and contained a fixed cystine level of 0.62%. All fish were hand fed to satiation
three times daily for eight weeks in four replicates. There were no significant differences in the survival
rate and feed intake among the five groups (p > 0.05). However, weight gain, specific growth rate, feed
conversion ratio and protein efficiency ratio were significantly higher in M4 and M5 groups than in other
three groups (p < 0.05). The highest protein utilization, N retention, and protein productive values were
observed on the M4 group. Polynomial regression analysis of the specific growth rate indicated that the
optimal dietary methionine requirement is 1.25% (2.98% of dietary protein). Whole body protein and
methionine composition were significantly higher in M3-M5 groups than in M1 and M2 groups (p < 0.05).
Specific trypsin activity was highest in groups M4 and M5 (p < 0.05). There was no evidence of
histological alteration in the intestines of any of the five dietary groups. Our results indicate that dietary
methionine levels between 1.10% (M4) and 1.30% (M5) promoted the growth rate, feed conversion
ratio, nitrogen utilization, N retention, protein productive value, whole body protein content and amino
acid composition, and increased the specific trypsin activity in snakehead fingerlings.
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Introduction. Aquaculture has expanded rapidly due to the growing global population.
In 2016, aquaculture accounted for 47 percent of the total global fish production.
Snakehead (Channa striata), a carnivorous freshwater fish, comprises a minor proportion
of the total global aquaculture, but at a yearly production of about 16,214 tons (FAO
2018) it has considerable economic value, especially in Southern and Southeastern Asia
(Wattanakul et al 2016). In Thailand, the traditional snakehead fish culture feed was
primarily based on so-called ‘trash fish’, comprising low value fish or small-size fish, often
mixed with rice bran (Thongrod 2007). This type of feeding often causes water quality
problems due to excess of leftover feed. In addition, this type of feed is often kept under
unsuitable storage conditions, which can have strong negative effects on the feed quality
and nutrient content, resulting in increased disease prevalence and high feed conversion
rate. Consequently, a number of farmers switched to the high-protein formulated pellet
feed produced for reared snakehead fingerling (Rachmansyah et al 2009). This feed,
which contains > 40% of crude protein, proved to be cost-effective and high-quality feed,
as well as reduce other problems such as water quality, nutrient leaching, and improve
the digestibility of the feed.

A feed that meets protein and amino acid requirement of target species is
necessary for obtaining high-quality fish meat (Santiago & Lovell 1988; Lall & Dumas
2015). Regarding the snakehead diet, guidelines suggest that the protein content should
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range 40-55% and crude lipid 8-19% diet (Mohanty & Samantaray 1996; Samantaray &
Mohanty 1997; Munir et al 2016; Hua et al 2019), but specific amino acid requirements
remain poorly understood.

Methionine (Met) plays a vital role in protein synthesis; it is a precursor of S-
adenosylmethionine (SAM) and a methyl group donor for all other sulfur-containing
amino acids (cysteine, homocysteine, and taurine) (Brosnan & Brosnan 2006). As such it
is the first limiting essential amino acid (EAA) in fish feed. There is little information on
dietary methionine requirements of snakehead fingerlings. Hien et al (2018) reported
that adding L-Met to 11.9 g Met kg diet or 28.4 g kg™! protein could provide the optimal
weight gain, growth rate and protein efficiency ratio in snakehead fingerlings. For
comparison, Met requirements in other carnivorous species are 1.19% of dry diet for
juvenile cobia (Rachycentron canadum) (Zhou et al 2006), 8.0-9.1 g kg™ for European
sea bass (Dicentrarchus labrax) (Tulli et al 2010), and 1.82% for juvenile turbot
(Scophthalmus maximus) (Gao et al 2019). Met deficiency is known to cause poor growth
and reduced feed efficiency in a number of fish species: Atlantic salmon (Salmo salar)
(Opstvedt et al 2003), juvenile European sea bass (D. labrax) (Tulli et al 2010), juvenile
hybrid striped bass (Morone chrysops > M. saxatilis) (Li et al 2009a), and immature
rainbow trout (Oncorhynchus mykiss) (Séité et al 2018).

Sufficient Met levels can also optimize the activity of digestive enzymes,
responsible for digestion and absorption potential in fish (Wu et al 2017). However, there
are limited studies on the impact of dietary Met on the enzyme activities and intestinal
histology of fingerling snakehead. Furthermore, Met deficiency significantly lowers the
activities of trypsin. Gao et al (2019) found that the height of intestinal villi and microvilli
in juvenile turbot (S. maximus) decreased after feeding it Met-deficient diet for 8 weeks.

Therefore, the aim of this study was to investigate the impact of different dietary
methionine levels on the following parameters in snakehead fingerlings: 1) growth
performance and nitrogen utilization, 2) chemical and amino acid composition, 3)
proteolytic enzymes activities, and 4) intestinal histology.

Material and Method

Experimental diets and procedures. Four experimental diets were formulated by
adding crystalline DL-methionine in the in a stepwise manner with an increment of 20%.
The basal diet (without methionine supplementation) contained 0.79% of methionine
(M1), M2 contained 0.95%, M3 contained 1.10%, M4 contained 1.27%, and M5 contained
1.43%. All five experimental diets were formulated to be isonitrogenous (42% crude
protein (CP)), isolipidic (10% crude fat (CF)), and all contained a fixed cystine level of
0.62%. Fishmeal, poultry meal and soybean meal were used as the protein source, while
fish oil and soybean oil were used as the dietary lipid source (Table 1). All ingredients
were finely ground in a hammer mill, weighted, and mixed. The liquid ingredients (fish
oil, soybean oil and water) were then added to dry ingredients and extruded as pellet
through a 2.5 mm of the hole diameter. The pellets were dried at 60°C for 12 h to below
10% of moisture content. The experimental diets were formulated and made at the
Sakon Nakhon Rajaphat University, Thailand. The experiment was conducted from March
to September 2018.

Feeding trial. Snakehead fingerlings were obtained from a fish farm in the Ayutthaya
Province (central Thailand), and acclimated in a hatchery in the Khon Kaen province for a
week. After the acclimation, the fingerlings were stocked into a round 500 L plastic tank
at facilities of the Department of Fisheries, Khon Kaen University. They were acclimated
to experimental conditions for additional two weeks, during which time they were fed
daily with commercial floating pellet. Before the trial, 600 healthy fingerlings (initial body
weight: 5.20+0.47 g.) were randomly distributed into 20 half-filled plastic, round tanks
(500 L total volume, filled up to 250 L) at a density of 30 fish per tank. Tanks were
continuously aerated to maintain the dissolved oxygen levels, and water exchange level
was 30% over five days. Tanks were randomly assigned to five diet groups, ensuring four
replications per group (5x4=20). Fingerlings were fed by hand to apparent satiation three
times a day (7:00, 12:00 and 17:00) for eight weeks. The feed intake and bulk fish
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weight were recorded every two weeks. During the trial, the water temperature ranged
between 25.4 and 29.1°C, the dissolved oxygen (DO) concentration ranged between 6.08
and 8.22 mg L, and the ammonia nitrogen was < 0.2 mg L.

Table 1
Dietary formulation and chemical proximate analysis of experimental diets
. Experimental diets
Ingredients (%0) ML M 2 M 3 M4 M5
Fish meal® 20 20 20 20 20
Soybean meal® 30 30 30 30 30
Poultry meal® 22 22 22 22 22
Corn meal 7 7 7 7 7
Wheat flour 11.5 11.34 11.18 11.025 10.85
Soybean oil 4 4 4 4 4
Fish oil 2 2 2 2 2
Dicalciumphosphate 1.5 1.5 1.5 1.5 1.5
Vitamin premix® 1 1 1 1 1
Mineral premix® 1 1 1 1 1
DL-methionine’ 0 0.16 0.32 0.485 0.65
Chemical composition by analysis (%0)
Crude protein 41.57 41.07 41.52 41.47 41.30
Crude lipid 9.47 9.52 9.59 9.45 9.58

Note: 2 Fish meal was obtained from the Thai Union Feed mill Co., Ltd. (crude protein 62.87%); ® Soybean meal
was obtained from the Thai Union Feed mill Co., Ltd. (crude protein 46.93%); ° Poultry was obtained from the
Thai Union Feed mill Co., Ltd. (crude protein 65.84%); ¢ Vitamin premix (mg kg™ diet): vitamin A, 36000 1U;
vitamin D3, 9000 IU; vitamin E, 187; vitamin K, 19; vitamin B1, 52; vitamin B2, 97; vitamin B6, 46; vitamin
B12, 0.06; vitamin C, 69800; pantothenic acid, 93; inositol, 225; Niacin, 130; folic acid, 10; D-biotin, 0.45;

¢ Mineral premix (mg kg* diet): MnSO, -H20, 105; CuS04-5H20, 9; FeS04-7H20, 90; ZnS04-H20, 90; Kl, 1.8;
CoClz, 0.45; MgS04-7H20, 19000; NaCl, 117; Na,SeOs, 0.15; KCI, 3600; calcium (103)2, 219; f Methionine: DL-
methionine, purity 99.8%. Imported from Evonik Industries AG.

Performance calculation. At the end of experiment, fish were counted and weighted in
groups in order to determine the growth performance and feed utilization according to
the equations described below:

Survival (%) = ((100/fish quantity stocking) * fish quantity at harvest) 1
Weight gain, WG (%) = ((Wr- Wi)/W;) =< 100 @
(where Wt is final body weight (g) and Wi is initial body weight (g))

Daily feed intake, DFI (% day™) = 100 x (Total feed intake (g) / ((W: (g fish™) + Wi (g 3
fish™))/2 x feeding day)) ®
Average daily gain, ADG (g day™®) = body weight gain/feeding day 4)
Specific growth rate, SGR (% day) = ((Ln Ws - Lh Wi)/days) =< 100 5)
Feed conversion ratio, FCR = feed intake (g)/weight gain (g) (6)
Protein efficiency ratio, PER = wet weight gain (g)/ protein ingested (Q) (@)
Nitrogen intake, NI (g N kg* MBW day ™) = (feeding intake (g)>= N content of the diet)/
(MBW x feeding day) ()

(where MBW = 0.5 x (W7 + W%7®)
Nitrogen gain, NG (g N kg* MBW day™) = (W (g)x final body N (g)- Wi (g)x initial

body N (g)/(MBW x feeding day) C)
Nitrogen retention, NR (% N intake) = 100 x (N gain (g)/N intake (Q)) (10)
Protein productive value, PPV (%) = 100 x (Ws x final body protein (g) - Wi x initial (11)
body protein)/ protein intake (Q))

Hepatosomatic index, HSI (%) = 100 x (hepatic weight (g fish*)/body weight (g fish1)) (12)
Condition factor, CF (g/cm™) = (100 x body weight (g fish™))/ (body length(cm)?) (13)

Sample collection. At the end of the trial, the snakehead fingerlings were allowed to
fast for 16 hours, and 10 fish from each tank were individually weighted. After
anesthetization with clove oil (7.4 mL L, clove oil: ethanol = 1:4) (Rezende et al 2017),
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the entire intestines were collected from five fish per each tank and immediately frozen
at -20°C for the proteolytic enzyme activity analysis. Additionally, posterior intestine
samples from three fish per each tank were selected to be fixed in 10% formalin solution
for the histological analysis. Twenty fingerlings were collected from each tank to measure
the whole-body nutrient composition and amino acid accumulation.

Nutrient composition and amino acid analysis. For the nutrient composition, whole
bodies of 10 fish from each tank were pooled, dried at 105°C and ground until they
became homogenous. Whole body samples and diets were analyzed for dry matter
(AOAC 2005). The total protein was determined following the method of Kjeldahl. The
total lipid was measured by ether extraction using the Soxhlet method (Buchi B810,
Switzerland). Gross energy content was determined using an Automatic Bomb
Calorimeter (AC-500, LECO, United States). The total ash content was determined by
burning samples at 550°C in a muffle furnace. The amino acid hydrolysis was performed
according to GB/T 18246-2000, the solution was then filtered through a 0.22 um PTFE
filter for amino acid analysis by reversed-phase high-performance liquid chromatography
(RP-HPLC). Amino acid composition of the experimental diets is presented in Table 2.

Table 2
Amino acid composition of the experimental diets (%)
. . Experimental diets
Amino acids M1 M2 M3 M2 M5
EAA!
Methionine 0.78 0.86 0.96 1.10 1.30
Arginine 2.7 2.7 2.6 2.7 2.7
Lysine 2.3 2.3 2.3 2.3 2.3
Threonine 1.7 1.7 1.6 1.7 1.7
Histidine 0.9 0.9 0.9 0.9 0.9
Isoleucine 1.8 1.9 1.8 1.8 1.9
Leucine 3.0 3.0 3.0 3.0 3.1
Phenylalanine 1.9 1.9 1.8 1.9 1.9
Valine 2.0 2.0 2.0 2.0 2.0
NEAA?
Alanine 2.4 2.4 2.3 2.4 2.4
Aspartic acid 4.0 4.0 3.9 4.0 4.2
Glutamine 5.9 5.8 5.8 5.9 5.9
Glycine 2.8 2.8 2.8 2.8 2.9
Serine 2.0 2.0 2.0 2.0 2.1
Tyrosine 1.2 1.1 1.1 1.1 1.2
Cystine 0.62 0.61 0.62 0.62 0.62
Proline 2.2 2.3 2.2 2.2 2.2
SUM AA® 37.42 37.41 36.72 37.32 38.02

Note: ! EAA, essential amino acids; 2 NEAA, non-essential amino acids; 2 SUM AA, total amino acids.

Proteolytic enzymes activities analysis. Whole digestive tracts were homogenized on
ice in phosphate buffer 8.2 using a homogenizer. The homogenate was centrifuged at
10,000 rpm for 10 min at 4°C. The crude enzyme extract was collected from the
supernatant for enzymatic assays using a UV/VIS spectrophotometer (Biochrome Libra
S80, Biochrome Ltd., Cambridge, UK). The concentration of protein was analyzed by the
Lowry method (Lowry et al 1951) and expressed in g dL®. The total protease
determination was conducted using azocasein as a substrate, trypsin determination using
Nq-Benzoyl-L-arginine  4-nitroanilide  hydrochloride (BAPNA), and chymotrypsin
determination using N-Succinyl-Ala-Ala-Pro-Phe p-nitroanilide (Rungruangsak-Torrissen
et al 2006). The total protease was expressed in g dL™*; trypsin and chymotrypsin were
expressed as pmol p-nitroaniline produced per hour per mg protein.
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Intestinal histology. The posterior intestinal samples fixed in 10% formalin solution
were dehydrated in ethanol, embedded in paraffin, cut with a microtome at 4-pm
sections, and stained with hematoxylin and eosin (H&E) according to the standard
histology procedures. Tissue slides were digitally photographed with a light microscope
(Nikon Eclipse Ci) equipped with a CCD camera and NIS-elements D software. Intestine
diameter was measured from side-to-side of serosa (SE), villus height was measured
from the lowest point between two longitudinal villi to its tip (Peng et al 2013). Width and
density of villi were also measured.

Statistical analyses. Statistical analyses were performed using SPSS version 26.0
software. All data were analyzed using ANOVA and Duncan multiple comparison tests.
The significance was set at p < 0.05. Data were presented as meanszxstandard error.
Second-degree polynomial regression analysis (Y = a + bX + cX?) was used to estimate
the optimum dietary methionine requirement of the fingerling snakehead fish based on
SGR.

Results

Growth performance and nitrogen utilization. The growth performance of snakehead
fingerlings fed with five different diets for eight weeks is shown in Table 3. Survival rate
(SR) and daily feed intake (DFI) did not vary significantly different between diets (p >
0.05). Final body weight (FBW) and weight gain (WG) of M4 and M5 groups were
significantly higher than those of M1 and M2 groups (p < 0.05). Likewise, average daily
gain (ADG), specific growth rate (SGR), feed conversion ratio (FCR), and protein
efficiency ratio (PER) of the M4 and M5 groups were significantly (p < 0.05) better than
in other groups (M1, 2, and 3). Polynomial regression analysis of SGR estimated that
methionine optimum for snakehead fingerlings was 1.25% of diet, or 2.98% of dietary
protein (Figure 1).

Table 3
Growth performance and nitrogen utilization of snakehead fingerlings fed with different
methionine levels for 8 weeks

Experimental diets

Parameters
M1 M2 M3 M4 M5 p-value

IBW? 5.20+0.06 5.20+0.06 5.20+0.06 5.20+0.06 5.20+0.06  1.000
FBW? 13.66%+1.022 14.50%+0.532 15.43+0.88%° 17.53%+1.11° 17.24+0.46° 0.021
SR3 90.0+4.3 88.4+1.0 85.8+3.4 85.0+5.0 84.2+4.4 0.817
WG* 162.6+19.62 178.8+10.2%8 196.6+16.92P 237.1+21.4°> 231.6+8.9° (0.021
DFI° 2.51+0.10 2.52+0.13 2.54+0.06 2.49+0.02 2.47+0.08 0.966
ADGS® 0.015+0.022 0.017+0.012 0.018+0.022® 0.022+0.02° 0.022+0.01° 0.020
SGR’ 1.71+0.13®  1.83+0.072 1.93+0.102* 2.16+0.11° 2.14+0.05* 0.020
FCR® 1.61+0.112 1.50%0.072 1.45+0.042>  1.30%0.04® 1.29+0.05* 0.023
PER® 1.51+0.108 1.60+0.072  1.65%+0.052*  1.84+0.06° 1.86+0.07° 0.015
N0 0.32+0.01 0.33+0.02 0.34+0.01 0.34+0.01 0.34+0.01 0.836
NG 0.06%0.01 0.04%0.01 0.05+0.01 0.10+0.01 0.10+0.01 0.056
NR12 18.7+2.7 21.9+1.8 24.5+2.2 30.4+3.3 30.0+2.0 0.029
[21=AVAS: 37.3+4.2 38.2+4.9 37.8%+0.8 37.5+2.2 39.0+3.2 0.996
HS114 1.70+0.22 1.74+0.12 1.72+0.12 1.68+0.13 1.66+0.11  0.996
CF15 0.87+0.012 0.94+0.022° 0.94%0.03%® 0.96+0.03® 0.99%+0.03° 0.038

Note: ! IBW = initial body weight (g fish™*); 2FBW = final body weight (g fish'*); ® SR = survival rate (%); * WG
= weight gain (%); ® DFI = daily feed intake (%); ® ADG = average daily gain (g day'); ” SGR = specific
growth rate (% day™); 8 FCR = feed conversion ratio; ® PER = protein efficiency ratio (%0); *° NI = nitrogen
intake (g N kg™* MBW day™); * NG = nitrogen gain (g N kg MBW day?); ** NR = nitrogen retention (% N
intake); ' PPV = protein productive value (%20); ** HIS = hepatosomatic index (%0); °* CF = condition factor (g

cm=3).
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Figure 1. Second-order polynomial regression analysis of dietary methionine levels and
specific growth rate (% day?) of snakehead fingerlings.

Nitrogen intake was unaffected by the dietary treatment. Nitrogen gain and nitrogen
retention of the M4 and M5 groups was somewhat higher than in other groups (M 1, 2,
and 3), but differences were not significant (p > 0.05) among the five groups.

In addition, protein productive value (PPV) was not significantly different (p >
0.05) between the five groups, but the highest value was observed in the M3 group,
whilst the lowest value was observed in the M1 group. Fish in the M1 group had the
highest HSI values (Hepatosomatic Index), but differences were not significant. Condition
factor (CF) of the M4 and M5 groups was significantly improved in comparison with the
group M2 (p < 0.05).

Chemical and amino acid composition. The impact of experimental diets on the
proximate and amino acid composition of the whole body of snakehead fingerlings is
presented in Table 4. Crude protein content in the whole body increased with increasing
methionine levels, and M3-M5 groups had significantly higher values than the M1 group
(p < 0.05). However, dietary methionine level did not significantly affect the crude lipid
content (p > 0.05). As regards the essential amino acids (EAA), methionine concentration
significantly increased in the M5 group, while arginine significantly increased in the M1
and M2 groups. As regards the non-essential amino acids (NEAA), the M3 group exhibited
lower alanine levels than other groups (p < 0.05).

Proteolytic enzyme activities. The proteolytic enzyme activities are shown in Table 5.
There were no differences in the activities of protease, chymotrypsin and the T/C ratio
among the five diet groups. The M4 and M5 groups exhibited the highest activity of
trypsin, while the M1 group exhibited the lowest value.

Intestinal histology. Histological sections of the posterior intestine of snakehead
fingerlings from the five groups are shown in the Figure 2. The M1 group exhibited a non-
significantly decreased height of villi in comparison to other groups. On the other hand,
the fish fed M5 diet exhibited thinner villi, but differences were also insignificant among
the groups. Villi density was improved with increasing dietary methionine concentration
(p > 0.05) (Figure 3).
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Table 4

Chemical composition (% dry matter basis; mean+SE; n = 3) and amino acid content
(mean=*SE; n = 2) in the whole body of snakehead fingerlings fed different levels of
methionine for 8 weeks

Experimental diets

Parameters M1 M2 M3 M4 M5 p-value
Chemical composition (% dry matter basis)
Crude protein 74.7+0.312% 75.2+0.16%* 75.5+0.17° 75.6+0.09° 75.6+0.05° 0.022
Crude lipid 9.62+0.07 9.64+0.14 9.64%+0.26 9.67+0.10 9.68+0.03 0.997
EAA
Methionine 1.27+0.01% 1.26+0.02% 1.27+0.01% 1.30+0.01" 1.31+0.01°¢ 0.026
Arginine 3.30+0.02° 3.30+0.02°¢ 3.13+0.012 3.23+0.02° 3.26+0.02°¢ 0.004
Lysine 3.76x0.10 3.85+0.14 3.65+0.11 3.76*+0.09 3.80+0.10 0.751
Threonine 2.25+0.06 2.26x0.02 2.17+0.06 2.22+0.06 2.24+0.04 0.778
Histidine 1.06x0.02 1.09+0.01 1.05+0.01 1.07#+0.01 1.09+0.02 0.217
Isoleucine 2.124+0.05 2.13+0.09 2.04%+0.08 2.05+0.06 2.15+0.03 0.647
Leucine 3.59+0.03 3.65+0.00 3.51+0.02 3.57+0.06 3.64+0.05 0.177
Phenylalanine 2.13+0.02 2.15+0.00 2.09+0.02 2.144+0.03 2.15+0.04 0.486
Valine 2.32+0.10 2.34+0.12 2.24#0.10 2.26x0.09 2.34+0.05 0.890
NEAA
Alanine 3.52+0.03" 3.51+0.04° 3.33+0.00% 3.45+0.01% 3.50+0.05° 0.046
Aspartic acid 4.92+0.04 4.98+0.02 4.78+0.04 4.85+0.06 4.93+0.06 0.167
Glutamine 6.88+0.47 7.02+0.43 6.64%+0.35 6.87+0.29 6.96+0.38 0.960
Glycine 4.40+0.25 4.39%+0.21 4.05%+0.13 4.29#+0.16 4.31+0.22 0.722
Serine 2.24+0.14 2.26+0.11 2.16%+0.13 2.2440.13 2.23+0.08 0.978
Tyrosine 1.40+x0.06 1.39+0.13 1.38+0.08 1.43+0.04 1.45+0.06 0.948
Cystine 0.44+0.01 0.44x+0.01 0.43%+0.02 0.44+0.01 0.44+0.01 0.994
Proline 2.79+0.04 2.77x0.07 2.65*+0.16 2.74x0.07 2.73+0.06 0.846
” Different superscripts indicate significant differences between values in one row.
Table 5

Intestinal enzyme activity of snakehead fingerlings fed different levels of methionine for 8
weeks (mean+SE; n = 3)

Experimental diets

Parameters

M1 M2 M3 M4 M5 p-value
Protease?! 0.23+0.00 0.24+0.01 0.23+0.01 0.23%0.02 0.23+0.01 0.988
Trypsin? 57.09+2.32 60.42+1.68%* 63.56+0.86°° 66.99+1.27° 67.01+1.51° (0.005
Chymotrypsin® 49.63+0.83 49.73+1.27 49.08+2.14 50.73x=0.70 50.60*1.17 (0.885
T/C ratio* 1.15+0.06 1.22+0.06 1.30+0.06 1.32+0.04 1.33+0.06 0.197

Note: ! Protease activity; 2 Trypsin activity;  Chymotrypsin activity: (umol p-nitroanilide/mg protein);
4Trypsin/Chymotrypsin ratio.
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Figure 2. Light microscopic photographs of the posterior intestine cross-section of fingerling
snakehead fed the control diet (M1 group). (a) The entire cross-section (4x), ID = Intestinal
diameter, (b) Detail (10x), VH = villus height; VW = villus width; SE = serosa.
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Figure 3. The length, width, and density of villi of snakehead juveniles fed graded levels of
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Discussion. The results of this study demonstrated that the dietary concentration of
methionine between 1.10% (M4) and 1.30% (M4) (corresponding to 2.62-3.10%
methionine of dietary protein) significantly improved growth, nutrient utilization, whole-
body composition and trypsin activity of snakehead fingerlings. This result was congruent
with some previous studies in this species. Hien et al (2018) reported that the optimum
dietary methionine requirement of snakehead fingerlings was 1.19% (corresponding to
2.48% Met of dietary protein); this level promoted growth performance, diet utilization,
protein content in fish body, and hepatosomatic index. These results are also similar to
the methionine requirements in other fish species, such as juvenile cobia (Rachycentron
canadum) (2.33% Met of dietary protein, Zhou et al (2006)), juvenile turbot
(Scophthalmus maximus) (3.31% Met of dietary protein, Ma et al (2013)), yellow croaker
(Pseudosciaena crocea) (3.34% Met of dietary protein, Mai et al (2006)), and juvenile
yellowtail kingfish (Seriola lalandi) (2.18% Met of dietary protein, Candebat et al (2020)).
The highest protein utilization, N retention, and protein productive value were observed
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in snakehead fingerlings fed a dietary methionine level of 1.10% (M4). Recent evidence
shows that adequate amounts of all essential amino acids are crucial for growth,
development, and health of aquatic animals (Li et al 2009b). These results highlight the
necessity of a balanced diet in terms of the content of individual essential amino acids.
Van Nguyen et al (2019) found that a disbalanced diet in terms of essential amino acids
can lead to increased oxidation of amino acids, and consequently generate adverse
effects on the growth performance. Excessive concentrations of methionine in fish diet
would also be likely to result in decreased growth and feed conversion rates, but herein
we did not observe any negative impacts of the highest studied methionine
supplementation level (1.30%) on the snakehead fingerlings. Methionine is metabolized
in the liver, so dietary methionine imbalance could affect the transcriptional regulation of
genes involved in lipid metabolism in the liver, which in turn can be reflected on the liver
size (HSI1) and cause decreased protein utilization (Mato et al 2002; Rgnnestad et al
2007; Skiba-Cassy et al 2016; Wang et al 2016). However, Coloso et al (1999) reported
that HSI was not affected by the dietary methionine in juvenile Asian sea bass. The
condition factor (body length-weight relationship) is often used to assess the growth
stage and fatness of fish (Thomas et al 2003). In the present study, the condition factor
of snakehead fish fingerlings fed with dietary methionine range between 0.86 and 1.30%
significantly higher than that of fish fed was dietary methionine 0.78%. Similarly, the
condition factor of juvenile Ussuri catfish (Pseudobagrus ussuriensis) (Wang et al 2016)
and juvenile cobia (Rachycentron canadum) (Van Nguyen et al 2019) was positively
responsive to dietary methionine levels. Our findings are in agreement with the above
two studies.

We also found that increased dietary methionine levels significantly influenced the
protein and methionine level in the whole body. This supports previous findings in other
fish species. For example, Zhou et al (2011) reported that dietary methionine
supplementation had a positive correlation with the protein content and methionine level
in the whole body of juvenile black sea bream. In contrast, supplementation of lysine and
methionine had no effect on the whole-body composition in juvenile black sea bream (Lu
et al 2014). As for other essential amino acids, arginine and alanine were also influenced
by the dietary methionine in our study. Chamruspollert et al (2002) indicated that the
interrelationships of arginine and methionine observed that an availability of those
mechanisms interaction had an involvement with the creatine synthesis pathway for
muscle creatine of broiler chicks. Methionine is a main source of the methyl group needed
for the synthesis of glycocyamine, a biological precursor of creatine biosynthesis (Arg and
Gly are required for creatine synthesis) (Walker 1979). The interaction of dietary
methionine and arginine also affects the growth performance of turkeys (Jankowski et al
2020). The interaction between methionine and alanine needs to be further studied.

Methionine and cysteine are important for the maintenance of intestinal function,
including the digestion, absorption, and nutrient metabolism (Fang et al 2010). In the
present study, trypsin activity was another parameter that was positively associated with
the dietary methionine. Enhanced trypsin activity of snakehead fingerlings fed diets with
supplemented methionine could explain their improved growth performance and feed
utilization. Numerous studies have found that methionine intake affects the enzyme
activity in fish species. Lee (2013) has reported that dietary methionine deficiency
resulted in a significant decrease of pepsin, trypsin, chymotrypsin, and brush border
enzymes, including aminopeptidase and alkaline phosphatase, in the Atlantic salmon.
Nevertheless, effects of dietary methionine on the activities of brush border enzymes
need to be further studied in snakehead. The activities of trypsin and non-specific lipase
were decreased in Sparidentex hasta fed a diet deficient on essential amino acids
(Mozanzadeh et al 2018). Herein, we found that the activities of trypsin and
chymotrypsin were higher when methionine increased. Similarly, the ratio of trypsin and
chymotrypsin (T/C ratio) was higher during a rapid growth phase, and lower during a
slow growth phase in the Atlantic salmon (Rungruangsak-Torrissen et al 2006).

The diet is primary source of amino acids for the intestinal mucosa, which are vital
for maintaining the mucosal mass and integrity (Windmueller 1982). Gao et al (2019)
reported that methionine-restricted diet affected the villi and microvilli in juvenile turbot,
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and that it might reduce the efficiency of nutrient absorption in the fish intestine. In the
present study, we did not identify any signs of inflammatory or degenerative changes in
the intestinal morphology in any of the experimental groups.

Conclusions. The present study aimed to investigate the optimum methionine level for
the snakehead fingerlings. We focused on identifying the effects of dietary methionine on
growth performance, nitrogen utilization, whole body composition, proteolytic enzyme
activities, and intestinal histology. The results indicate that dietary methionine
supplementation of 1.10% with a constant cystine level at 0.62% (corresponding to
2.62% methionine of the total dietary protein) is advantageous for the growth rate, feed
conversion ratio, protein utilization, specific trypsin activity and whole-body protein
content. The level of dietary methionine ranging from 0.78 up to 1.30% did not
apparently affect the intestinal health of the experimental fish.
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