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Abstract: In-pond raceway aquaculture (IPRA) is the rational prescription for water eutrophication
and improves the pond environment, enhancing production and the quality of fish. This experi-
ment explored the growth performances and muscle quality of grass carp with stocking densities of
32 tail/m3 and 0.07 tail/m2 in IPRA and traditional pond culture (TPC), respectively. The hepatoso-
matic index, visceral mass ratio, and correction factor were statistically similar in IPRA compared to
TPC. While the weight gain rate (p < 0.001) and the content of crude lipid (p < 0.05) in the flesh of
grass carp were observed to be statistically promising in IPRA, the pH and water holding capacity,
as well as hardness and chewiness, in grass carp muscle were not significantly different between
the two culture systems. However, the 2-MIB concentration in the muscle was observed to increase
continuously for the complete culture period in IPRA. The abundance of Proteobacteria was found to
be higher in TPC (p < 0.05), while the richness of Planctomycetes was superior in IPRA (p < 0.05).
Despite the high stocking density, the off-flavor in IPRA-produced grass carp had less of an impact
on the flesh aesthetic quality compared to TPC. Considering all these facts, the results of this study
show that grass carp with a better muscle quality can be produced from IPRA.

Keywords: grass carp; muscle quality; in-pond raceway aquaculture; off-flavor

1. Introduction

Production intensification is an alternative [1][1][1] for increasing production and
productivity and for ensuring the sustainable supply of aquaculture production [1,2].
In fact, pond culture is a key practice globally for maximizing production, protein sup-
ply, and income [3]. The production of grass carp (Ctenopharyngodon idella) ranks highly
among the freshwater aquaculture industries [4], accounting for11.8% of global aquaculture
production [5].

The growth of fish is affected by multiple factors, from the rearing environment
and food nutrition to genetics [6,7]. IPRA ensures the better control of water movement,
enhances water quality, and allows for high-density stocking, thus increasing production
and productivity compared to TPC. Wang et al. [8] documented a high potential for more
controllable and efficient production of bluntnose black bream, channel catfish, yellow
catfish, and largemouth bass in IPRA, but information on the production efficiency of
grass carp in IPRA is scarce. Similarly, Fatima et al. [9] reported a higher average biomass
(57.33 kg/m3) of GIFT tilapia from IPRA and 0.38 kg/m3 from traditional ponds in Pakistan.

Wholesomeness, freshness, and integrity are the major aesthetic characteristics that
describe fish muscle quality [10]. In other terms, these characteristics define the hygienic,
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nutritional, and sensory features, as well as the serviceability of the fish. The freshness of
fish muscle is reflected in its appearance, flavor, and texture, while nutritional constituents
and water-holding capacity (WHC) also have considerable impacts on fish muscle quality.
These characteristics are affected by the species, age, and size of fish and other factors
(available nutrients, period, water condition and environment, and consumers) as well
as the methods of slaughter, storage, and processing [7,11–13]. Thus, modulation of the
culture structure and environment to enable higher productivity with improved quality is
a prime concern of aquaculture at present [7,14].

The nutritional characteristics of fish include protein, lipid, fatty acids, amino acids,
and minerals [15]. Wen et al. [16] reported elevated muscle protein content and WHC with
depressed moisture, lipid, and ash contents, as well as improved dietary phosphorus in
grass carp. In addition, muscle pH has a linear relationship with softness and WHC [13],
which describes the characteristics of muscle for avoiding moisture loss. Similarly, water
quality parameters were allied with the growth, nutritional, and sensory values of aquatic
species, including fish [17,18]; thus, grass carp cultured in poor-quality water yields a low
grade of fish quality [19].

With the rapid development of aquaculture, water pollution that negatively affects the
water environment and fish quality is becoming an important concern [20,21]. Therefore,
water quality deterioration and eutrophication are serious concerns in intensive aquacul-
ture, as they encourage cyanobacterial blooms and result in the production of earthy-musty
compounds in fish flesh [14,22]. The common odorous compounds in fish muscle are
2-methylisoborneol (MIB; 1,2,7,7-tetramethylexo-bicyclo[2.2.1]heptan-2-ol) and geosmin
(trans-1,10-dimethyl-trans-9-decalol), which degrade quality and reduce the consumer
acceptability and market development [23]. Qin et al. [24] and Tang et al. [13] reported mi-
crobial diversity of pond water and described Proteobacteria, Bacteriodetes, Actinobacteria,
and Planctomycetes as the dominant microorganisms in different culture systems, while
Lukassen et al. identified Proteobacteria as a leading geosminproducer [25]. On such a
backdrop, improved culture models (such as a split-plot/partition aquaculture system and
in-pond raceway system) have been implemented in traditional culture ponds with more
efficient water usage, lower environmental impacts, and high-quality aquatic products with
no off-flavor complaints; these models have received more attention in aquaculture [26–28].
IPRA has been used in recent years as an aquaculture engineering approach and environ-
mental remediation key for water eutrophication. Thus, IPRA is modulated in just 2–5% of
pond areas for intensive culture, making the remaining spaces for water purification more
productive and easily manageable, ultimately resulting in better water quality [29,30].

Grass carp is a popular fish species with a large global freshwater production, pro-
viding an inexpensive source of high-class animal protein for consumers [4,28], and is a
good candidate for IPRA. In recent years, the muscle quality of cultured grass carp has
been declining, mainly due to pollution and compromised pond water quality [7]. Poor
water quality can be a significant driver for reductions in production, product quality,
and profit [17,31]; thus, shifting to and adopting IPRA could purify the eutrophic water
and improve the culture environment, yielding a higher fish quality. Furthermore, proper
feeding management in IPRA for monitoring the amount of residual feed can be a useful
approach for enhancing the muscle quality of grass carp [32,33].Thus, this work aimed to
investigate the growth and muscle quality of grass carp in IPRA and TPC.

2. Materials and Methods
2.1. Experimental Layout Set-Up

The experiment was carried out in IPRA and TPC for 83 days at Songjian, Shanghai,
with the experimental species being grass carp (Ctenopharyngodon idella). The IPRA was
installed in a 2.0 ha traditional pond and consisted of three rectangular raceways (out of
ten raceways; 25 m × 5 m × 2.5 m) that were interrelated with each other viaa common
pathway. Each raceway unit had airlift, fish culturing, and waste transfer compartments.
The fish culture area was separated by barriers (1.0 cm × 1.0 cm mesh) that were set up
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at the two ends of each cell. Stocking density was maintained at 32 tail/m3; surface and
bottom aeration were provided. By contrast, TPC was maintained in three 0.33 ha ponds,
each of which had the same water depth and a stocking density of 0.07 tail/m2. For all
ponds, the standard feed and feeding techniques were used, and occasional topping of a
small quantity of water was carried out to compensate for evaporation loss.

2.2. Water Quality Measurement

Water sample collection was performed in an integrated manner using a Plexiglas
water collector before 8 a.m. in a fortnightly interval for physicochemical parameters,
and the water was subsequently transported to the laboratory for analysis in a cool box.
The dissolved oxygen level of both culture systems was more than 6 mg/L for the whole
experimental period, which was optimal for the water temperatures of 22–34 ◦C and pHs
of 7.2 to 7.8.

For chemical analysis, water samples were filtered with Whatman GF/C glass fiber
(0.45 µm), and nitrite nitrogen (NO2-N) was examined by using spectrophotometry; nitrate
nitrogen (NO3-N) was examined by using sulfamic acid ultraviolet spectrophotometry;
ammonia nitrogen was examined by using nesslerization colorimetry; and phosphorus
(PO4

3-P) was examined by using phospho-molybdenum blue spectrophotometry. Unfil-
tered samples were analyzed for total phosphorus (TP) by using ammonium molybdate
spectrophotometry method and total nitrogen (TN)was examined by using the alkaline
potassium persulfate digestion UV spectrophotometry method. Total suspended solids
(TSS) were determined per APHA (2005) and chemical oxygen demand (COD) by using
the magnesium persulfate method (GB 1189289). Similarly, chlorophyll-a analysis was
performed according to ISO (1992) and WHO (1999). The details of the water quality status
in IPRA and TPC are depicted in Table 1.

Table 1. Water quality indicators of complete culture period in in-pond raceway aquaculture (IPRA)
and traditional pond culture (TPC).

Water Quality Indicators
IPRA TPC

Min Max Mean ± SD Min Max Mean ± SD

Temperature (◦C) 22.00 32.60 26.9 ± 4.29 22.80 34.00 27.4 ± 4.58
Dissolve oxygen (mg/L) 6.50 8.10 7.4 ± 0.63 6.90 8.00 7.7 ± 0.18
pH 7.20 7.60 7.4 ± 0.12 7.50 7.90 7.7 ± 0.18
Total nitrogen (mg/L) 3.05 9.51 5.69 ± 2.33 2.01 8.58 5.13 ± 2.65
Total phosphorus (mg/L) 2.11 7.71 4.32 ± 2.29 0.66 2.67 1.35 ± 1.00
CODMn (mg/L) 4.62 13.22 10.03 ± 4.79 6.39 10.96 7.74 ± 2.24
Chlorophyll-a (mg/L) 112.06 441.09 268 ± 155.41 80.96 351.49 173.91 ± 116.17
Total soluble solid (mg/L) 57.50 82.49 71.83 ± 50.0 64.67 108.90 85.85 ± 42.90

2.3. Sample Collection and Analysis

Three grass carp fish from each raceway and pond (n = 18) were sampled and trans-
ported to the laboratory at 4 ◦C. The morphological traits of the fish were evaluated, and
the Condition Factor (CF) was determined by CF = (TW/SL3) × 100. Weight gain was
determined by final weight/initial weight. The hepatosomatic index and the visceral
mass ratio were calculated as (LW/TW) × 100 and (VW/TW) × 100, respectively, after
identifying the liver weight (LW) and visceral mass weight (VW). Immediate dissection
from the dorsal white muscle of the body was performed for proximate nutrient anal-
ysis of the fish, and subsamples (54, triplicates of each sample) were preserved frozen
(−20 ◦C) till investigation. The chemical composition of muscle was analyzed according
to the National Food Safety Standard, China. Moisture content was determined by using
method GB 5009.3-2016; ash by using method GB 5009.4-2016; crude protein by using the
Kjeldahl method (GB 5009.5-2016); and the lipid content by using the Soxtherm extraction
system (SOX 416 Macro; Gerhardt, Germany). Moisture and ash content were determined
within 12 h of postmortem by using the standard method. The fish homogenate, prepared
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by thoroughly mixing 2 g of muscle in 10 mL of distilled water, was used to measure pH
using a Cyberscan model 500 pH meter (Euteon Instruments, Jurong, Singapore) and WHC
by using the filter paper method. Muscle quality was evaluated via a texture analyzer
(Universal TA, Shanghai, China) using (1 × 1 × 1 cm3) pieces from the dorsal part of the
fish. The hardness (g), springiness (mm), cohesiveness, stickiness (g), chewiness (g × mm),
and adhesiveness were evaluated through exponential linking software.

For off-flavor (GSM and 2-MIB) detection, samples were taken out at −80 ◦C (fish flesh
was collected and stored in the freezer) and thawed, a 5 g fillet sample was homogenized
and analyzed [34]. Brief details of the analytical procedures are shown in Table 2.

Table 2. Geosmin and 2-MIB analysis in fish.

Instruments Used Conditions

Solid-phase microextraction (SPME) Volume of vial 15 mL sample volume 5 mL
Gas Chromatography–Mass Spectrophotometry: 6890N

Network (Agilent, Santa Clara, CA, USA) Extraction time and temperature: 20 min and 50 ◦C

Detector: 5975 insert XL (Agilent, Santa Clara, CA, USA) Desorption time: 5 min

Column: DB-WAX (30 m × 250 µm × 0.25 µm) Injector temperature: 250 ◦C
Oven temperature: 60 ◦C (2.5 min), 250 ◦C (8 ◦C/min)

Fiber SPME: Stable Flex 65µm DVB/ Gas flow: He 1 mL/min
Ionization voltage: 70 eV

PDMS/DVB (Supelco, Bellefonte, PA, USA)

Notes: Detection limit of this method was 4.72 ng/L and 5.48 ng/L for GSM and 2-MIB, respectively [34].

2.4. Microbial Diversity in Pond Water

The water sample (500 mL) was filtered through a 0.2 µm polycarbonate filter with
a diameter of 47 mm (Millipore, Billerica, MA, USA) and then stored at −20 ◦C until
processing. The DNA was extracted and purified from filtered samples using the soil
DNA kit (Omega Biotech, Norcross, GA, USA). A nanodrop 2000 spectrophotometer
(Thermo Fisher Scientific, Wilmington, NC, USA) was used to evaluate the nucleotide
concentration, and the DNA quality was checked by 1% agarose gel electrophoresis.
The purified genomic DNA (20 ng/mL) was sent to Majorbio Bio-pharm Biotechnology
Co., Ltd. (Shanghai, China), and the MiSeq benchtop sequencer (Illumina, San Diego,
CA, USA) was used for 16S rRNA gene-based amplicon sequencing. The bacterial 16S
rRNA gene was analyzed via polymerase chain reaction (PCR) using bacterial primers
(338F-ACTCCTACGGAGCAGCAG and 806R-GGACTACHVGGGTWTCTAAT) [35].

PCR amplification in triplicate was performed using a 4.0 µL 5FastPfu buffer, 2.0 µL
deoxyribonucleotide triphosphate (dNTP) (2.5 mM), 0.8 µL forward and reverse primers
(5.0 mM), 0.4 µL FastPfu polymerase, and 10.0 ng template DNA, respectively. Finally,
PCR-grade water was added to the above mixture to obtain a final volume of 20.0 µL. The
PCR thermal program was set at 95 ◦C for 3 min; then 27 cycles were performed at 95 ◦C,
55 ◦C, and 72 ◦C for 30, 30, and 45 s, respectively.

The PCR product was extracted from a 2% agarose gel and further purified using the
AxyPrep DNA gel extraction kit (Axygen Biosciences, Union City, CA, USA). The MiSeq
technology was used to analyze microbial communities by high-throughput pyrosequenc-
ing (Illumina, San Diego, CA, USA). The 16S rDNA gene cloning and sequencing were
performed in accordance with the instructions provided by Majorbio Bio-pharm Biotech-
nology Co., Ltd. (Shanghai, China). The right-sized PCR products were chosen at random,
and the National Center for Biotechnology Information (NCBI’s) search engine was used
to compare the sequenced 16S rDNA genes and find the gene that most closely matched
it. The sequence was compared with the sequence in the GenBank database, and the basic
local alignment search tool algorithm was used to determine the approximate phylogenetic
attribution. All the sequences used in this study are available from the NCBI Sequence
Read Archive (SRA) under accession number MJ20190808066.



Water 2023, 15, 1771 5 of 14

2.5. Statistical Analysis

Data analyses were performed using SPSS version20.0 statistical software (IBM, Ar-
monk, NY, USA). Results were shown as mean with standard deviation (mean ± SD). The
differences between the IPRA and TPC were evaluated by one-way analysis of variance
(ANOVA) followed by Duncan’s multiple comparison tests. For all analyses, statistically
significant differences were determined at p < 0.05.

3. Results
3.1. Water Quality Analysis

The dynamics in water quality indicators during the whole experimental period are
shown in Figure 1. All parameters illustrated an increasing tendency during the whole
culture period. The increasing trends of ammonia nitrogen, TN, PO4

3−P, and TP were
consistent in both culture systems, while the inclinations of NO3-N and NO2-N were
different depending on the system.
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Figure 1. Water quality parameters of IPRA and TPC. Various forms of nitrogen ((a)—NO2
−N,

(b)—NO3
−N, (c)—ammonia nitrogen) and (d)—PO4

3−P were tested over the experimental period.
* Indicates significant (p < 0.05), ** indicates highly significant (p < 0.01).

Among the various forms of nitrogen observed, nitrate nitrogen, ammonia nitrogen,
and total nitrogen values were found to have an increasing trend in IPRA and were observed
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to have a highly significant difference (p < 0.01), except for a few samplings in TPC. The
concentrations of nitrite nitrogen were significantly higher (p < 0.01) in IPRA at all sampling
days, except at 83 days (p < 0.05). The ascending trend of nitrate nitrogen concentrations in
IPRA showed a highly significant difference (p < 0.01) at 0 and 83 days and a significant
difference (p < 0.05) at 70 days compared to TPC. Similarly, concentrations of ammonia
nitrogen also showed a rising trend in both culture systems; however, it was significantly
higher (p < 0.01) at15, 45, and 83 days (p < 0.05) in IPRA. The phosphate concentration
was significantly higher (p < 0.01) for the complete culture period in IPRA. Likewise, the
concentrations of total nitrogen, total phosphorous, and chemical oxygen demand were
significantly higher (p < 0.01) in IPRA. However, chlorophyll–a was higher (p < 0.01) in
TPC (Table 1).

3.2. Growth Performance

The growth performances of grass carp were recorded to be higher in TPC than
in IPRA during the experimental period. The harvest weight (p < 0.05) and the length
(p < 0.05) were significant (p < 0.01) in TPC, while the weight gain rate was significantly
better in IPRA. The non- significant differences were observed for the HSI, VMR, and CF of
fish in IPRA and TPC systems, but higher values of HSI and VMR were observed in IPRA.
The growth performances and biometric measurements of grass carp in IPRA and TPC are
depicted in Table 3.

Table 3. Growth performance of grass carp from in-pond raceway aquaculture (IPRA) and traditional
pond culture (TPC).

IPRA TPC
(Means ± SD) (Means ± SD)

Stocking weight (Kg.) 0.42 ± 0.02 2.72 ± 0.14
Weight (Kg.) 0.86 ± 0.03 3.28 ± 0.02 *
Weight gain rate (%) 117.93 ± 16.79 ** 22.34 ± 4.85
Specific growth rate (%/d) 1.35 ± 0.20 1.67 ± 0.87
Length (cm) 34.25 ± 0.50 53.05 ± 3.80
Visceral mass ratio (VMR) 11.82 ± 1.03 11.5 ± 1.06
Hepato somatic index (HSI) 2.89 ± 0.18 2.50 ± 0.91
Condition factor (CF g/cm3) 2.14 ± 0.075 2.21 ± 0.52

Note: * Indicates significant (p < 0.05), ** indicates highly significant (p < 0.01).

3.3. Nutrient Composition of Muscle

The crude lipid content in grass carp muscle was found to be statistically higher
(p < 0.05) in the IPRA (1.71 ± 0.47) as compared to the TPC (1.38 ± 0.21). However,
no statistical differences in moisture, mineral ash, and crude protein between the two
culture systems during the whole experimental period were documented. The nutritional
composition of grass carp flesh is depicted in Table 4.

Table 4. Nutrient Composition of grass carp in IPRA and TPC.

IPRA TPC
(n = 24) (n = 27)

Moisture% 79.64 ± 0.81 78.49 ± 2.33
Ash% 1.469 ± 0.24 1.326 ± 0.20
Crude lipid (CL%) 1.707 ± 0.47 * 1.383 ± 0.21
Crude protein (CP%) 18.66 ± 1.93 18.71 ± 0.94

Note: Values represent means ± SD, * indicates significant difference (p < 0.05).

3.4. Muscle Texture Profiles

The comprehensive texture characteristics of grass crap muscle are presented in Table 5.
The flesh adhesiveness was evidently statistically higher (p < 0.05) in TPC than in IPRA.
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There were no significant differences in physicochemical characteristics (pH and WHC) in
grass carp muscle between the two culture systems. The fish muscles from the TPC were
observed to have a higher pH level, while the WHC was recorded as being higher in IPRA
after 6−10 h of postmortem, but the differences in both attributes were non-significant.

Table 5. pH, Water holding capacity, and texture profile analysis of grass carp muscle from in-pond
raceway aquaculture (IPRA) and traditional pond culture (TPC).

pH, WHC, and Texture Profile Attributes IPRA TPC

pH 6.26 ± 0.07 6.34 ± 0.22
Water Holding Capacity (%) 0.25 ± 0.07 0.24 ± 0.068
Hardness 411.75 ± 183.27 582.52 ± 398.45
Springiness 0.51 ± 0.04 0.50 ± 0.07
Stickiness 4.02 ± 1.78 4.17 ± 2.14
Chewiness 122.67 ± 49.82 180.28 ± 142.29
Adhesiveness 237.25 ± 91.71 344.14 ± 243.82 *
Cohesiveness 0.59 ± 0.05 0.59 ± 0.06

Note: Values represent means ± SD, * indicates significant difference (p < 0.05).

3.5. 2-MIB and Geosmin in Muscle

Off-flavor compounds, 2-MIB, and geosmin levels in grass carp muscle from the IPRA
and TPC are shown in Figure 2. The muscles were observed to contain significantly higher
(p < 0.01) 2-MIB in TPC (3.88 ± 0.24 µg/kg) than that in IPRA (2.09 ± 0.16 µg/kg) at first
sampling (0 day/July) but were statistically similar during second (33 days/September) and
third sampling (83 days/October). Similarly, the geosmin content of flesh was found to be
significantly higher (p < 0.01) in IPRA (0.79 ± 0.05 µg/kg) than in TPC (0.53 ± 0.01 µg/kg) at
the second sampling (33 days) but was not significantly different during the first (0 day) and
third sampling (83 days). The2-MIB content in the grass carp muscle gradually increased
during the whole culture period in IPRA, but in TPC, the geosmin content in the muscle got
more depressed in September than in July and October.
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3.6. Microbial Diversity in Pond Water

The study documented 12 different phyla of microbial mass in IPRA and TPC water
environments (Figure 3). Cyanobacteria (29.59%) was the most abundant microbial mass,
followed by Proteobacteria, Actinobacteria, Bacteriodetes, and Chloroflexi in IPRA, while
Proteobacteria showed the dominating abundance in TPC, followed by Cyanobacteria,
Bacteriodetes, and Actinobacteria. The abundance of Proteobacteria was observed to be
significantly higher (p < 0.05) in TPC, whereas the richness of Planctomycetes was observed
to be significantly higher (p < 0.05) in IPRA than in TPC.
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4. Discussion

The fish in the IPRA culture unit might have received the appropriate culture environ-
ment, feeding management, and exercise for growth; therefore, weight gain rate (WGR),
hepatosomatic index (HSI), and visceral mass ratio (VMR) were all observed to be higher
in IPRA, despite being non-significant in this study. This fact indicated that the overall
pond environments were optimal for growth, health, and energy reserves and that they had
the capacity to withstand ecological challenges. Stocking density, pond environment, feed
quality, swimming frequency, and physiological processes are the factors that influence the
growth and muscle quality of fish [36–41].Wang et al. [42] reported higher total production
with a relatively smaller harvest size in the IPRA at a higher stocking density. Similarly, Liu
et al. [43] documented comparable findings between lower body weight and SGR at high
density than in medium- and low-density treatments and reported that the maintenance of
optimum water quality is essential for growth and for lowering the amount of metabolic
waste. In the same vein, Liu et al. [38] observed higher LSI and CF with the addition of
phytase to grass carp feed. The water quality parameters progressively worsened with
age in both of the studied cultures, primarily because of the higher feed loads and the
added fecal materials and feed residues. Intensive aquaculture with high stocking densities
requires a large amount of feed [44,45] and is accountable for worsening water quality
through the metabolic excretion of fish, causing excessive ammonia and organic load.

The crude fat concentration in the muscle was observed to be significantly higher in
IPRA than that in TPC, but all other parameters were statistically similar. Higher muscle
fat content in IPRA might be associated with the stocking density, diurnal activity, and
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feeding behavior of fish. Zhao et al. and Zhang et al. [7,19] found that water quality
and diet affect the nutritional characteristics of grass carp muscle; fish turn sluggish,
and a lesser amount of lipids are burned as energy, resulting in an accumulation in the
muscles [46]. The differences in fish fat concentration were reported to be diverse according
to different rearing systems [7]. Pyzlukasik et al. [47] reported that rainbow trout from
intensive farming contained higher amounts of fat (5.39% compared to 3.13%) and less
protein (19.23% compared to 20.34%) than trout from extensive culture. This finding is
in agreement with Yang et al. [46] and Younis et al. [48], who reported a higher lipid
content and low protein content in tilapia from ponds and in-pond cultured grass carp [49].
However, ref. [50] the documented increase in lipid metabolism and carbohydrate oxidation
in grass carp reared at 40 kg/m3. In general, muscle fat content depends on the rearing
conditions, reared fish species, and feed provided to the aquatic animals [18,51]. However,
lower fat contents have been documented in wild fish species [52] and may be associated
with higher alertness and activity. Interestingly, Valente et al. [53] reported an increase in
lipid content in accordance with the degree of intensification in culture conditions in sea
bream (Sparus aurata) and in other fish [54].

Muscle pH and WHC, a set of attributes defining muscle characteristics, are important
aspects to evaluate muscle quality [55] and are associated with good mouthfeel [56,57].
Glycolytic potential, some biological reactions, and fatty acid concentrations and composi-
tion affect muscle pH [58] and strongly control the WHC. High muscle WHC may be due
to compromised protein breakdown [59]. In this study, the pH and WHC of fish muscles
were found to be statistically similar in both culture systems. This observation is similar
to the findings of El Rammouz et al. [60], who reported anon-significant difference in pH
and WHC after 2 to 6 h of postmortem in rainbow trout (O. mykiss) and stated that a higher
WHC was observed at muscle pH 6.33.

Texture is an important characteristic for all members of the value chain, from produc-
ers to customers, in terms of satisfaction and acceptance of fish products [61]. The texture of
fish muscle, especially hardness and juiciness, is affected mainly by the amount of moisture,
fat, and protein, especially the collagen content [62]. Andersoen et al. [63] documented
the correlation of fish muscle with a softer texture and fat content, while increased WHC
might be linked with muscle hardening [62,64] and lower muscle pH with higher softness.
Therefore, the higher hardness of muscle in TPC grass carp might be related to their lower
fat content and higher pH. Fuentes et al. [61] demonstrated that muscle from wild stock
had a higher hardness and springiness as their habitat was better than a cultured aquatic
environment. The better adhesiveness of fish from the TPC was probably related to their
higher muscle pH [59]. In this study, muscle texture profile analysis showed that all the tex-
tural attributes are statistically similar except for muscle adhesiveness, which was observed
to be higher in IPRA fish muscle. These findings might be due to the better water quality
and higher freedom of movement in TPC, which probably affected fish growth, muscle
development, and the characteristic texture. This is because the low stocking density puts
less stress on the fish in clean water. This result is in line with the findings of Zhao et al. [7],
who reported a higher fillet lipid content with poor texture parameters such as hardness,
resilience, and shear force in grass carp on artificial food. Furthermore, Refaey et al. [65]
discussed the relationship between water quality and muscle texture and stated that low
water quality spikes chronic stress in fish, disturbs homeostasis, and negatively affects the
size and number of myofibers, influencing the muscle texture [66].

Concentration of geosmin and 2-MIB in fish muscle results in “earthy” and “musty”
off-flavors [67], and Actinomycetes and a diverse array of blue-green algae are the major
culprits [68] for this characteristic’s development. In this study, grass carp muscles were
observed to contain an insignificantly higher amount of 2-MIB and geosmin content in TPC
than those in IPRA at harvest, which might be due to a significantly higher Proteobacteria
dominance. The 2-MIB content in the grass carp muscle showed an increasing trend for
the whole culture period in both IPRA and TPC; however, muscle geosmin content was
observed to be lower in September than in July and October in TPC, which correlated
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with a higher abundance of Cyanobacteria, Proteobacteria, Actinobacteria, Bacteriodetes,
Chloroflexi, Planctomycetes, etc. Actinomycetes, Cyanobacteria, Proteobacteria, fungi,
etc., were reported to produce geosmin and 2-MIB as secondary metabolites [25,68].In
line with the results of this study, Qin et al. [24] and Tang et al. [13] reported comparable
pictures of microbial diversity in pond water and described Proteobacteria, Bacteriodetes,
Actinobacteria, and Planctomycetes as the dominant microorganisms in all types of culture
systems and Proteobacteria as a leading geosmin producer [25].

The initial lower load of 2-MIB and geosmin with a consistent increasing trend for the
complete culture period in this study (except at second sampling for 2-MIB and geosminin
TPC) signals the obvious initial minimum number of Actinomycetes and blue-green algae in
water, along with the subsequent multiplication in an aging culture period, and calls upon a
profound sensory script at the harvest. The concentrations of geosmin and 2-MIB in grass carp
flesh in both IPRA and TPC were above the concentration of sensory threshold, 0.9 µg/kg for
geosmin [69] and 0.6 µg/kg for MIB [70], referenced with the rainbow trout standard, except for
geosmin level at the initial two samplings in July and September. These findings are in line with
Vallod et al. [71], who documented geosmin (0.48–3.05 µg/kg and 0.49–3.51 µg/kg) and 2-MIB
(3.16–9.82 µg/kg and 2.11–7.25 µg/kg) in hybrid catfish and Nile tilapia, respectively, recording
both odorous terpenoids above THC. Schrader et al. [28] also documented the highest geosmin
and 2-MIB levels (1712 and 29,851 ng/kg) in hybrid catfish fillets. Similarly, Gutierrez et al. [72]
also reported the high intensity of off-flavor in carps in ponds with a higher abundance of
Cyanobacteria in the summer and beginning of autumn. The nutrient-enriched ponds at high
temperatures may have supported the growth of Cyanobacteria, yielding off-flavors in the
water and in fish muscle [71,73]. However, Varga et al. [74] described much lower levels of
2-MIB (0.19 ± 0.08 ng/g) and geosmin (0.13 ± 0.03 ng/g) in common carp.

5. Conclusions

The growth performances and muscle quality of grass carp cultured in TPC and IPRA
were assessed and compared in this study. Along with aging culture duration, water
quality parameters showed an increasing trend. With the exception of a few samples in
TPC, the various forms of nitrogen, including nitrite nitrogen, ammonia, and total nitrogen,
phosphate, and total phosphorus levels, were found to have a rising trend in IPRA and
were discovered to have a very significant difference. Phosphate and total phosphorous
were also significantly higher in IPRA. The crude lipid was observed to be significantly
higher in IPRA fish muscle when compared to TPC during the experimental period. In
terms of the physicochemical characteristics (pH and WHC), there were no appreciable
variations in the muscle of grass carp between the two culture systems. The difference
was evident upon inspecting flesh adhesiveness. TPC and IPRA clearly differed from one
another, with TPC having superior flesh adhesiveness.

At the first sampling in July, it was found that TPC had higher levels of 2-MIB than
IPRA did, but these levels were similar at the second sampling in September and at harvest
in October. However, at the second sampling, it was discovered that the IPRA had higher
levels of geosmin than the TPC did. While the 2-MIB content in fish muscle steadily
increased throughout the IPRA culture period, the geosmin content in muscle in TPC
declined more in September than it did in July and October. In IPRA and TPC water habitats,
the study found 12 different phyla of microbial mass. In IPRA, Cyanobacteria (29.59%)
had the highest dominance, followed by Proteobacteria, Actinobacteria, Bacteriodetes, and
Chloroflexi, while in TPC, Proteobacteria showed the highest concentration, followed by
Cyanobacteria, Bacteriodetes, and Actinobacteria. The abundance of Proteobacteria was
observed to be higher in TPC, while the richness of Planctomycetes was higher in IPRA
than TPC.

Despite a high stocking density in IPRA, the impact on nutrient composition was low,
meaning that a low-fat content in grass carp is produced, and the textural quality of muscle
is non-significant, aside from its adhesiveness. These things considered, the off-flavor in
IPRA-produced fish had less of an impact on the aesthetic quality of flesh than TPC did with



Water 2023, 15, 1771 11 of 14

the aging of the culture duration. Taking into account all of these details, the study’s findings
demonstrate that IPRA’s grass carp culture produces better-quality muscle than TPCs.
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