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Science and Technology, Fujian Academy of Agricultural Sciences, Fuzhou, Fujian, China, 4Research
Department, Guangdong Yuehai Feed Group Co., LTD, Zhanjiang, Guangdong, China, 5Department of
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Docosahexaenoic acid (DHA) positively influences growth development, feed

efficiency, physiological functions, and DHA accumulation in aquatic organisms.

Recent mammalian studies demonstrate that DHA in the form of monoglycerides

(MGs) is more conducive to facilitating the uptake and impact of DHA bioavailability

than triglyceride (TG)-derived DHA. In this study, Schizochytrium-derived

monoglyceride as a novel structured lipid form enriched in DHA-MGs was used

to replace the fish oil of Litopenaeus vannamei diet and the effects of different DHA-

MG levels on the growth performance, lipid composition of muscle and

hepatopancreas, and intestinal microbiota of L. vannamei were investigated. The

results showed that the diet with a high level of DHA-MGs distinctly increased the

final weight, weight gain rate, and specific growth rate of L. vannamei. No notable

variation in the biochemical makeup of shrimp muscle was detected among the

four diets. The increase in DHA-MGs effectively facilitated the accumulation of DHA

in the muscle and hepatopancreas of L. vannamei. In terms of lipidomics analysis,

the addition of DHA-MGs significantly influenced the lipid species composition and

DHA distribution in shrimp muscle and hepatopancreas. Additionally, the obtained

results revealed that the addition of DHA-MGs improved the contents of

diglycerides and triglycerides from the neutral lipid category with DHA and DHA

located at specific positions on the glycerol backbone for shrimp muscle.

Meanwhile, the lipid species from the glycerophospholipid category in shrimp

tissues treated with four diets performed different variations. Besides that, the

incorporation of DHA-MGs influenced the levels of microbial phylum and genus

and the abundance of potential bacterial phenotypes for shrimp midgut. It was

noted that the addition of DHA-MGs significantly decreased the abundance of
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potentially pathogenic bacteria, manifesting that DHA-MGs could readjust the

intestinal microecological balance for intestinal health. In conclusion, the use of

Schizochytrium-derived DHA-MGs to replace the fish oil in shrimp diet boosted the

accumulation of DHA into tissues, modified the levels of lipid species with DHA and

DHA located at specific positions on the glycerol backbone, and improved the

intestinal health for the growth performance of L. vannamei.
KEYWORDS

Litopenaeus vannamei, docosahexaenoic acid, monoglycerides, lipidomics,
intestinal microbiota
1 Introduction

DHA (C22:6n-3), with its unique structure and multiple double

bonds, plays a crucial role in the normal development and function of

neural and retinal tissues throughout the human lifespan (Carlson

et al., 2013; Gharami et al., 2015). Shrimp is widely recognized as a rich

dietary source of DHA. Litopenaeus vannamei, referred to as Pacific

white shrimp, is the most important commercial shrimp species

extensively cultivated in various nations, including Mexico, Peru,

and China (Dugassa and Gaetan, 2018). The annual global

production of L. vannamei (>5.0 million tons) provides substantial

DHA to consumers, supporting dietary intake requirements.

Numerous studies have indicated that the DHA or fish oil content

in commercial shrimp feeds significantly influences the DHA

concentration found in L. vannamei muscle (Araújo et al., 2019;

Kumar et al., 2022). Consequently, augmenting the DHA

concentration in L. vannamei muscle has emerged as a prominent

subject in aquatic research.

Currently, DHA supplements for shrimp feed are predominantly

sourced from fish oil. Approximately 60% of the worldwide fish oil

supply is utilized in aquafeeds. Nonetheless, the global fish oil output is

insufficient to satisfy the demand for aquatic feeds, and its price has

exhibited an increasing trend in recent years, which is attributed to

overfishing and environmental contamination (Neylan et al., 2024).

Aquatic scientists have dedicated efforts to generate novel DHA-

enriched lipid sources from microorganisms to replace marine-

derived DHA in feed formulations (Sprague et al., 2017). Among

the investigated microorganisms, Schizochytrium sp. is a promising

DHA source due to its rapid growth, high yield, and simple

fermentation (Carr et al., 2023; Tocher et al., 2019). Critically,

substituting fish oil with Schizochytrium sp. oil in shrimp feeds

maintains growth performance while significantly enhancing the

DHA deposition in shrimp muscle (Kumar et al., 2018; Wang et al.,

2017; Xie et al., 2020). Consequently, DHA-rich Schizochytrium sp. oil

represents a viable sustainable lipid source to replace the limited and

unsustainable fish oil for aquafeeds (Farris et al., 2024).

In terms of the lipid class, the lipid composition of commercial fish

oils for aquatic feeds is dominated by TGs (>98% of total lipids).
02
Similarly, Schizochytrium sp. oil, abundant in DHA, also primarily

comprises TGs (Shen et al., 2024). The dietary TGs containing DHA

are firstly hydrolyzed by lipolytic enzymes to generate free fatty acids

(FFAs) and monoglycerides (MGs) in the intestinal tract (Grabner

et al., 2017). Following this, FFAs and MGs are absorbed

and re-esterified to form TGs, cholesteryl esters (CEs), and

glycerophospholipids (GPLs), which are assembled and then secreted

by the hepatopancreas and hemolymph to deposit DHA into shrimp

muscles (Destaillats et al., 2018). Additionally, recent studies about

mammals have proven that the animals treated with DHA-MGs are

more conducive to facilitating DHA bioavailability and accumulation

in comparison to the animals treated with DHA-TGs (Chevalier and

Plourde, 2021; Jin et al., 2020; Li et al., 2025). Previous studies have

indicated that DHA positively influences growth development, feed

efficiency, physiological functions, and DHA accumulation in aquatic

organisms (An et al., 2023; Jiang et al., 2022; Scheuer et al., 2024). To

date, limited research has been conducted on DHA-MGs to enhance

DHA absorption and accumulation in L. vannamei by substituting the

fish oil in shrimp diets. To the best of our knowledge, this study

investigated for the first time the effects of DHA-MG supplementation

as a substitute for fish oil on the growth performance and DHA

deposition in L. vannamei.

Prior research has reported that the lipids of L. vannamei body or

tissue can be classified into neutral lipids (NLs), GPLs, sphingolipids

(SPs), and so on (Wang et al., 2024). Furthermore, the DHA content

and distributional characteristics of a specific lipid class in shrimp are

correlated with the DHA levels and lipid sources of aquafeeds (Chen

et al., 2024a; López-Marcos et al., 2024). As previously mentioned, the

digested FFAs and MGs with different fatty acids are further re-

esterified into the specific lipid class of aquatic muscle that is

dependent on the hematopoietic enzymes (e.g., lipase, phospholipase)

with their natural fatty acid selectivity and positional specificity

(Destaillats et al., 2018; Gyamfi et al., 2019). On the other hand, the

intestinal tract of aquatic animals is a crucial tissue for trillions of

microbial cells known as gut microbiota, which are essential for

nutrition absorption, immune response regulation, and homeostasis

maintenance (Gao et al., 2023; Zeng et al., 2024). Additionally, the

intestinal microbial community and abundance are affected by the
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aquafeed composition, as it can metabolize the ingested nutrients into

microbial biomass and some health-beneficial substances to decrease

the risk of diseases (Luan et al., 2023). Recently, researchers mainly

focused on the characterization of the intestinal microbiota by altering

the shrimp feed composition such as lipid source (Zhang et al., 2014),

carbohydrate source (Chen et al., 2021), and protein ratio (Gyan et al.,

2022). To investigate the relationship between DHA-MG

supplementation and shrimp lipid composition and intestinal

microbiota, this study systematically analyzed changes in lipid species

and DHA distribution while characterizing shifts in microbial

community structure and richness.

This study pioneers the use of dietary DHA-MGs as a partial

fish oil substitute, evaluating their effects on growth performance

and tissue lipid composition in L. vannamei. Furthermore, the

lipidomical characteristics of L. vannamei tissues were deeply

analyzed to understand the correlation between DHA-MG

addition and DHA distribution. Furthermore, the influences of

DHA-MGs on the lipid species and intestinal microbiota of shrimp

were revealed to ascertain the suitable DHA-MG addition. The

results will facilitate the utilization of an innovative Pacific white

shrimp diet including Schizochytrium-derived DHA-MGs to

enhance DHA accumulation and alter the intestinal microbiota

for shrimp growth.
2 Materials and methods

2.1 Preparation of the experimental diets

Schizochytrium sp. TG was purchased from Fuqing King

Dnarmsa Spirulina Co., Ltd. (Fujian, China). The DHA-MG sample

was synthesized through the ethanolysis of Schizochytrium sp. TGs

(100 g) with Candida antarctica lipase A, as stated in our previous

study (He et al., 2019). Following ethanolysis, the DHA-MG product

was purified by biphasic extraction method with n-hexane and 90%

ethanol. The DHA-MG product, comprising 77.6% DHA and 16.8%

DPA, was preserved at -20°C for utilization (He et al., 2019).

Four isoproteic and isolipidic diets were formulated to contain

approximately 41% crude protein and 7.5% crude lipid. The control

diet contained only fish oil, while the three experimental diets were

supplemented with DHA-MGs to partially replace the fish oil. The

abbreviated names of these three experimental diets were L-DHA-

MGs (low level of DHA-MGs, 0.5 g·100 g−1), M-DHA-MGs

(medium level of DHA-MGs, 1.0 g·100 g−1), and H-DHA-MGs

(high level of DHA-MGs, 1.5 g·100 g−1), respectively. The prepared

diets were crushed into fine powders through a 120-mesh sieve. All

dry ingredients were finely ground and thoroughly mixed before

adding different premixed oils. The mixture was dissolved by

adding deionized water (200 mL·kg−1 diet) and then wet-extruded

into 2.0-mm-diameter pellets using a twin-screw extruder (F-26,

SCUT industrial factory, Guangdong, China). The scattered pellets

were air-dried at room temperature to approximately 10% moisture

and stored at –20°C until use. The ingredients and proximate

compositions of the experimental diets are detailed in Table 1.
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2.2 Experimental shrimp and feeding trial

All experiments received approval from the ethical committee

of the Institute of Hydrobiology, Fujian Academy of Agricultural

Sciences. The experimental protocols and methods used in this

study were performed in accordance with the relevant guidelines

and regulations. A total of 500 shrimp were acquired from Fujian

Tonghui Aquatic Technology Co., Ltd. (Fuzhou, China) and

transferred to a 1,000-L tank in the Marine Biology Research

Laboratory (Fujian Academy of Agricultural Sciences). Following

a 2-week acclimatization period, 360 healthy L. vannamei (mean

initial weight: 5.46 ± 0.30 g) were randomly distributed across 12

tanks (30 shrimp/tank; 300 L seawater, 26 ppt salinity) and assigned

equally to four experimental groups (three tanks/group).

Throughout the entire cultivation period of 30 days, the shrimp

were fed twice daily at 9:00 and 17:00 with 1% of their body weight.

Meantime, the daily exchange rate of incoming water was 50% of

the water volume. The seawater for all shrimp was controlled at a

temperature of 24.0°C ± 2.0°C and a pH of 7.8–8.0.
2.3 Sample collection

At the end of the feeding trials, the shrimp were fasted for 24 h

before sampling. Then, all shrimp in each tank were counted and

weighed. A total of 12 shrimp from each tank were randomly collected

and stored at –20°C before analyses of the proximate composition and

fatty acid profile. Three shrimp per tank were dissected to collect

hepatopancreas, muscle, and intestinal tissues. The hepatopancreas

and muscle samples from each individual were flash-frozen in liquid

nitrogen and stored at -80°C for subsequent lipidomic analysis.

Intestinal tissue from one randomly selected shrimp per tank

underwent DNA extraction using the DNeasy PowerSoil Pro Kit

(Qiagen, Hilden, Germany), with extracts stored at -80°C prior to

intestinal microbiota community composition analysis.
2.4 Biochemical composition analysis

The moisture, crude protein, crude lipid, ash, and fatty acid

composition was respectively determined according to the method

of the National Standard of the People’s Republic of China (GB

5009.3-2016, GB 5009.4-2016, GB 5009.5-2016, GB 5009.6-2016,

and GB 5009.168-2016). The moisture content was determined by

drying the samples to a constant weight at 101°C–105°C. The crude

protein contents (N × 6.25) were assayed by using the Kjeldahl

method with an automatic Kjeldahl nitrogen analyzer (Kjeltec 8400,

FOSS, Hillerød, Denmark). The crude lipid extraction method using

a Soxtec System (Soxtec 2055, FOSS, Hillerød, Denmark) was

employed to determine the crude lipid content. The ash content

of the sample was determined after incineration in a muffle furnace

at 550°C ± 25°C for 4 h. The fatty acid profiles were determined by

gas chromatography (Agilent GC 7890A, Agilent Technologies,

Palo Alto, CA, USA) with flame ionization detection.
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TABLE 1 Formulation and proximate composition of the experimental diets (g·100 g−1).

Ingredients Control L-DHA-MGs M-DHA-MGs H-DHA-MGs

Fish meal 40.00 40.00 40.00 40.00

Whole wheat 21.00 21.00 21.00 21.00

Soybean meal 18.00 18.00 18.00 18.00

Peanut meal 6.00 6.00 6.00 6.00

Spirulina meal 3.00 3.00 3.00 3.00

Lecithin 2.00 2.00 2.00 2.00

Mineral premixa 2.00 2.00 2.00 2.00

Vitamin premixb 1.50 1.50 1.50 1.50

Brewer’s yeast 0.60 0.60 0.60 0.60

Squid meal 0.50 0.50 0.50 0.50

Cholesterol 0.50 0.50 0.50 0.50

Choline chloride 0.40 0.40 0.40 0.40

Fish oil 4.50 4.00 3.50 3.00

DHA-MGs 0.00 0.50 1.00 1.50

Total 100.00 100.00 100.00 100.00

Proximate composition, g·100 g−1

Moisture 10.72 10.69 11.96 11.26

Crude protein 41.60 41.62 42.18 41.92

Crude lipid 7.67 7.71 7.43 7.37

Ash 10.69 10.69 10.84 10.77

Fatty acid composition, %

C14:0 1.21 1.21 1.35 1.35

C16:0 24.69 23.67 24.79 24.10

C16:1 7.20 7.53 7.39 8.26

C18:0 3.24 3.69 3.63 4.33

C18:1 19.96 19.53 19.69 19.72

C18: 2n-6 20.90 18.57 18.53 16.17

C18:3n-3 2.27 2.38 2.44 2.82

C20:2n-6 0.76 0.83 0.73 0.82

C20:4n-6 2.97 3.27 2.99 2.25

EPA/C20:5n-3 8.66 8.70 8.57 8.46

DHA/C22:6n-3 6.31 6.52 6.93 7.17
F
rontiers in Marine Science
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aMineral premix (g·100 g−1 premix): NaH2PO4, 11.996; Ca(H2PO4)2, 23.405; CaCO3, 10.008; MgSO4·7H2O, 24.647; ZnSO4·7H2O, 14.377; KCl, 0.75; CuSO4·5H2O, 0.25; MnSO4·6H2O, 0.169;
AlCl3·6H2O, 0.024; KI, 0.017; CoCl2·6H2O, 0.023; Na2SeO3, 0.017; (C3H5O3)2Ca, 10.911; (C3H5O3)2Fe, 2.449. All ingredients were diluted with a-cellulose to 100 g.
bVitamin premix, diluted in cellulose, contained the following vitamins (g·100 g−1 premix): vitamin A acetate (20,000 IU·g−1), 5.0; vitamin D3 (500,000 IU·g−1), 0.0075; dl-alphatocopherol acetate
(250 IU·g−1), 0.5; menadione, 0.2; thiamin hydrochloride, 0.65; riboflavin, 0.3; pyridoxine hydrochloride, 0.15; nicotinamide, 1.0; DL Ca-pantothenate, 0.5; folic acid, 0.025; biotin, 0.005; vitamin
B12, 0.001; inositol, 1.0; ascorbic acid, 2.0. All ingredients were filled with a-cellulose to 100 g.
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2.5 Lipidomics analysis by liquid
chromatography/tandem mass
spectrometry

The muscle or hepatopancreas (50 mg) in each individual was

used to extract total lipid with 280 mL extraction solution

(methanol/water = 2:5) and 400 µL MTBE (methyl tert-butyl

ether). After centrifugation (13,000 g, 15 min), 350 µL of the

supernatant was transferred to a 2.0-mL polypropylene tube and

evaporated under a nitrogen stream at 35°C. Subsequently, 100 µL

of extraction solution (isopropanol/acetonitrile = 1:1) was used to

dissolve the extracted lipids. The dissolved solution was centrifuged

at 13,000 g for 10 min, and then the supernatant was subsequently

used for lipidomic analysis by a liquid chromatography/tandem

mass spectrometry (LC–MS) (Thermo Fisher, UHPLC-Q Exactive

HF-X) equipped with an Accucore C30 reversed-phase column

(100 mm × 2.1 mm, 2.6 µm, Thermo Fisher, Waltham, MA, USA).

The column was maintained at 40°C. The mobile phase was

comprised of component A (acetonitrile:water = 50: 50, v/v)

containing 0.1% formic acid and 10 mM ammonium acetate and

component B (acetonitrile/isopropanol/water = 10: 88: 2, v/v/v)

containing 0.02% formic acid and 2 mmol/L ammonium acetate.

The mobile phase was pumped with a flow rate of 0.4 mL/min. The

injection sample volume was 2 mL, and the temperature of the

automatic injector was set at 4°C. The samples were ionized by

electrospray ionization (ESI) in negative and positive modes. MS

analysis was carried out using the following parameters: ion spray

voltage floating (ESI+), + 3,000 V; ion spray voltage floating (ESI–),

–3,000 V; sheath gas flow rate, 60 psi; aux gas flow rate, 20 psi; aux

gas heater temperature, 370°C; normalized collision energy: 20, 40,

and 60 V. The MS spectra were acquired in the m/z range of 200–

2,000. Quality control (QC) samples are prepared by mixing equal

volumes of extracts from all samples. A QC sample was analyzed

after every 10 samples to evaluate the stability of LC–MS during the

whole acquisition.

The original data of LC–MS were obtained and pre-processed

by the lipid search software (version 4.0.20, Thermo Fisher,

Waltham, MA, USA); then, a two-dimensional data matrix

containing lipid, lipidIon, category, class, fatty acid chain (fatty

acid, FA1, FA2, FA3), calcMz, ionFormula, retention time (RT), and

peak intensity was obtained. The relative content of the specified

lipid class was calculated in Microsoft Excel 2016 software

(Microsoft Corporation, Redmond, WA, USA) by dividing the

lipid species peak area by the sum of the peak area of all lipid

species detected within the class.
2.6 16s rRNA gene sequencing for
intestinal microbiota analysis

At the end of the experiments, the midgut of shrimp was

collected to detect the intestinal microbiota by Illumina deep

sequencing. For Illumina deep sequencing, the V3–V4 regions of

16s rRNA gene were amplified by the reported PCR method using

the primers 341F (5′- CCT ACG GGN GGC WGC AG -3′) and
Frontiers in Marine Science 05
805R (5′- GAC TAC HVG GGT ATC TAA TCC -3′) with the

Illumina adaptor (Illumina, San Diego, CA, USA) sequence and

index sequence (Lin et al., 2022). The PCR products were purified

by QIAquick PCR Purification kit (Qiagen, Hilden, NRW,

Germany), quantified by Qubit 4.0 (Invitrogen, Carlsbad, CA,

USA), and then sequenced on an Illumina 300PE MiSeq platform

(Sangon Biotech Co., Ltd, Shanghai, China).

After sequencing, the adaptors, barcodes, and primers were firstly

removed by cutadapt (version 1.18) and then merged using PEAR

(version 0.9.8). Low-quality reads (Q score <20) were removed

according to the fqtrim (version 0.94). Chimeras were removed

using Usearch (version 11.0.667), and the remaining sequences

were clustered into operational taxonomic units (OTUs) at the 3%

dissimilarity level. The taxonomies of the bacterial sequences were

annotated using Ribosomal Database Project (RDP) classifier

(version 2.12) with a confidence threshold of 80%. The a-diversity
statistics, including rarefaction curves at a distance of 3%, Good’s

coverage, Chao1, the abundance-based coverage estimator (ACE),

Shannon, and Simpson were calculated inMothur (version 1.43.0) for

each biomass sample. The b-diversity was analyzed to investigate the

differences within and between groups by the principal component

analysis (PCA) and principal coordinates analysis (PCoA) based on

weighted UniFrac. The weighted UniFrac phylogenetic distance was

calculated using QIIME 2 (version 2024). Microbiome profiling was

conducted using QIIME 2. Microbial phenotypes were

computationally inferred using BugBase, which predicts organism-

level traits (e.g., Gram staining, oxygen utilization) from 16S rRNA

gene-based ASV tables generated via QIIME 2 with default

normalization parameters. PCA, PCoA, Venn diagrams, and bar

plots were generated in R (version 3.6.0) by utilizing the vegan

(version 2.5–6) package.
2.7 Statistical analysis

Statistical analysis was conducted by utilizing SPSS version 27.0

(SPSS, IBM, Armonk, NY, USA). Continuous variables were

expressed as mean ± standard deviation (SD) following verification

of normality using the Shapiro–Wilk test. For variables with normal

distribution, group differences were analyzed using one-way analysis

of variance (ANOVA) followed by Tukey’s HSD post hoc test for

multiple comparisons. For variables not conforming to a normal

distribution, group comparisons were conducted using the Kruskal–

Wallis test, with Dunn’s post hoc test for pairwise comparisons when

the statistical significance was indicated. Differences were considered

statistically significant at p <0.05.
3 Results

3.1 Growth performance

Following a 30-day treatment period, the growth indices of the

shrimp across various diets were assessed, with the results presented

in Table 2. According to Table 2, the final weight of shrimp treated
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with H-DHA-MGs was substantially greater than that of the other

groups. Meanwhile, the weight gain rate (WGR) and specific growth

rate (SGR) of shrimp consuming the H-DHA-MG diet were

significantly higher than those in the control and L-DHA-MGs

groups. No significant differences in the hepatopancreas indexes

(HI) were observed among the four groups, as given in Table 2.

Similarly, there were no statistical differences in the survival rates

for the four groups (Table 2).
3.2 Biochemical compositions and fatty
acid content of shrimp by four diets

Table 3 presents the biochemical compositions of shrimp

muscle for the treated groups. The analysis indicated no

significant differences in moisture, crude protein, crude lipid, and

ash contents among the shrimp muscles from the four experimental

groups as detailed in Table 3. It was noted that the crude lipid of

shrimp muscle increased progressively from 0.75% to 0.89% with

the increase in DHA-MG addition (Table 3).

The composition of fatty acids in the muscles of shrimp fed

various diets is presented in Table 4. The muscle of shrimp

nourished by four distinct diets exhibited significant variations in

the concentrations of certain fatty acid species—for instance, the

augmentation of DHA-MG addition facilitated the accumulation of

DHA in shrimp muscle. The contents of C16:1, C18:3n-3, and

C20:4n-6 for shrimp muscle significantly decreased instead with the

increased addition of DHA-MGs in the shrimp feeds. The control

group shrimp muscles showed the lowest DHA content (6.6%),

while the H-DHA-MGs group had the highest (8.48%) (Table 4).

This confirms that high DHA-MG levels promote DHA deposition.

Furthermore, Table 5 presents the fatty acid composition of

shrimp hepatopancreas for the four groups. The EPA concentration

in shrimp hepatopancreas diminished from 9.10% to around 7.5%,

concurrent with an increase in DHA-MGs; simultaneously, the

C18:1 and C18:2n-6 contents were also decreased, as shown in

Table 5. In a different way, the DHA content of shrimp

hepatopancreas remarkably increased from 9.11% to 10.60% with

the increase in DHA-MG addition (Table 5). A similar trend was

observed in the C16:1 content of shrimp hepatopancreas (Table 5).

The results indicated that the addition of DHA-MGs did not

facilitate the accumulation of EPA, C18:1, and C18:2n-6 in the

hepatopancreas but rather enhanced the deposition of DHA.
3.3 Lipidomics of shrimp tissues by four
diets

Lipid profiling revealed seven categories and 53 classes in

shrimp muscle and hepatopancreas tissues (Table 6). In terms of

the wax lipids (WLs), among the recorded lipid classes, no

significant differences were observed in the acyl-(gamma-

hydroxy) fatty acid (OAHFA) contents of shrimp muscles or the

wax ester (WE) contents of shrimp hepatopancreas for the four

diets. It was found that the lowest WE content was obtained by
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shrimp muscles treated with L-DHA-MGs. The OAHFAs content

of shrimp hepatopancreas was distinctly decreased from 0.82% to

0.78% with the increase of DHA-MG addition.

With respect to neutral lipid biosynthesis, the triglyceride (TG)

content in shrimp muscle from the M-DHA-MGs and H-DHA-MGs

groups was significantly greater than that of the control and L-DHA-

MGs groups; concurrently, the highest levels of free fatty acids (FFAs)

and total neutral lipids (NLs) in the muscles were observed in shrimp

fed the DHA-MG diet. No significant differences in the muscle-

derived DGs or MGs content were observed for the four trials. The

elevation of DHA-MGs in the shrimp diet progressively reduced the

hepatopancreas’ TG concentration as illustrated in Table 6.

Comparable changes regarding the contents of DGs and MGs in

shrimp hepatopancreas were seen with an increased addition of DHA-

MGs. The FFA contents of shrimp hepatopancreas showed no

statistical differences among the four groups. The shrimp

hepatopancreas exhibited the highest NL content in the control

group and the lowest NL content in the H-DHA-MGs group.

Table 6 also states the changes of GPLs and its every class affected

by DHA-MGs level. Shrimp muscle for the L-DHA-MG

diet gave the highest contents of phosphatidylcholines

(PCs, 17.92%), lysophosphatidylcholines (LPCs, 2.00%),

lysophosphatidylinositols (LPIs, 0.11%), and lysophosphatidylserines

(LPSs, 0.11%) that were significantly higher than those of the

resting trials. The lowest phosphatidylethanolamine (PE) and

lysodimethylphosphatidylethanolamine (LdMePE) contents of muscle

were observed in the M-DHA-MGs group. It was found that the

increase in DHA-MG addition led to a significant increment in

phosphatidylmethanols (PMes) and lysophosphatidylmethanols

(LPMes) contents of shrimp muscle (Table 6). Nevertheless, the

distinct decrease in the contents of muscle phosphatidylserines (PSs),

monolysocardiolipins (MLCLs), dimethylphosphatidylethanolamines

(dMePEs), and phosphatidylglycerols (PGs) was observed as

increased in DHA-MG addition. Besides that, no significant

differences were found in the resting 10 species of muscle GPLs (e.g.,

methyl phosphatidylcholines (MePCs), cardiolipins (CLs)) among the

four groups. As for shrimp hepatopancreas, the highest

phosphatidylinositol (PIs) content was achieved in the M-DHA-MGs

group, which was remarkably greater than that of the control group.

Additionally, the LPS contents of shrimp hepatopancreas for the

control group were significantly lower than those of the DHA-MGs

groups. The remaining GPL species of shrimp hepatopancreas

exhibited no statistical difference among the four trials.

The sphingolipids (SPs) category was recorded to have 13 classes

(e.g., ceramides (Cers), monohexosyl ceramides (Hex1Cers)) in the

shrimp muscle and hepatopancreas. The total SP contents of shrimp

tissues were around 21.5%–23.72% of crude lipids. The crude lipids of

shrimp hepatopancreas by the M-DHA-MG diet had the highest

ganglioside monosialo trihexosyl ceramide (GM3) content that was

statistically higher than that of the control group. No significant

variations in the Cers contents of shrimp muscle and hepatopancreas

were observed for the four experiments. Similar phenomena were

found in the remaining SP-derived classes of shrimp tissues.

In addition, the obtained lipids of shrimp muscle and

hepatopancreas had sterol lipid (STL), glycolipid (GL), and prenol
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l ipid (PRL) categories. It was found that the lowest

monogalactosylmonoacylglycerol (MGMG) content of shrimp muscle

was determined in the H-DHA-MG diet, which was distinctly lower

than that of the control group. Meanwhile, there were no significant

differences in the total STL content and every lipid species content of

shrimp tissues across the four diets. Similar phenomena were presented

in the contents of lipid classes of GL and PRL categories for shrimp

tissues (except for muscle MGMGs).
3.4 DHA distribution of lipid species for
four diets

The DHA-MG supplement had a positive impact on the DHA

accumulation (Tables 4, 5) and lipid specie levels (Table 6) in

shrimp tissues. The LC–MS-based lipidomics approach was used to

detect the lipid classes containing DHA, with the findings presented

in Figure 1. Among the lipid classes including DHA from shrimp

muscle, significant differences in the contents of 13 lipid classes

containing DHA for the four diets were found in Figure 1A. In these

13 species, TGs and DGs were from the NL category, and the resting

species were from the GPL category. The content of muscle DHA-

TG species increased significantly with increasing DHA-MG

supplementation. Similar trends were observed in BisMePAs,

DGs, PEts, PGs, and PMes with DHA, as shown in Figure 1A.

The increment in DHA-MG supplement remarkably lowered

instead the DHA-LdMePE content of shrimp muscle (Figure 1A).

Similarly, the contents of LPA, LPC, LPS, and MLCL with DHA
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were distinctly decreased. The highest contents of muscle LdMePE,

LPC, LPS, MLCL, and PC species with DHA were shown in the L-

DHA-MG diet. In terms of the lipid class with DHA in shrimp

hepatopancreas, only four lipid species from the PL category

including BisMePAs, LPSs, PAs, and PCs with DHA stated

significant differences among the treated trials (Figure 1B). The

shrimp hepatopancreas from the H-DHA-MG diet attained the

highest contents of BisMePA, LPS, and PC with DHA that were

remarkably greater than those of the control group (Figure 1B).

However, the lowest content of PA species with DHA was recorded

in shrimp hepatopancreas treated with the H-DHA-MG diet.

Moreover, the lipid classes with DHA distributed at the sn-1(3)

and 2 positions were determined, and the results are given in

Figures 1C–F. It was clear that the crude lipids of shrimp muscle

had around 3.5% TGs with DHA distributed at the sn-1(3) position.

The data was greater than the values of the remaining lipid species

with DHA, as shown in Figure 1C. Interestingly, the H-DHA-MG

diet distinctly promoted to DHA accumulation at the sn-1(3)

position of TGs in shrimp muscle. Shrimp muscle LPMEs, PCs,

and PMes appeared with similar features as expressed in Figure 1C.

Nevertheless, the high level of DHA-MGs had negative impacts on

the DHA distribution at the sn-1(3) position of muscle LdMePE,

LPA, LPC, LPS, MLCL, and PS species. The L-DHA-MG diet

tended to deposit DHA at the sn-1 position of muscle BisMePAs

(Figure 1C). As for the hepatopancreas, the contents of BisMePAs,

LPSs, and PCs with sn-1 DHA were gradually increased with the

increment of DHA-MG (Figure 1D). The lowest content of DGs

with sn-1 DHA was obtained in the M-DHA-MG diet (Figure 1D).
TABLE 2 Effect of DHA-MGs supplement on the growth performance and survival rate of shrimp fed with experimental diets.

Index
Groups

Control L- DHA-MGs M-DHA-MGs H-DHA-MGs

Initial weight (g) 5.42 ± 0.29 5.47 ± 0.31 5.43 ± 0.31 5.46 ± 0.30

Final weight (g) 6.59 ± 0.18b 6.60 ± 0.18b 6.64 ± 0.14b 6.81 ± 0.19a

HI (%)1 6.19 ± 0.52 5.99 ± 0.42 6.05 ± 0.49 6.10 ± 0.47

WGR (%)2 21.51 ± 0.53b 20.72 ± 0.56b 22.41 ± 1.03ab 23.70 ± 0.57a

SGR (%·d−1)3 0.65 ± 0.02b 0.63 ± 0.02b 0.67 ± 0.03ab 0.71 ± 0.02a

Survival (%) 64.45 ± 6.94 61.11 ± 5.09 60.00 ± 3.33 64.45 ± 3.85
Survival (%) = (final shrimp number/initial shrimp number) × 100. Data with different letters in each row are significantly different (p < 0.05).
aHepatopancreas index (HI, %) = (hepatopancreas weight/body weight) × 100%.
bWeight gain rate (WGR, %) = (final weight – initial weight) × 100%/initial weight.
cSpecific growth rate (SGR, %) = [ln (mean final weight) − ln (mean initial weight)] ×100%/days.
TABLE 3 Biochemical composition in the shrimp muscle for the four groups (g·100 g−1).

Biochemical composition
Groups

Control L-DHA-MGs M-DHA-MGs H-DHA-MGs

Moisture 75.27 ± 0.39 75.08 ± 0.32 75.04 ± 0.43 75.29 ± 0.60

Crude protein 20.48 ± 0.16 20.13 ± 0.26 20.41 ± 0.12 19.81 ± 0.46

Crude lipids 0.75 ± 0.06 0.77 ± 0.06 0.87 ± 0.07 0.89 ± 0.03

Ash 1.71 ± 0.03 1.73 ± 0.07 1.74 ± 0.11 1.73 ± 0.08
Data with different letters in each row are significantly different (p < 0.05).
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Furthermore, there were seven muscle-derived lipid species

(e.g., BisMePAs, DGs) with sn-2 DHA showing significant

differences among the four groups. It was found that the shrimp

muscle treated with the H-DHA-MG diet had the highest BisMePA,

DG, PEt, PG, PMe, and TG contents that were significantly higher

than the ones by the control group (Figure 1E). Besides that, the M-

DHA-MG diet was beneficial to accumulating DHA at the sn-2

position of MLCLs. With respect to the sn-2 DHA of lipid species

from shrimp hepatopancreas, the contents of BisMePA and PC

species with sn-2 DHA were remarkably increased with the

increment of DHA-MG; however, the content of PA with sn-2

DHA was reduced accordingly as the DHA-MG addition

increased (Figure 1F).
3.5 Intestinal microbiota characteristics of
shrimp midgut

A total of 505,099 valid reads (ranging from 37,216 to 47,669 per

sample) were obtained for the four experiments as recorded in Table 7.
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In addition, the values of Good’s coverage for all samples were above

99% (Table 7), indicating an adequate depth of sequencing.

Additionally, the rarefaction curves for the samples from four trials

were plateaued in Supplementary Figure S2, revealing that the applied

Illumina sequencing technique could record most of the OTUs data

for each sample. At 97% sequence identity, the total number of OTUs

in all of the studied compartments was 914 (Figure 2). Additionally,

the four groups exhibited a similar core bacterial population of 330

OTUs within their intestinal microbiota (Figure 2). The statistical

analysis indicated that the common OTUs of the sequenced reads

were 54.73% in the control group, 60.33% in the L-DHA-MG group,

56.90% in the M-DHA-MG group, and 63.22% in the H-DHA-MG

group. Furthermore, the numbers of unique OTUs in the intestinal

microbiota of the control, L-DHA-MG, M-DHA-MG, and H-DHA-

MGs group were 110, 70, 93, and 74 with 18.24%, 12.80%, 16.03%, and

14.18% of the total reads, respectively (Figure 2). According to the

microbiota a-diversity analysis, no significant differences were found

in the richness (Chao1 and ACE) and diversity (Shannon and

Simpson) of the intestinal microbiotas among the four groups

(Table 7). Regarding b diversity, both PCA and PCoA analyses for
TABLE 4 Fatty acid composition of the shrimp muscle for the four groups (%).

Fatty acid
Groups

Control L-DHA-MGs M-DHA-MGs H-DHA-MGs

C12:0 0.29 ± 0.03 0.27 ± 0.14 0.27 ± 0.04 0.28 ± 0.03

C15:0 2.17 ± 0.12 2.07 ± 0.21 2.25 ± 0.09 2.13 ± 0.07

C16:0 22.26 ± 1.03 22.01 ± 0.88 20.37 ± 0.35 19.92 ± 1.50

C16:1 11.05 ± 2.21a 8.17 ± 1.48ab 7.47 ± 0.96ab 6.21 ± 1.38b

C17:0 0.37 ± 0.00 0.36 ± 0.04 0.35 ± 0.04 0.38 ± 0.03

C17:1 0.79 ± 0.04 0.83 ± 0.10 0.75 ± 0.02 0.81 ± 0.03

C18:0 0.71 ± 0.16 0.79 ± 0.17 1.21 ± 0.27 0.80 ± 0.14

C18:1 20.74 ± 3.17 20.09 ± 3.33 22.42 ± 1.13 22.15 ± 2.81

C18:2n-6 8.49 ± 1.28b 10.28 ± 1.90ab 11.87 ± 1.04a 10.21 ± 1.31ab

C18:3n-3 5.32 ± 0.83a 3.58 ± 0.84b 2.70 ± 0.22bc 2.43 ± 0.28c

C20:0 0.53 ± 0.10 0.65 ± 0.19 0.64 ± 0.12 0.51 ± 0.04

C20:1 0.78 ± 0.05 0.80 ± 0.05 0.76 ± 0.03 0.79 ± 0.01

C20:2n-6 0.60 ± 0.05 0.56 ± 0.05 0.64 ± 0.08 0.67 ± 0.05

C20:3n-6 1.61 ± 0.08 1.40 ± 0.27 1.48 ± 0.08 1.44 ± 0.03

C20:4n-6 3.85 ± 0.80a 3.63 ± 0.67ab 3.43 ± 0.39 ab 2.43 ± 0.50b

EPA/C20:5n-3 10.93 ± 1.20 11.65 ± 0.90 11.36 ± 0.56 11.93 ± 1.34

C22:5n-3 0.29 ± 0.06 0.35 ± 0.05 0.37 ± 0.02 0.35 ± 0.03

DHA/C22:6n-3 6.60 ± 0.82b 7.23 ± 0.42b 7.66 ± 0.33ab 8.48 ± 0.71a

∑SFAs 26.33 ± 1.44 26.15 ± 1.63 25.09 ± 0.91 24.02 ± 1.81

∑MUFAs 33.36 ± 5.47 29.89 ± 4.96 31.40 ± 2.14 29.96 ± 4.23

∑PUFAs 37.69 ± 5.32 38.68 ± 5.10 39.51 ± 2.72 37.94 ± 4.25
Data with different letters in each row are significantly different (p < 0.05).
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the four trials demonstrated a distinct clustering of samples within

each experimental group (Supplementary Figure S3), confirming

similar response patterns among replicate samples.

As for the phylum level, the four groups attained similar structure

and composition of the intestinal microbiome. Meantime, the

recorded intestinal microbiome mainly consisted of Proteobacteria,

Bacteroidetes, Verrucomicrobia, and Planctomycetes with 44.31%,

38.92%, 13.67%, and 1.36% of the sequenced reads, respectively

(Figure 3A). The phylum Proteobacteria constituted 54.02% of the

M-DHA-MG group, a proportion significantly higher than that

observed in the resting groups (Supplementary Table S1).

Conversely, the shrimp subjected to M-DHA-MGs exhibited the

lowest proportion of Bacteroidetes (27.49%) among the sequenced

reads. In addition, the added DHA-MGs had no significant effect on

the relative abundance of Verrucomicrobia for shrimp midgut.

Moreover, at the genus level, Flavobacterium, Celeribacter,

Haloferula, unclassified_Rhodobacteraceae, and Hanstruepera were

the main microorganisms in the four groups (Figure 3B). The

dietary supplementation of DHA-MGs significantly reduced the

abundance of Flavobacterium in the shrimp midgut compared to

the control group, as given in Supplementary Table S2. Additionally,
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the proportion of Celeribacter in the control group was significantly

lower than that in the other groups (Supplementary Table S2).

Additionally, Figure 4 illustrated the variations in the amounts

of nine phenotypic bacteria within the shrimp midgut microbiota

among the four diets. The results indicated that the incorporation of

DHA-MGs had a negative effect on the aerobic bacteria in the

shrimp intestine (Figure 4A). The shrimp intestines exhibited the

lowest abundance of anaerobic microorganisms in the M-DHA-MG

diet and the highest abundance in the H-DHA-MG diet (Figure 4B).

The abundance of facultatively anaerobic microorganisms in the

DHA-MG diet was greater than that of the control group

(Figure 4C). The shrimp midguts treated with the M-DHA-MG

and H-DHA-MG diets achieved a higher abundance of gram-

negative microorganisms compared with the control and L-DHA-

MG diets (Figure 4D), while greater abundances of midgut gram-

positive microorganisms were obtained in the M-DHA-MG and H-

DHA-MG diets (Figure 4E). The greater abundances of midgut

microorganisms that contain mobile elements (Figure 4F), are

oxidative stress tolerant (Figure 4G), and that form biofilms

(Figure 4H) were presented in the M-DHA-MG diet in

comparison to the other groups. The abundance of midgut
TABLE 5 Fatty acid composition of the shrimp hepatopancreas for the four groups (%).

Fatty acid
Groups

Control L-DHA-MGs M-DHA-MGs H-DHA-MGs

C12:0 0.31 ± 0.06 0.24 ± 0.02 0.33 ± 0.01 0.37 ± 0.04

C15:0 1.97 ± 0.48 2.38 ± 0.31 2.43 ± 0.21 2.52 ± 0.41

C16:0 22.73 ± 1.88 22.55 ± 1.75 24.51 ± 1.41 24.30 ± 1.28

C16:1 16.68 ± 1.10b 17.27 ± 2.54ab 18.79 ± 1.44a 19.58 ± 1.77a

C17:0 0.66 ± 0.13 0.65 ± 0.03 0.76 ± 0.10 0.64 ± 0.23

C17:1 0.51 ± 0.19 0.54 ± 0.02 0.58 ± 0.06 0.42 ± 0.14

C18:0 0.47 ± 0.20 0.77 ± 0.30 0.38 ± 0.17 0.50 ± 0.18

C18:1 20.21 ± 1.55a 20.38 ± 1.23a 18.25 ± 2.78ab 17.76 ± 1.19b

C18:2n-6 6.91 ± 1.28 6.32 ± 0.46 6.15 ± 0.44 5.65 ± 1.11

C18:3n-3 1.97 ± 0.23 1.71 ± 0.47 1.67 ± 0.42 1.82 ± 0.24

C20:0 0.24 ± 0.12 0.35 ± 0.06 0.32 ± 0.04 0.24 ± 0.05

C20:1 0.69 ± 0.25 0.66 ± 0.19 0.70 ± 0.06 0.68 ± 0.07

C20:2n-6 0.88 ± 0.08 0.83 ± 0.06 0.87 ± 0.06 0.79 ± 0.07

C20:3n-6 1.83 ± 0.17 1.72 ± 0.47 1.62 ± 0.18 1.75 ± 0.13

C20:4n-6 3.31 ± 0.30 3.35 ± 0.29 3.82 ± 0.31 3.15 ± 0.42

EPA/C20:5n-3 9.10 ± 0.79a 8.37 ± 0.89ab 7.56 ± 0.59b 7.71 ± 0.76ab

C22:5n-3 0.32 ± 0.05 0.32 ± 0.04 0.35 ± 0.03 0.37 ± 0.05

DHA/C22:6n-3 9.11± 0.42b 10.29 ± 0.72ab 10.56 ± 0.48a 10.60 ± 0.59a

∑SFAs 26.38 ± 2.87 26.94 ± 2.47 28.73 ± 1.94 28.57 ± 2.19

∑MUFAs 38.09 ± 3.09 38.85 ± 3.98 38.32 ± 4.34 38.02 ± 3.17

∑PUFAs 33.43 ± 3.32 32.91 ± 3.40 32.60 ± 2.51 31.85 ± 3.37
Data with different letters in each row are significantly different (p < 0.05).
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TABLE 6 Lipid composition (100%) in the muscle and hepatopancreas of four shrimp groups based on lipidomics analysis.

Muscle Hepatopancreas

L-DHA-MGs M-DHA-MGs H-DHA-MGs

0.80 ± 0.03ab 0.79 ± 0.02b 0.78 ± 0.03b

0.11 ± 0.00 0.10 ± 0.01 0.10 ± 0.00

0.90 ± 0.03ab 0.89 ± 0.03bc 0.88 ± 0.03c

21.53 ± 0.55ab 21.16 ± 0.55b 20.94 ± 0.91b

10.41 ± 0.34ab 10.16 ± 0.36b 10.12 ± 0.39b

0.47 ± 0.02ab 0.46 ± 0.02b 0.46 ± 0.02ab

0.28 ± 0.01 0.28 ± 0.01 0.28 ± 0.01

32.68 ± 0.90ab 32.01 ± 0.90b 31.85 ± 1.29b

15.68 ± 0.81 16.11 ± 0.55 16.14 ± 0.80

7.71 ± 0.25 7.75 ± 0.15 7.71 ± 0.18

2.54 ± 0.12 2.62 ± 0.07 2.62 ± 0.12

1.84 ± 0.23 1.91 ± 0.15 1.89 ± 0.14

1.79 ± 0.04 1.79 ± 0.07 1.85 ± 0.07

2.05 ± 0.06 2.10 ± 0.05 2.09 ± 0.06

1.34 ± 0.11 1.36 ± 0.07 1.37 ± 0.08

1.04 ± 0.04 1.06 ± 0.04 1.05 ± 0.05

1.01 ± 0.03 1.01 ± 0.04 1.03 ± 0.03

0.87 ± 0.06 0.87 ± 0.03 0.87 ± 0.04

0.65 ± 0.03 0.66 ± 0.03 0.66 ± 0.02

0.56 ± 0.11bc 0.64 ± 0.10a 0.60 ± 0.08ab

0.38 ± 0.02 0.39 ± 0.01 0.39 ± 0.01

0.36 ± 0.03 0.35 ± 0.03 0.37 ± 0.03

0.32 ± 0.01 0.30 ± 0.01 0.31 ± 0.01

0.24 ± 0.02 0.25 ± 0.01 0.25 ± 0.02
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Lipid class
Control L-DHA-MGs M-DHA-MGs H-DHA-MGs Control

Acyl-(gamma-hydroxy) fatty acids (OAHFAs) 0.67 ± 0.01 0.66 ± 0.01 0.66 ± 0.01 0.66 ± 0.02 0.82 ± 0.02a

Wax esters (WEs) 0.09 ± 0.00a 0.08 ± 0.00b 0.09 ± 0.00a 0.09 ± 0.00a 0.11 ± 0.01

S wax lipids (WLs) 0.76 ± 0.01 0.74 ± 0.01 0.74 ± 0.01 0.75 ± 0.01 0.92 ± 0.02a

Triglycerides (TGs)
18.99

± 0.23ab
18.85 ± 0.22b 19.12 ± 0.14a 19.17 ± 0.25a

21.98
± 0.46a

Diglycerides (DGs) 9.14 ± 0.08 9.13 ± 0.07 9.18 ± 0.09 9.20 ± 0.08
10.63
± 0.23a

Monoglycerides (MGs) 0.40 ± 0.01 0.39 ± 0.01 0.39 ± 0.01 0.39 ± 0.01 0.48 ± 0.01a

Free fatty acids (FFAs) 0.26 ± 0.00b 0.26 ± 0.00ab 0.26 ± 0.00ab 0.27 ± 0.00a 0.28 ± 0.01

S neutral lipids (NLs)
28.79

± 0.25ab
28.63 ± 0.18b 28.96 ± 0.12a 29.02 ± 0.29a

33.37
± 0.67a

Phosphatidylcholines (PCs) 17.81 ± 0.09b 17.92 ± 0.06a 17.80 ± 0.06b 17.77 ± 0.07b 15.29 ± 0.48

Phosphatidylethanolamines (PEs) 9.39 ± 0.06a 9.36 ± 0.06ab 9.32 ± 0.04b 9.33 ± 0.05ab 7.61 ± 0.24

Methyl phosphatidylcholines (MePCs) 2.78 ± 0.02 2.79 ± 0.01 2.77 ± 0.02 2.77 ± 0.03 2.50 ± 0.08

Phosphatidylserines (PSs) 2.79 ± 0.03a 2.78 ± 0.03ab 2.76 ± 0.02ab 2.75 ± 0.03b 1.77 ± 0.10

Phosphatidylmethanols (PMes) 2.48 ± 0.12c 2.56 ± 0.08bc 2.63 ± 0.07ab 2.65 ± 0.06a 1.80 ± 0.04

Lysophosphatidylcholines (LPCs) 1.99 ± 0.02a 2.00 ± 0.04a 1.96 ± 0.03b 1.96 ± 0.03ab 2.04 ± 0.07

Cardiolipins (CLs) 1.82 ± 0.02 1.83 ± 0.02 1.81 ± 0.02 1.81 ± 0.02 1.30 ± 0.07

Monolysocardiolipins (MLCLs) 0.98 ± 0.02ab 0.98 ± 0.03a 0.95 ± 0.03bc 0.95 ± 0.02c 1.03 ± 0.04

Bis-methyl phosphatidic acids (BisMePAs) 1.01 ± 0.02 1.02 ± 0.02 1.02 ± 0.01 1.02 ± 0.02 1.00 ± 0.03

Dimethylphosphatidylethanolamines (dMePEs) 1.05 ± 0.01a 1.04 ± 0.01ab 1.04 ± 0.01ab 1.03 ± 0.01b 0.85 ± 0.05

Lysophosphatidylethanolamines (LPEs) 0.66 ± 0.01a 0.66 ± 0.02ab 0.65 ± 0.01bc 0.65 ± 0.01c 0.64 ± 0.02

Phosphatidylinositols (PIs) 1.01 ± 0.01 1.01 ± 0.02 0.99 ± 0.02 0.99 ± 0.01 0.52 ± 0.04c

Phosphatidylethanols (PEts) 0.39 ± 0.00 0.39 ± 0.01 0.40 ± 0.00 0.40 ± 0.01 0.39 ± 0.02

Phosphatidylglycerols (PGs) 0.52 ± 0.01a 0.52 ± 0.01a 0.51 ± 0.01ab 0.51 ± 0.01b 0.35 ± 0.03

Lysophosphatidylmethanols (LPMes) 0.25 ± 0.01b 0.26 ± 0.02a 0.27 ± 0.02a 0.27 ± 0.02a 0.31 ± 0.01

Lysodimethylphosphatidylethanolamines (LdMePEs) 0.23 ± 0.01ab 0.23 ± 0.01a 0.21 ± 0.02c 0.22 ± 0.01bc 0.23 ± 0.02
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TABLE 6 Continued

Muscle Hepatopancreas

L-DHA-MGs M-DHA-MGs H-DHA-MGs

0.23 ± 0.01 0.22 ± 0.04 0.21 ± 0.02

0.09 ± 0.01 0.10 ± 0.01 0.09 ± 0.01

0.09 ± 0.00a 0.09 ± 0.01a 0.10 ± 0.01a

0.04 ± 0.00 0.04 ± 0.00 0.04 ± 0.00

0.03 ± 0.00 0.03 ± 0.00 0.03 ± 0.00

0.03 ± 0.00 0.03 ± 0.00 0.03 ± 0.00

38.93 ± 1.68 39.68 ± 1.13 39.70 ± 1.48

15.17 ± 0.85 15.05 ± 0.62 15.23 ± 0.57

3.59 ± 0.20 3.65 ± 0.15 3.64 ± 0.11

3.17 ± 0.21 3.22 ± 0.24 3.12 ± 0.27

0.74 ± 0.06 0.73 ± 0.05 0.75 ± 0.04

0.45 ± 0.02 0.45 ± 0.02 0.46 ± 0.02

0.14 ± 0.02 0.15 ± 0.02 0.14 ± 0.02

0.14 ± 0.01 0.14 ± 0.01 0.14 ± 0.01

0.03 ± 0.00 0.03 ± 0.00 0.03 ± 0.00

0.06 ± 0.00 0.06 ± 0.01 0.06 ± 0.00

0.07 ± 0.00 0.07 ± 0.00 0.07 ± 0.00

0.04 ± 0.00 0.04 ± 0.00 0.04 ± 0.00

0.02 ± 0.00ab 0.03 ± 0.00a 0.02 ± 0.00ab

0.03 ± 0.00 0.03 ± 0.00 0.03 ± 0.01

23.65 ± 0.81 23.63 ± 0.64 23.72 ± 0.45

0.60 ± 0.04 0.59 ± 0.04 0.61 ± 0.03

0.28 ± 0.02 0.27 ± 0.02 0.28 ± 0.02

0.32 ± 0.02 0.31 ± 0.03 0.32 ± 0.02

0.27 ± 0.02 0.27 ± 0.03 0.28 ± 0.01

(Continued)
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Lipid class
Control L-DHA-MGs M-DHA-MGs H-DHA-MGs Control

Phosphatidic acids (PAs) 0.37 ± 0.01 0.36 ± 0.01 0.36 ± 0.01 0.36 ± 0.01 0.23 ± 0.01

Lysophosphatidylinositols (LPIs) 0.10 ± 0.00ab 0.11 ± 0.00a 0.10 ± 0.00b 0.10 ± 0.00b 0.09 ± 0.01

Lysophosphatidylserines (LPSs) 0.10 ± 0.00ab 0.11 ± 0.00a 0.10 ± 0.00b 0.10 ± 0.00b 0.08 ± 0.02b

Dilysocardiolipins (DLCLs) 0.04 ± 0.00 0.04 ± 0.00 0.04 ± 0.00 0.04 ± 0.00 0.04 ± 0.00

Lysophosphatidylglycerols (LPGs) 0.03 ± 0.00 0.03 ± 0.00 0.03 ± 0.00 0.03 ± 0.00 0.03 ± 0.01

Lysophosphatidic acids (LPAs) 0.03 ± 0.00ab 0.03 ± 0.00a 0.03 ± 0.00ab 0.03 ± 0.00b 0.03 ± 0.00

S glycerophospholipids (GPLs)
45.83

± 0.22ab
46.03 ± 0.18a 45.73 ± 0.18b 45.74 ± 0.21b 38.15 ± 0.83

Ceramides (Cers) 12.10 ± 0.12 12.09 ± 0.13 12.05 ± 0.20 12.00 ± 0.23 15.50 ± 0.47

Monohexosyl ceramides (Hex1Cers) 4.03 ± 0.06 4.01 ± 0.06 4.03 ± 0.11 4.00 ± 0.10 3.47 ± 0.18

Sphingomyelins (SMs) 3.84 ± 0.04 3.84 ± 0.02 3.85 ± 0.03 3.85 ± 0.04 2.99 ± 0.17

Sphingosines (SPHs) 0.65 ± 0.00 0.65 ± 0.01 0.65 ± 0.01 0.65 ± 0.01 0.76 ± 0.04

Ceramides phosphates (CerPs) 0.45 ± 0.01 0.45 ± 0.00 0.45 ± 0.01 0.45 ± 0.01 0.45 ± 0.03

Phytosphingosines(phSMs) 0.16 ± 0.00 0.16 ± 0.00 0.16 ± 0.00 0.16 ± 0.00 0.13 ± 0.01

Dihexosyl N-acetylhexosyl ceramides (CerG2GNAc1s) 0.11 ± 0.00 0.11 ± 0.00 0.11 ± 0.01 0.11 ± 0.00 0.14 ± 0.01

Dihexosyl ceramides (Hex2Cers) 0.07 ± 0.00 0.07 ± 0.00 0.07 ± 0.00 0.07 ± 0.00 0.02 ± 0.00

Lysosphingomyelins (LSMs) 0.07 ± 0.00 0.07 ± 0.00 0.07 ± 0.00 0.07 ± 0.00 0.06 ± 0.00

Trihexosyl ceramides (Hex3Cers) 0.06 ± 0.00 0.07 ± 0.00 0.07 ± 0.00 0.06 ± 0.00 0.07 ± 0.00

Ceramide phosphoethanolamines (CerPEs) 0.04 ± 0.00 0.04 ± 0.00 0.04 ± 0.00 0.04 ± 0.00 0.04 ± 0.00

Ganglioside monosialo trihexosyl ceramides (GM3s) 0.03 ± 0.00 0.03 ± 0.00 0.03 ± 0.00 0.03 ± 0.00 0.02 ± 0.00b

Trihexosyl N-acetylhexosyl
ceramides (CerG3GNAc1s)

0.02 ± 0.00 0.02 ± 0.00 0.02 ± 0.00 0.02 ± 0.00 0.03 ± 0.00

S sphingolipids (SPs) 21.63 ± 0.15 21.61 ± 0.10 21.58 ± 0.14 21.50 ± 0.21 23.68 ± 0.60

Cholesterol esters (ChEs) 0.44 ± 0.01 0.44 ± 0.01 0.44 ± 0.01 0.44 ± 0.01 0.61 ± 0.03

Campesterol esters (CmEs) 0.20 ± 0.00 0.20 ± 0.00 0.20 ± 0.00 0.20 ± 0.00 0.28 ± 0.02

AcylGlcSitosterol esters (AcHexSiEs) 0.18 ± 0.01 0.18 ± 0.01 0.19 ± 0.01 0.19 ± 0.02 0.33 ± 0.02

Zymosterol esters (ZyEs) 0.17 ± 0.00 0.17 ± 0.00 0.17 ± 0.00 0.17 ± 0.00 0.28 ± 0.02
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potentially pathogenic microorganisms was distinctly decreased

when the shrimp were fed diets supplemented with DHA-MGs.
4 Discussion

4.1 DHA-MGs promoted the growth
performance of L. vannamei

DHA, recognized as an essential component of aquatic feeds,

enhances the growth performance of farmed aquatic species (An

et al., 2023; Kumar et al., 2022). Recent studies indicate that MGs

enriched in DHA may enhance the emulsification of digested DHA-

MGs in the intestinal tract, hence facilitating the absorption and

accumulation of DHA into the tissues of certain mammalian species

(Chevalier and Plourde, 2021; Jin et al., 2020). In this study, shrimp (L.

vannamei) fed the H-DHA-MG diet for 30 days achieved the highest

final weight (6.81 ± 0.19 g), along with superior WGR and SGR among

all dietary groups (Table 2). Nevertheless, no significant differences in

HI values and survival rates were observed among the four groups. In

agreement with the results of our study, previous reports also

demonstrated that supplementation with DHA improved the overall

growth performance of L. vannamei juveniles, while survival remained

the same (Araújo et al., 2019). Our partial substitution of fish oil with

DHA-MGsmay have had a limited effect on the growth performance of

the shrimp, resulting in no statistical differences in survival rates among

the four groups. The enhanced growth performance of L. vannamei fed

high levels of DHA-MG may stem from these novel structured lipids.

The two hydroxyl radicals on their glycerol backbone confer enhanced

hydrophilicity, enabling a more effective absorption of nutrients from

the formulated diet and thereby improving growth (Beltrame et al.,

2023; Jin et al., 2020). Liu et al. (2024) found that juvenile shrimp fed

with MGs could exhibit a significant improvement in WGR, SGR, and

FC by promoting lipase activity, augmenting the expression of

triglyceride and fatty acid decomposition-related genes, and lowering

the levels of plasma triglycerides. Similar results were observed in other

aquaculture animals such as zebrafish (Wang et al., 2022), Atlantic

salmon (Oxley et al., 2007), and brown trout (Li and Olsen, 2017).

Recent nutritional studies have revealed that an optimal n-3/n-6

PUFA ratio in shrimp feed can improve the growth performance,

nutrient utilization, and health of aquatic animals (Dong et al., 2023;

Jin et al., 2019). This work indicates that the incorporation of DHA-

MGs progressively elevated the n-3/n-6 PUFA ratio in the shrimp

diet (Table 1), potentially enhancing the growth performance of L.

vannamei. Thus, the results in Table 2 manifested that the high level

of DHA-MGs to replace the fish oil was beneficial for shrimp growth.
4.2 DHA-MGs boosted the accumulation of
DHA into shrimp tissues

The addition of DHA-MGs did not significantly alter the

biochemical composition of shrimp muscle, as shown in Table 3.

However, the highest crude lipid content was examined in the H-

DHA-MG diet (Table 3). Wang et al. (2020) demonstrated that the
T
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shrimp diet supplemented with monolaurate distinctly improved

the activities of lipase and protease in the intestine and promoted

the accumulation of lipid in the whole body. Similar trends were

found in the other aquatic species fed with monoglycerides with

short/medium-chain fatty acids (Shin et al., 2023; Tang et al., 2023;

Tran et al., 2020) and oleic acid (Li and Olsen, 2017). The high level

of DHA-MGs might drive the intestinal tract to secrete some vital

digestive enzymes (e.g., lipase) and re-esterify the absorbed DHA-

MGs to generate a series of lipids (e.g., NLs, GPLs) into the muscle.

Furthermore, DHA-MGs facilitated the accumulation of DHA in

shrimp muscle (Table 4) and enhanced the nutritional value of

shrimp muscle. The possible reasons were that (1) DHA-MGs, as a

good emulsion, could alter the nutritional quality to meet the

shrimp requirements (Li and Olsen, 2017; Oxley et al., 2007;

Wang et al., 2022), (2) DHA-MGs might enhance the activities of

digestive enzymes for shrimp and upregulate some key genes (e.g.,

dehydrogenase and elongase) to deposit the digested DHA into the

muscle (Chen et al., 2024b; Santigosa et al., 2024). Consequently,

the findings in Tables 3 and 4 indicate that DHA-MGs may serve as

a novel lipid source to partially substitute fish oil for the lipid and

DHA accumulation in shrimp.

The hepatopancreas is a crucial organ in shrimp for regulating

lipid metabolism (Phonsiri et al., 2024; Vogt, 2019). Previous works

have demonstrated that aquatic feeds containing different fatty acid

compositions affected the lipid uptake and storage of shrimp
Frontiers in Marine Science 13
hepatopancreas (Figure 5), leading to the distinct disparity in the

fatty acid profile of shrimp tissues (Araújo et al., 2019; Zhang et al.,

2022). The data presented in Table 5 indicates that the incorporation

of DHA-MGs as a substitute for fish oil effectively increased the DHA

concentration in shrimp hepatopancreas from 9.11% to 10.6%. The

likely explanation is that DHA-MGwas preferentially reconstructed to

generate the desired lipids (e.g., NLs, GPLs) by the key enzymes of

Kennedy pathway and fatty acid metabolism (Destaillats et al., 2018;

Hishikawa et al., 2017), and then the lipids containing DHA were

deposited into the hepatopancreas.
4.3 DHA-MGs modified the level of lipid
species and DHA distribution

LC–MS technique, as a useful analytical tool, had been widely

employed to detect the lipid classes of shrimp (Sun et al., 2020; Tu

et al., 2022; Wang et al., 2024; Yu et al., 2020; Zhu et al., 2022). Sun

et al. (2020) chose this analytic technique to examine the lipidomics of

shrimp and stated that the shrimp lipids were mainly categorized as

NLs (e.g., TGs, DGs), GPLs (e.g., PCs, PEs), SPs (e.g., Cers, Hex1Cers),

and so on. In this work, the lipids of the muscle and hepatopancreas of

the shrimp treated with the four diets were also classified into these

mentioned lipid categories (Table 6). Among the seven lipid

categories, GPLs exhibited the highest concentrations in both
FIGURE 1

Significant differences in lipid classes with DHA and DHA distribution for muscle and hepatopancreas of four shrimp groups. (A) DHA-containing lipid
classes in the muscle, (B) DHA-containing lipid classes in the hepatopancreas, (C) sn-1(3) DHA-containing lipid classes in the muscle, (D) sn-1(3)
DHA-containing lipid classes in the hepatopancreas, (E) sn-2 DHA-containing lipid classes in the muscle, and (F) sn-2 DHA-containing lipid classes
in the hepatopancreas. The bars with different letters indicate significant difference (p < 0.05).
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shrimp muscle and hepatopancreas, a finding which aligns with

previous reports (Sun et al., 2020; Tu et al., 2022; Wang et al., 2024;

Yu et al., 2020; Zhu et al., 2022). Dietary supplementation with

different levels of DHA-monoglycerides (DHA-MGs) significantly

influenced the lipid composition across categories (Table 6)—for

instance, the highest TG, PC, and PE contents in shrimp muscle

were observed in the H-DHA-MG, L-DHA-MG, and control groups,

respectively. These findings suggest that partial fish oil replacement
Frontiers in Marine Science 14
with DHA-MGs may modulate key enzymatic activities (e.g.,

diglyceride acyltransferase (DGAT), lysophosphatidic acid

acyltransferase (LPAAT)) in lipid metabolism (Burri et al., 2012;

Körbes et al., 2016; Xiang et al., 2024), consequently altering specific

lipid species profiles (Figure 5). Furthermore, the shrimp muscle and

hepatopancreas showed differences in the content of designated lipid

species (Table 6)—for example, increasing the dietary DHA-MG levels

resulted in the elevation of the TG content in muscle tissue with a
TABLE 7 Statistical indexes calculated based on the Illumina sequencing data.

Indices
Groups

Control L-DHA-MGs M-DHA-MGs H-DHA-MGs

Number of valid sequences 40,027 ± 2,293b 46,628 ± 1,036a 43,736 ± 3,427ab 37,975 ± 2,560b

OTUs 398 ± 9a 378 ± 14ab 399 ± 26a 354 ± 7b

Good’s coverage 99.79 ± 0.02% 99.82 ± 0.00% 99.81 ± 0.03% 99.77 ± 0.06%

Chao1 443 ± 14 425 ± 13 445 ± 14 411 ± 27

ACE 461 ± 13 444 ± 9 469 ± 18 436 ± 34

Shannon 2.65 ± 0.07 2.48 ± 0.16 2.75 ± 0.23 2.48 ± 0.06

Simpson 0.19 ± 0.02 0.19 ± 0.03 0.17 ± 0.02 0.20 ± 0.01
Data with different letters in each row were statistically different (p < 0.05).
FIGURE 2

OTUs Venn diagram of the shrimp midgut microbiota for the four groups.
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reduction in hepatopancreatic TG accumulation. The M-DHA-MG

group showed the lowest PI concentration in the hepatopancreas;

nevertheless, no significant changes in muscle PI content were noted

among the four diets. The possible explanation is that particular

shrimp tissues may contain intrinsic catalytic enzymes that regulate

the lipid metabolism levels for the manufacture of specific lipid classes

(Figure 5) (Wu et al., 2023).

It was well known that DHA, as a fatty acyl group, was

commonly distributed in the FFAs and/or lipid species with

glycerol backbone (Li et al., 2025). This work also identified DHA

in these lipid species, as illustrated in Figure 1 and Supplementary

Figure S1. Notably, DHA-MG supplementation exerted tissue-

divergent regulatory effects on the concentrations of lipid classes

with DHA among the four experimental groups. In hepatopancreas,

DHA-MG supplementation selectively altered four lipidic classes

with DHA from the GPL category, while in muscle tissue DHA-

MGs predominantly modulated TGs and DGs with DHA (NLs) and

11 lipidic classes with DHA (e.g., PCs, PGs, etc.) from the GPL

category. The phenomena can be elucidated by the fact that various
Frontiers in Marine Science 15
tissues of aquatic animals often possess inherent lipid metabolism

that selectively re-esterify ingested DHA-MGs to produce lipid

classes with DHA (Weil et al., 2013; Xu et al., 2020).

Moreover, the DHA-MG supplement had positive impacts on the

DHA distribution of NL and GPL categories with glycerol backbone of

shrimp muscle and hepatopancreas, as stated in Figures 1C–F. It was

clear that the contents of some lipid classes (e.g., TGs, PMEs) with sn-1

(3) and sn-2 DHA for shrimp tissues were increased with increasing

DHA-MG. Nevertheless, an opposite trend was noted in several lipid

species (e.g., LPAs, LPCs) with sn-1(3) and sn-2 DHA. Pioneering

works have demonstrated that the key enzymes (e.g., diglyceride

acyltransferase (DGAT), lysophosphatidic acid acyltransferase

(LPAAT)) of lipid pathways perform substrate specificity toward

DHA for the biosynthesis of particular lipid classes (Klińska-Bac̨hor

et al., 2024; Körbes et al., 2016; Nobusawa et al., 2017; Wayne et al.,

2021; Xiang et al., 2024). Thus, the results in Figures 1C–F indicated

that the digested DHA-MGs might be reconstructed by the lipase/

phospholipase of lipid metabolism to drive the DHA rearrangement

toward the sn-1(3) and 2 positions (Figure 5). To understand the
FIGURE 3

Composition of shrimp midgut microbiota at the phylum (A) and genus (B) levels in the four groups.
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potential mechanism, it is necessary to determine the regulatory

factors and metabolites by multi-omics technology in the future.
4.4 DHA-MGs adjusted the abundance of
midgut microbe

It has been reported that altering the aquatic feed composition

played an essential role in the colonization and proliferation of

symbiotic microorganisms in the gut (Gao et al., 2023; Luan et al.,

2023; Qiao et al., 2017). The gut microbiota of aquatic animals plays

critical roles in nutrition, development, immunity, and resistance

against invasive pathogens (Holt et al., 2021; Zeng et al., 2024). In

the present work, the dominant phyla of midgut microbe in each

group were Proteobacteria, Bacteroidetes, Verrucomicrobia, and

Planctomycetes, a finding which was consistent with that of

previous studies (Fan et al., 2019; Huang et al., 2018; Zheng et al.,

2017). Moreover, dietary DHA-MGs influenced the abundances of

these phyla in the shrimp midgut. Shrimp subjected to M-DHA-

MGs had the greatest abundances of Proteobacteria and

Planctomycetes, while this group recorded the lowest abundance

of Bacteroidetes. These results indicated that the appropriate intake

of DHA-MGs might selectively promote the growth of
Frontiers in Marine Science 16
Proteobacteria and Planctomycetes while suppressing

Bacteroidetes proliferation. Moreover, it was interesting to find

that the abundance of Verrucomicrobia (13.67%) for all groups was

greater than the ones reported by Huang et al. (2018) and Fan et al.

(2019), likely due to the differences in the farming environment

with the specific microorganisms (Kim et al., 2021). Conversely, the

shrimp midgut for H-DHA-MGs exhibited the lowest abundance of

Verrucomicrobia, implying that the high DHA level of shrimp feed

may be detr imental to the growth of bacter ia from

Verrucomicrobia. Liu et al. (2024) asserted that the appropriate

addition of MGs could maintain the stability of the intestinal

microbiota to improve the abundance of beneficial bacteria via

upregulating intestinal antimicrobial peptide-related genes and

tumor necrosis factor-alpha levels. Some previous works about

the intestinal microbiota of shrimp affected by the DHA addition

had reported similar results as well (Liang et al., 2022; Zhang et al.,

2022, 2014).

On the other hand, dietary DHA-MGs had distinct effects on the

abundance of bacteria genus in the shrimp midgut. DHA-MGs

significantly reduced the abundance of Flavobacterium and

improved the proportion of Celeribacter (Figure 3B), suggesting that

DHA-MGs could readjust to establish a new healthy midgut

microbiome balance for promoting shrimp growth (Costantini et al.,
FIGURE 4

Nine potential phenotype analyses of shrimp midgut microbiota in the four groups. (A) Aerobic, (B) Anaerobic, (C) Facultatively anaerobic, (D) Gram-
negative, (E) Gram-positive, (F) Containing mobile elements, (G) Oxidative stress tolerant, (H) Forming biofilms, and (I) Potentially pathogenic. The
bars with different letters indicate significantly different (p < 0.05).
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2017; Yu et al., 2021). Furthermore, the findings of the bacterial

phenotype study (Figure 4) indicated that the addition of DHA-MGs

significantly influenced the number of microbes with varying

biological characteristics (Figure 5). The addition of DHA-MGs was

observed to enhance the abundance of gram-positive microbes while

concurrently reducing the abundance of aerobic and gram-negative

microorganisms. This was the first time to report the phenomenon

concerning the abundance of shrimp gram-positive bacteria

influenced by the addition of DHA-MGs. Furthermore, the M-

DHA-MG diet effectively reduced the abundance of anaerobic

microorganisms while enhancing the prevalence of facultatively

anaerobic microorganisms and bacteria possessing mobile elements,

oxidative stress tolerance, and biofilm-forming capabilities. The

increased abundance of these four bacterial phenotypes indicates

that moderate dietary supplementation with DHA-MGs can

enhance the resilience of shrimp intestinal microbiota to diverse

environmental challenges (Fu et al., 2024). Moreover, the addition

of DHA-MGs markedly diminished the abundance of potentially

pathogenic microorganisms (Figure 4I), indicating that DHA-MGs

may serve as a potential bacteriostat to regulate the gut microbiota and

inhibit the proliferation of pathogenic bacteria, thereby enhancing

growth performance (Fu et al., 2021). To the best of our knowledge,

this work was the first to elucidate the details between intestinal

microbiota and DHA-MG addition, and the potential mechanism

remained unclear. Further research is required to elucidate the

interaction between the digestion of DHA-MGs and midgut bacteria

in order to produce innovative shrimp feeds incorporating DHA-

MGs, thereby demonstrating the mechanisms that influence changes

in the microbial community structure of the shrimp midgut.
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In summary, this work showed that the high level of DHA-MGs

from Schizochytrium sp. to partially replace fish oil was conducive

to the growth performance and DHA accumulation of L. vannamei.

Furthermore, the incorporation of DHA-MGs significantly

influenced the levels of particular lipid classes and their

distribution of DHA. Additionally, it might favor intestinal health

by regulating intestinal microbial community composition. Taken

together, Schizochytrium-derived DHA-MGs could be the potential

novel candidate to replace fish oil in shrimp diet in view of the

growth performance, DHA accumulation and distribution, and

intestinal microbiota.
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