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Abstract

The intensification of largemouth bass (Micropterus salmoides) aquaculture has increased
the incidence of infectious diseases and metabolic disorders, raising concerns about an-
timicrobial resistance. Nutritional immunology offers a sustainable preventive strategy,
with intestinal health playing a central role. Phospholipid (PL) additives—including
soybean lecithin (SBL), lysophospholipids (LPLs), and marine phospholipids (MPLs)—
have emerged as promising functional feed additives due to their roles in nutrition, lipid
metabolism, and intestinal homeostasis. This review systematically summarizes current
knowledge on the effects of these three PL types on growth performance, nutrient utiliza-
tion, lipid metabolism, and intestinal health in largemouth bass. We discuss the underlying
molecular mechanisms, including the regulation of intestinal barrier function, mucosal
immunity, and gut microbiota composition. We also compare the efficacy of different PL
types, revealing that their benefits are often context-dependent, especially when facing
nutritional challenges. Finally, we identify critical knowledge gaps and propose future
research directions while also acknowledging that most evidence originates from a limited
number of research groups in China, underscoring the need for independent validation
across diverse production systems to strengthen generalizability.

Keywords: Micropterus salmoides; lecithin; lipid metabolism; intestinal health; nutritional
immunology

Key Contribution: This review systematically compares the differential effects of soybean
lecithin, lysophospholipids, and marine phospholipids on growth performance, lipid
metabolism, and intestinal health in largemouth bass, and reveals the underlying molecular
mechanisms involving intestinal barrier integrity, p38 MAPK/NF-«kB-mediated mucosal
immunity, and gut microbiota modulation.

1. Introduction

Largemouth bass (Micropterus salmoides) is one of the most economically important
carnivorous freshwater fish species worldwide, with production exceeding 800,000 tons in
China alone in 2023 [1]. The rapid expansion of intensive largemouth bass aquaculture has
been accompanied by several challenges, including high feed costs, increased incidence of
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infectious diseases, and metabolic disorders such as fatty liver disease [2—4]. These issues
not only cause significant economic losses but also raise concerns about the overuse of
antibiotics and the development of antimicrobial resistance [5,6].

Nutritional immunology offers a sustainable, preventive approach to enhance host
resistance and resilience by optimizing dietary composition and incorporating functional
feed additives [7,8]. The intestine, as the primary organ for nutrient digestion and absorp-
tion, also serves as the largest immune organ and a critical barrier against pathogens and
harmful substances [9-11]. Accumulating evidence highlights the central role of intesti-
nal health in mediating the effects of nutritional interventions on overall fish health and
performance [7,9].

Phospholipids (PLs) are a class of lipids that serve as essential structural components
of cell membranes and play critical roles in lipid transport, metabolism, and signal transduc-
tion [12-16]. Based on their origin and modification, three types of phospholipid-related
products are commonly used in aquafeeds. Lecithin is a generic term for a complex mixture
containing phospholipids, primarily phosphatidylcholine (PC), phosphatidyl-ethanolamine
(PE), and phosphatidylinositol (PI), along with neutral lipids and glycolipids; soybean
lecithin (SBL) is the most common plant-derived form [17,18]. Lysophospholipids (LPLs)
are hydrolyzed derivatives of phospholipids, produced by enzymatic removal of one fatty
acid chain, which confers superior emulsifying properties and water solubility [19]. Marine
phospholipids (MPLs) are distinguished by their high content of n-3 polyunsaturated fatty
acids esterified to the phospholipid backbone. In recent years, there has been growing inter-
est in the immunomodulatory and intestinal health-promoting effects of these phospholipid
additives in aquaculture [19-21].

This review provides a comprehensive overview of the current state of knowledge on
the role of phospholipid additives in nutrition and intestinal health of largemouth bass.
We will first discuss the effects of different types of phospholipid additives on growth
performance and nutrient utilization. Then, we will focus on their impacts on intestinal
health, including intestinal morphology, barrier function, mucosal immunity, and gut
microbiota. We will also explore the underlying molecular mechanisms and compare the
efficacy of different phospholipid additives. Finally, we will identify knowledge gaps and
propose future research directions to advance the application of phospholipid additives in
sustainable largemouth bass aquaculture.

2. Types and Properties of Phospholipid Additives Used in Aquaculture

In aquaculture, phospholipid-based feed additives include native lecithin products
derived from plant and marine sources, as well as their enzymatically modified derivatives.
The most commonly used phospholipid products in aquafeeds are:

2.1. Soybean Lecithin

SBL is the most widely used and cost-effective source of lecithin in aquafeeds [12]. The
phospholipid fraction of SBL typically consists of approximately 20-22% PC, 16-22% PE,
and 13-16% P1I, along with smaller amounts of phosphatidic acid (PA) and other LPs [22].
The fatty acid composition of lecithin varies depending on the source, with SBL being rich
in linoleic acid (C18:2n-6) and other polyunsaturated fatty acids [23] (Figure 1 and Table 1).

2.2. Lysophospholipids

LPLs are formed by the hydrolysis of lecithin by phospholipase A2, which removes
one fatty acid molecule from the sn-2 position of the glycerol backbone [24,25]. This modifi-
cation makes LPLs more hydrophilic than native lecithin, resulting in superior emulsifying
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properties [26,27]. The most common LPL used in aquaculture is lysophosphatidylcholine,
which accounts for the majority of commercial LPL products [28,29] (Figure 1 and Table 1).
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Figure 1. Chemical structures of major phospholipid additives commonly used in aquafeeds.

Table 1. Key characteristics of different phospholipid additives commonly used in aquafeeds.

Characteristic Soybean Lecithin Lysophospholipids Marine Phospholipids
Number of fatty acid chains 2 1 2
DHA /EPA content Very low Very low Rich
Emulsifying capacity Medium High Medium
Water solubility Low High Medium

2.3. Marine Phospholipids

MPLs are extracted from marine sources such as fish roe, krill, and squid [12,30,31].
They are rich in omega-3 polyunsaturated fatty acids (PUFAs), particularly eicosapentaenoic
acid (EPA) and docosahexaenoic acid (DHA), which are esterified to the phospholipid
backbone [32,33]. MPLs exhibit unique biological activities compared to plant-derived
lecithin, including anti-inflammatory and neuroprotective effects [34,35] (Figure 1 and
Table 1).

3. Effects of Phospholipid Additives on Growth Performance, Nutrient
Utilization, and Broodstock Reproductive Performance in
Largemouth Bass

Many fish species, particularly during the early life stages, have a limited capac-
ity for de novo phospholipid synthesis due to the low activity of key enzymes such as
CTP:phosphocholine cytidylyltransferase [31,36]. Therefore, carnivorous fish like large-
mouth bass rely heavily on dietary sources of PLs to meet their requirements for cell
membrane synthesis, lipoprotein assembly, and lipid transport. Numerous studies have
demonstrated that dietary supplementation with PLs can improve growth performance
and feed utilization in largemouth bass, particularly in early life stages [37—40].

3.1. Soybean Lecithin

An 8-week feeding trial was conducted to evaluate the effects of dietary SBL levels
(0, 2, 4, and 8%) on juvenile largemouth bass (initial weight: 9.33 & 0.06 g). The results
showed that fish fed diets containing 4% and 8% SBL had significantly higher weight gain
and specific growth rate compared to the control group (0% SBL). The optimal growth
performance was observed in the 4% SBL group, which also had the lowest feed conversion
ratio. Similarly, another study found that 4% dietary SBL significantly increased the
activities of digestive enzymes (protease, lipase, and amylase) in the intestine and liver of
juvenile largemouth bass [37]. A similar study demonstrated that dietary supplementation
with 4% or 8% SBL significantly increased lipase and amylase activities in both the liver and
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intestine of juvenile largemouth bass. The activities of these enzymes were significantly
higher in the SBL-supplemented groups compared with the control group [38]. This
improvement in digestive function was associated with enhanced nutrient absorption and
utilization, leading to better growth performance. The study also revealed that 4% SBL
upregulated the mRNA expression of genes involved in glycolysis, glycogen synthesis, and
lipid transport in the liver, indicating improved metabolic efficiency [37] (Table 2).

Table 2. Beneficial Effects of Dietary Phospholipid Additives Inclusion on Largemouth Bass.

Fish Body Added Level  Feeding Trial

Weight in Diets (%) Time (Days) Specific Effects References

Lecithin Type

Improved growth performance; elevated the
antioxidant enzymes activities; enhanced levels of the
immune factors and the mRNA expression levels of
innate immune-related genes; decreased mRNA
933+ 006g 4 56 expression levels of MAP%(L%, MAPK14 and NF-«B 1371

P65; increased intestinal villus height and muscular

thickness; upregulated mRNA expression levels of

the intestinal epithelial cell tight junction proteins

increased growth and digestive abilities; improved
serum biochemical indicators and hormones;
9.33+001g 4 56 promoted glycolysis and glycogen synthesis, and [38]
Soybean Lecithin facilitated lipid synthesis and transport

Improved growth performance; reduced liver fat
deposition and neutral lipid/polar lipid ratio;
11.97 £ 0.11 mg 12 42 increased hepatopancreatic catalase and glutathione [39]
activities and decreased malondialdehyde content;
reduced liver triglyceride and total cholesterol levels

Improved growth performance and digestive
enzymes; promoted the expression of tight junction
proteins; alleviated the accumulation of intestinal
. S . [40]
triacylglycerols; inhibited the transcription of some
pro-inflammatory cytokines; decreased Klebsiella
content in gut

9.61 £0.02 mg 2,4,6,and 8 28

No negative effect on the growth performance;
increased the activity of intestinal digestive enzymes;
6.04 £0.04¢g 0.1 64 enhanced the hepatic lipid metabolism; promoted the [19]
protein deposition; regulated the structure and
diversity of the intestinal flora

Improved growth performance; promoted the protein
deposition; decreased overall lipid deposition in
. terms of mesenteric fat index and liver lipid content;
Lysophospholipids 211 + 1.2g 0.03 56 improved intestinal barrier function; increased the (20]
alpha diversity index and the abundances of
Proteobacteria in the intestinal microbiota

No negative effect on the growth performance;
increase the crude protein content and decreased the
crude lipid content in the whole body; improve [41]
hepatic lipid utilization efficiency; promote serum
lipid transport, and enhance hepatic lipid metabolism;
improve intestinal health

10714030 g 0.1 56

No significant effect on the growth performance;
improved the contents of DHA and EPA in fish,
serum and muscle; reduced the mRNA expression
levels of genes related to fat synthesis in liver and [42]
muscle, but significantly increased the mRNA
expression levels of genes related to lipolysis; reduced
fat levels within tissues by inhibiting fat synthesis and
promoting fatty acid oxidation and lipolysis

phol;/llafcl)rlli;ids 431+0038g 3and 6 56

Larval fish body weights are expressed in milligrams (mg); all other weights are in grams (g).

3.2. Lysophospholipids
LPLs have shown even more promising effects on growth performance and feed uti-
lization in largemouth bass, especially when used in low-protein or low-lipid diets [41,43].
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Lu et al. [19] investigated the effects of supplementing 1 g/kg LPLs in low-protein (52.46%
vs. 54.52% crude protein) or low-lipid (10.19% vs. 11.45% crude lipid) diets for largemouth
bass (initial weight: 12.3 & 0.2 g). After 64 days of feeding, the growth performance of fish
in both LPL-supplemented groups was not significantly different from that of the control
group fed the standard diet. However, the LPL-supplemented groups had significantly
higher condition factor and whole-body crude protein content compared to the control. In
a more recent study, Bao et al. [20] compared the effects of 300 mg/kg LPLs on the growth
performance of largemouth bass (initial weight: 21.1 & 1.2 g) fed a high-fat diet (14% crude
lipid). LPL supplementation showed a trend towards higher weight gain compared to the
control group. Notably, LPL supplementation significantly increased the protein deposition
rate by 8.7% compared to the control, indicating improved protein utilization (Table 1).

3.3. Marine Phospholipids

Chen et al. [42] evaluated the effects of dietary supplementation with DHA-rich
marine phosphatidylcholine (DHA-PC) at levels of 0%, 3%, and 6% on largemouth bass
(initial weight: 4.31 4= 0.038 g). The results showed that DHA-PC supplementation had no
significant effect on growth performance but significantly reduced the viscerosomatic index
and whole-body crude fat content. The study also found that DHA-PC supplementation
altered the fatty acid composition of fish tissues, increasing the DHA content in the liver
and muscle (Table 1).

3.4. Effects on Larval Stages

Multiple studies have demonstrated that dietary SBL supplementation signifi-
cantly enhances body weight gain and specific growth rate of largemouth bass larvae
(11.97 £ 0.11 mg) [39]. In another comprehensive study on larval largemouth bass (initial
weight: 9.61 + 0.02 mg), five isonitrogenous and isolipidic micro-diets containing graded
phospholipid levels (1.69, 3.11, 5.23, 7.43, and 9.29%) were formulated. Results showed that
dietary SBL supplementation linearly improved growth performance, with optimal growth
achieved at the 7.43% SBL level, which also resulted in significantly higher survival rate
and lower deformity rate compared with the control group [40] (Table 1).

3.5. Impact on Broodstock Reproductive Performance

Although most studies have focused on the growth stages, emerging evidence suggests
that PLs are critical for broodstock nutrition. Largemouth bass, like other teleosts, rely on
maternal deposition of PLs to ensure oocyte quality and larval viability [44,45].

PLs play a pivotal role in lipid transport during vitellogenesis [46]. They facilitate the
transport of lipids from the liver to the developing oocytes via lipoproteins [47]. Inadequate
dietary PLs intake can lead to poor ovarian development and reduced fecundity of aquatic
animals [46]. Studies on largemouth bass indicate that an optimal dietary lipid source is
necessary to maximize gonadosomatic index and ovarian maturation, while also preserving
liver health and function [48]. Furthermore, the emulsifying properties of LPLs may
enhance the absorption of fat-soluble vitamins (e.g., Vitamin E) and sterols, which are
essential for hormone synthesis and reproductive maturation for largemouth bass [49,50].

3.6. Critical Considerations for Cross-Study Comparison

It should be noted, however, that direct comparison among these studies is com-
plicated by substantial differences in experimental design. For instance, the initial body
weight of fish varied from 11.97 mg (larval stage) to 9.33 g (juvenile stage), which inevitably
affects baseline phospholipid requirements due to ontogenetic changes in endogenous
synthetic capacity [37-39]. Moreover, the dietary inclusion levels of SBL ranged from 2% to
12% [37-40], whereas LPLs were effective at much lower levels (0.03-0.1%) [19,20,41], re-
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flecting their superior emulsifying and membrane-permeabilizing properties. Importantly,
the positive effects of LPLs on growth were more pronounced under nutritionally chal-
lenged conditions (e.g., low-protein or high-fat diets) than under standard feeding regimes,
suggesting that the benefit of PLs supplementation is largely context-dependent [19,20].
These contextual factors must be carefully considered when extrapolating research findings
to commercial feed formulations.

4. Effects of Phospholipid Additives on Lipid Metabolism in
Largemouth Bass

One of the most important benefits of PLs supplementation in carnivorous fish like
largemouth bass is its ability to regulate lipid metabolism and prevent excessive lipid
accumulation in the liver and other tissues [37,51] (Figure 2).

Common Used Molecular Mechanisms of Action Biological Outcomes
Phospholipid Additives &Final Goal
Lipid metabolism
( /—\ \ Inhibit Promote Enhance Lipid / \
Lipogenesis Lipolysis Transport
L FAS | HsLt ApoB100+ Improved Growth
Soybean Lecithin DCATS ¢ et coser Performance &
(SBL) FABP10+
Nutrient Utilization
/ﬁ Intestinal immunity and inflammation l
pro t Sustainable
Lysophospholipids » Morphology Barrier Largemouth
(LPLs) ius hei .
ot ol 2 e Bass
Superior emulsification Sl MERCACE Aquaculture
Gut microbiota regulation Reduced Hepatic
Marine Phospholipids Beneficial bacteria t Steatosis &
(MPs) (Cetobacterium, Acinetobacter)
Pathogens Metabolic Disorders
Rich in EPA/DHA (Mycoplasma, Klebsiella, Pseudomonas)
\ / SCFAs production t k /

Figure 2. Core Molecular Mechanisms of Phospholipid Additives on Intestinal Homeostasis and
Metabolic Health in Largemouth Bass. FAS, Fatty Acid Synthase; ACC1, Acetyl-CoA Carboxy-
lase 1; DGAT?2, Diacylglycerol Acyltransferase 2; HSL, Hormone-Sensitive Lipase; CPT1, Carnitine
Palmitoyltransferase 1; MGL, Monoacylglycerol Lipase; ApoB100, Apolipoprotein B100; FATP1,
Fatty Acid Transport Protein 1; CD36, Cluster of Differentiation 36; FABP10, Liver-Type Fatty Acid
Binding Protein 10; ZO-1, Zonula Occludens-1; p38 MAPK, p38 Mitogen-Activated Protein Kinase;
NF-«B, Nuclear Factor Kappa B; TNF-«, Tumor Necrosis Factor Alpha; IL-1§3, Interleukin-1 Beta; IL-8,
Interleukin-8; IFN-y, Interferon Gamma; TGF-31, Transforming Growth Factor Beta 1; ACP, Acid
Phosphatase; LZM, Lysozyme; C3, Complement Component 3; IgM, Immunoglobulin M; SCFAs,
Short-Chain Fatty Acids; EPA, Eicosapentaenoic Acid; DHA, Docosahexaenoic Acid.

4.1. Regulation of Hepatic Lipid Deposition

High-fat diets are commonly used in intensive largemouth bass aquaculture to spare
protein and improve growth performance [52]. However, excessive dietary fat often leads
to hepatic steatosis (fatty liver disease), which impairs liver function and reduces fish health
and productivity [53,54].

Wang et al. [39] demonstrated that graded phospholipid replacement (up to 100%) at
the 6% lipid level optimized growth, reduced fat deposition, and alleviated the metabolic
burden induced by a high-fat diet (12% lipids), thereby enhancing the health of largemouth
bass larvae. Wu et al. [37] found that 4% dietary SBL significantly reduced serum triglyc-
eride and total cholesterol (TC) levels in juvenile largemouth bass. Similarly, Lu et al. [19]
found that LPL supplementation in low-lipid diets significantly decreased serum TC levels
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and alanine aminotransferase activity, indicating improved liver function. Bao et al. [20]
demonstrated that LPL supplementation (300 mg/kg) significantly reduced the mesenteric
fat index and liver lipid content in largemouth bass fed a high-fat diet. Mechanistically,
SBL inhibits the expression of lipogenesis-related genes such as fatty acid synthase (fas),
acetyl-CoA carboxylase 1 (accl), and diacylglycerol O-acyltransferase 2 (dgat2) [38,55], thereby
suppressing de novo lipogenesis. Concurrently, it upregulates lipolytic genes, including
hormone-Sensitive Lipase and monoglyceride lipase [55], and MPLs further inhibit fat synthe-
sis and promote fatty acid oxidation and lipolysis [42]. This coordinated regulation of
lipid synthesis and oxidation effectively prevents hepatic steatosis and improves overall
metabolic health in both larval and juvenile largemouth bass.

4.2. Improvement of Lipid Transport

Lecithin is an essential component of lipoproteins, which are responsible for transport-
ing lipids from the intestine to other tissues. Phosphatidylcholine, the major component of
lecithin, is required for the assembly and secretion of very-low-density lipoproteins from
the liver [56,57].

Wu et al. [37] reported that 4% dietary SBL significantly upregulated the mRNA
expression of genes involved in lipid transport, including fatty acid transport protein 1,
cluster of differentiation 36, apolipoprotein B100, and fatty acid-binding protein 10 in the
liver of largemouth bass. This upregulation enhances the transport of lipids from the liver
to peripheral tissues, reducing the risk of hepatic steatosis.

5. Effects of Phospholipid Additives on Intestinal Health in
Largemouth Bass

Researchers have increasingly recognized the critical role of intestinal health in overall
fish health and performance in recent years [10]. The intestine serves as a selective barrier
that allows the absorption of nutrients while preventing the entry of pathogens and harmful
substances [58,59]. It also houses a complex microbial community that plays essential roles
in digestion, immunity, and metabolism [60,61].

5.1. Improvement of Intestinal Morphology

Intestinal morphology, particularly villus height and muscular thickness, is a key
indicator of intestinal health and absorptive capacity [62]. Several studies have shown that
PLs supplementation can improve intestinal morphology in largemouth bass.

Wu et al. [37] found that 4% and 8% dietary SBL significantly increased intestinal
villus height and muscular thickness in juvenile largemouth bass. Histological examination
revealed that fish in the 0% and 2% SBL groups showed detached villi and villous atrophy,
while the 4% and 8% SBL groups had well-developed intestinal morphology with intact villi.
Yang et al. [38] also demonstrated that dietary supplementation with 4% SBL significantly
improved intestinal morphology and increased the activity of digestive enzymes in juvenile
largemouth bass. Similarly, Bao et al. [20] reported that LPL supplementation (300 mg/kg)
significantly increased intestinal villus length in largemouth bass fed a high-fat diet. The
study also found that LPL supplementation was more effective than bile acids in improving
intestinal morphology, suggesting that LPLs have unique beneficial effects on intestinal
structure. Wang et al. [40] further demonstrated that dietary SBL significantly increased
the mucosal fold height and muscular thickness in the intestine of larval largemouth bass.
The study also found that SBL supplementation alleviated the accumulation of intestinal
triacylglycerols, which is often associated with intestinal dysfunction in early life stages.
The mechanisms underlying the improvement of intestinal morphology by PLs are likely
related to their role as a structural component of cell membranes. Exogenous PLs provide
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building blocks for the rapid turnover and renewal of intestinal epithelial cells, which
have a high rate of proliferation. Moreover, by improving lipid digestibility and nutrient
absorption, PLs may indirectly provide more energy and nutrients to support intestinal
tissue growth and development.

5.2. Enhancement of Intestinal Barrier Function

The intestinal barrier is composed of a single layer of epithelial cells connected by
tight junctions, which regulate the paracellular transport of molecules [63]. Impairment of
the intestinal barrier (leaky gut) can lead to the translocation of bacteria and their toxins
into the bloodstream, triggering systemic inflammation and disease [64,65].

Wu et al. [39] reported that 4% dietary SBL significantly upregulated the mRNA
expression of several tight junction proteins, including zonula occludens-1 (ZO-1), claudin-
3, claudin-4, claudin-5, claudin-23, and claudin-34, in the intestine of largemouth bass. The
study also found that SBL supplementation increased the expression of mucin-5AC, a major
component of the intestinal mucus layer that provides an additional physical barrier against
pathogens. Bao et al. [20] confirmed these findings, showing that LPLs supplementation
(300 mg/kg) significantly increased the mRNA expression of ZO-1 in the intestine of
largemouth bass. Wang et al. [40] also reported that dietary SBL promoted the expression of
tight junction proteins including ZO-1, claudin-4 and claudin-5 in larval largemouth bass.
These findings are particularly relevant for carnivorous fish like largemouth bass, which
are highly sensitive to the intestinal barrier-damaging effects of anti-nutritional factors
present in plant-protein ingredients.

5.3. Modulation of Intestinal Immunity and Inflammation

The intestine is the largest immune organ in the body, containing approximately 70% of
the total immune cells [62,63]. Studies have shown that PLs modulate intestinal immunity
and reduce inflammation in largemouth bass.

The immunomodulatory effects of phospholipid additives are intricately linked to
their ability to suppress the activation of the mitogen-activated protein kinase (MAPK)
and nuclear factor-kappa B (NF-«B) signaling cascades in largemouth bass [37,40]. Under
physiological conditions, lecithin-derived metabolites can stabilize the intestinal microenvi-
ronment, reducing the release of reactive oxygen species that act as secondary messengers
for MAPK activation. Mechanistically, PLs supplementation downregulates the phospho-
rylation of p38 MAPK and extracellular signal-regulated kinase, which in turn inhibits
the degradation of IkB-«, the inhibitory protein that sequesters NF-kB in the cytoplasm.
Consequently, the nuclear translocation of the NF-«B p65 subunit is prevented, leading to
suppressed transcription of pro-inflammatory cytokines (tnf-«, il-14, il-8, and ifn-y) and
enhanced expression of the anti-inflammatory cytokine tgf-31 [37]. This shift in the inflam-
matory tone not only protects intestinal epithelial cells from apoptosis but also facilitates
the repair of tight junctions.

Beyond these canonical inflammatory pathways, PLs supplementation consistently
enhances the activity of key mucosal immune effectors. For instance, dietary SBL at 4%
inclusion significantly elevated the activities of acid phosphatase, lysozyme, complement
component 3, and immunoglobulin M in the intestinal mucosa of juvenile largemouth
bass, indicating a broad enhancement of both innate and adaptive humoral immunity [37].
These findings were further corroborated in larval stages, where dietary SBL not only
elevated lysozyme activity [40]. Collectively, these modifications underscore that PLs
orchestrate a balanced immune response—dampening excessive pro-inflammatory signals
while bolstering the local antimicrobial arsenal in largemouth bass.
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5.4. Regulation of Intestinal Microbiota

The intestinal microbiota plays a crucial role in maintaining intestinal homeostasis
by modulating nutrient digestion, immune development, and pathogen resistance [66,67].
Emerging evidence suggests that PLs can modulate the composition and diversity of the
intestinal microbiota in largemouth bass.

Lu et al. [19] investigated the effects of LPL supplementation on the intestinal mi-
crobiota of largemouth bass using 16S rRNA gene sequencing. The results showed that
LPL supplementation increased the abundance of beneficial bacteria such as Cetobacterium
and Acinetobacter, while decreasing the abundance of potentially harmful bacteria such as
Muycoplasma. Cetobacterium is known to produce short-chain fatty acids (SCFAs), which are
important energy sources for intestinal epithelial cells and have anti-inflammatory effects.
Bao et al. [20] further demonstrated that LPL supplementation increased the alpha diversity
of the intestinal microbiota and the abundance of Proteobacteria, which was positively cor-
related with the concentration of SCFAs in the gut. Wang et al. [40] also found that dietary
SBL significantly altered the intestinal microbiota profile of larval largemouth bass at the
genus level, including a decreased richness of pathogenic bacterial genus Klebsiella in the
larval intestine. More recently, Zhang et al. [57] found that dietary lysolecithin increased the
relative abundance of Cetobacterium and reduced potential opportunistic taxa Pseudomonas
in largemouth bass intestines. In summary, the mechanism by which PLs improve intestinal
health in largemouth bass can be characterized as a synergistic, bidirectional modulation of
the gut microbiota. On one hand, LPLs significantly increase the abundance of beneficial
bacteria (e.g., Cetobacterium and Acinetobacter), enhance alpha diversity and the proportion
of Proteobacteria, and thereby promote the production of SCFAs in the gut, which serve as
energy sources for intestinal epithelial cells and exert anti-inflammatory effects, supporting
intestinal barrier and immune homeostasis. On the other hand, PLs effectively suppress the
colonization of opportunistic pathogens such as Mycoplasma, Klebsiella, and Pseudomonas,
reducing the risk of infection and inflammation. In essence, this mechanism reshapes the
microbial community by enriching beneficial taxa while suppressing detrimental ones,
shifting the intestinal microenvironment from a potentially pro-inflammatory state to an
anti-inflammatory, high-energy state dominated by SCFA production, thereby maintaining
the intestinal health of largemouth bass.

While the above studies consistently support the beneficial effects of PLs on intestinal
health, several inconsistencies warrant discussion. For example, Wu et al. [37] reported
that 4% SBL significantly upregulated the mRNA expression of multiple claudin family
members (claudin-3, -4, -5, -23, -34), whereas Bao et al. [20] found that LPLs mainly
affected ZO-1. This discrepancy may reflect differences in PLs type (native vs. hydrolyzed),
inclusion level, or fish size, but it also raises the possibility that different PLs modulate
intestinal barrier function through partially distinct molecular pathways. Additionally,
most studies reported increased villus height after PLs supplementation, likely due to
differences in basal diet composition, rearing conditions, and the baseline intestinal health
status of the experimental fish. These observations underscore the need for standardized
experimental protocols and direct head-to-head comparisons of different phospholipid
additives under identical conditions.

6. Comparison of Different Phospholipid Additive Types

While all types of phospholipid additives have beneficial effects on largemouth bass
nutrition and intestinal health, there are some differences in their efficacy and mechanisms
of action.
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6.1. Native Lecithin vs. Lysophospholipids

LPLs have several advantages over native lecithin in aquafeeds. First, due to their
higher hydrophilicity, LPLs have superior emulsifying properties, which improve the
digestion and absorption of dietary lipids [68,69]. Second, LPLs can increase the fluidity
and permeability of cell membranes, facilitating the absorption of other nutrients such as
proteins and carbohydrates [70]. Third, LPLs exhibit more potent immunomodulatory and
intestinal health-promoting effects compared to native lecithin [20,57,71]. However, LPLs
are more expensive than native lecithin, which limits their widespread use in commercial
aquafeeds. The optimal inclusion level of LPLs is also much lower (300-1000 mg/kg)
compared to native lecithin (2—4%).

6.2. Plant-Derived vs. Marine-Derived Lecithin

Plant-derived lecithin (primarily SBL) is the most commonly used type in aquaculture
due to its low cost and wide availability. Studies have shown that it effectively improves
growth performance, lipid metabolism, and intestinal health in largemouth bass [37,38].

Marine-derived phospholipids, on the other hand, are rich in n-3 PUFAs, which have
unique anti-inflammatory and immunomodulatory effects. While MPLs have not been ex-
tensively studied in largemouth bass [42], studies in other fish species have shown that they
can improve growth performance, stress resistance, and reproductive performance [72-75].
However, the high cost of MPLs limits their use to high-value aquaculture species and
specific life stages.

7. Practical Applications and Recommendations

Based on the current research findings, the following practical recommendations can
be made for the use of phospholipid additives in largemouth bass feed formulations:

Optimal inclusion levels: For SBL, the optimal inclusion level in juvenile largemouth
bass diets is 4%. For LPLs, the recommended inclusion level is 300-1000 mg/kg, depend-
ing on the diet composition. For larval stages, higher phospholipid levels (5-7%) are
recommended to support rapid growth and development.

Application in low-nutrient diets: LPs, particularly LPLs, can be used to reduce the
protein and lipid levels in largemouth bass diets without compromising growth perfor-
mance. This can significantly reduce feed costs and minimize the environmental impact
of aquaculture.

Application in high-fat diets: Phospholipid supplementation is highly recom-
mended in high-fat diets to prevent excessive lipid accumulation in the liver and improve
intestinal health.

Effects on disease resistance: While phospholipid additives have been shown to
enhance intestinal immunity, few studies have directly evaluated their effects on disease
resistance against specific pathogens in largemouth bass.

8. Limitations and Considerations for Generalization

It is important to acknowledge that a significant proportion of the experimental
evidence reviewed in this article originates from a relatively small number of research
groups, primarily based in China. While these studies have been rigorously conducted and
provide valuable mechanistic insights, the concentration of evidence within limited institu-
tional and geographical contexts raises important considerations for the generalizability of
the conclusions.

Several factors may influence the reproducibility and applicability of these findings
across different largemouth bass production systems. First, experimental conditions, includ-
ing water temperature, rearing density, feeding regimes, and basal diet composition, vary
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considerably among facilities and regions, and these environmental factors can modulate
the physiological responses to PLs supplementation. Second, the genetic backgrounds
of cultured largemouth bass populations may differ, potentially affecting their baseline
phospholipid requirements and metabolic responses. Third, most studies have been con-
ducted under controlled laboratory or experimental pond conditions, which may not fully
reflect the complexities of commercial-scale production systems, where variables such
as fluctuating water quality, co-occurring stressors, and subclinical pathogen challenges
are common.

Moreover, the limited geographic and institutional diversity of the available evidence
underscores the need for multi-center collaborative studies and independent validation
trials in diverse production settings. Such efforts would strengthen the external validity of
current recommendations and help identify potential sources of heterogeneity in treatment
effects. We encourage future research from a broader range of institutions and geographic
locations to confirm and extend the findings summarized here, thereby providing a more
robust evidence base for the practical application of PLs in largemouth bass aquaculture.

Despite these limitations, it is worth noting that the consistency of the observed
beneficial effects across multiple studies, life stages, and experimental designs—even when
conducted by overlapping research groups—provides reasonable confidence in the overall
direction and magnitude of the reported responses.

9. Knowledge Gaps and Future Research Directions

Despite significant progress in understanding the role of PLs in largemouth bass
nutrition and intestinal health, several important knowledge gaps remain:

Long-term effects: Most studies have focused on the short-term effects of lecithin
supplementation (28—-64 days). Long-term studies are needed to evaluate the effects of
lecithin on fish health, growth, and reproduction throughout the entire production cycle.

Effects on different life stages: While some studies have been conducted on larval
and juvenile stages, more research is needed to determine the optimal PLs requirements for
grow-out and broodstock stages.

Molecular mechanisms: While some studies have explored the molecular mechanisms
underlying the effects of PLs, our understanding is still limited. Future studies should
use omics technologies (transcriptomics, proteomics, metabolomics) to comprehensively
investigate the molecular pathways involved.

Interaction with other nutrients: The interactions between PLs and other nutrients,
such as proteins, lipids, carbohydrates, vitamins, and minerals, need to be further investi-
gated to optimize feed formulations.

Development of novel phospholipid additives: There is a need to develop more
cost-effective and efficient phospholipid additives, such as modified lecithins with specific
fatty acid compositions and functional properties.

10. Conclusions

Phospholipid additives, including native soybean lecithin, enzymatically modified
lysophospholipids and marine phospholipids, have emerged as promising functional feed
additives for largemouth bass aquaculture. They not only improve growth performance
and nutrient utilization but also regulate lipid metabolism and enhance intestinal health.
The beneficial effects of Phospholipids on intestinal health are mediated through multiple
mechanisms, including improvement of intestinal morphology, enhancement of intestinal
barrier function, modulation of mucosal immunity and inflammation, and regulation of
gut microbiota composition. By integrating basic immunonutritional science with practical
intestinal health management, the strategic application of lecithin supports the global
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transition toward sustainable, responsible, and antibiotic-free aquaculture. With continued
research and technological innovation, phospholipid-based precision nutrition strategies
will play an increasingly important role in the sustainable development of largemouth
bass aquaculture.
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