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Abstract

Immunoglobulins are globulins with antibody activity or antibody-like
structures, and fish were the first vertebrates to develop immunoglobulins.
There are three major types of immunoglobulins (IgM, IgD and IgZ) in teleost
fish, which play an important role in resisting pathogen infection. For fish, the
intestinal tract is not only the place for nutrient digestion but also the largest
endocrine organ. The intestinal mucosal barrier system can block pathogenic
microorganisms and toxins and is important for immunologic defense.
Therefore, the study of the molecular mechanism of fish immunoglobulin in
intestinal mucosa is of great significance to the selection of immune
prevention strategies for fish diseases. At present, information on the immune
system of intestinal mucosa in fish is scarce, and there are still many
problems in the function of newly identified antibodies, which need further
research. In this study, we have summarized current knowledge about the
types, gene structure, biological function, and immune response of
immunoglobulins in teleost fish, and intestinal mucosal immune tissue of fish.
The scientific questions in this field were also presented according to the
progress from the latest research in fish immunology. The aim of present
study is to provide a theoretical basis for the study of fish immunology.
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Introduction

Immunoglobulins are globulins with antibody activity or antibody-like structures. They
are classified in two groups, namely the secretory and membrane-bound
immunoglobulins. Secretory immunoglobulins exist in body fluids and have antibody
activity, while membrane-bound immunoglobulins serve as antigen receptors on the
surface of B cell membranes, which are related to antigen neutralization. Fish are the
first vertebrates to develop immunoglobulins, and adaptive immunity plays an important
role in defense against pathogen infection in fish. Meanwhile, due to their special aquatic
living environment, there are abundant immunoglobulins in mucosa-associated lymphoid
tissues (nose, skin, gill, and intestine) and mucus of fish (Yu et al., 2018; Xu et al., 2016;
Xu et al., 2013; Zhang et al., 2010). These immunoglobulins play an important role in
the adaptive immune stage of fish resistance to pathogen infection. Compared with the
fish systemic immunity, the mucosal immune antibody was discovered later, and the
immune mechanism and its relationship with systemic immunity are not clear. As two
independent lymphocyte subsets, the functions of mucosal immune antibody secreting
cells still need to be further studied. Furthermore, studying fish immunoglobulins will be
helpful to further understand the evolution and occurrence of the immune system.

The gut-associated lymphoid system of teleost fish

For both higher and lower vertebrates such as fish, mucous membranes are more
than just a physical barrier that separates them from the environment. The more
important role of mucous membranes is to protect the body from external pathogenic
microorganisms and stresses, so they also have an active immune function. Due to the
special aquatic living environment, the mucosal immunity of fish is more developed.
There are a large number of immune active substances and immune cells in the nasal
cavity, body surface, gill, and intestinal mucosa of fish. According to the location, the
mucosa tissues of fish can be divided into nasal-associated lymphoid tissue, gut-
associated lymphoid tissue, skin-associated lymphoid tissue, and gill-associated lymphoid
tissue (Yu et al., 2018; Xu et al., 2016; Xu et al., 2013; Zhang et al., 2010).

Teleosts have a complex gut-associated lymphoid system, which is significantly
different from that in mammals on morphology and function. In fish, there is no lumped
lymphoid tissue and diffuse lymphoid tissue in the intestines, which exist only in birds
and mammals (Lazado et al., 2014). However, mucosal epithelium and mucosal lamina
exist in fish, and lymphocytes are dispersedly distributed in the digestive tract of fish
(Gomez et al., 2013). Among the species studied, there are many types of immune cells
in mucosal epithelium and mucosal lamina, including macrophages, granulocytes,
lymphocytes, and plasmacytes, which play an important role in intestinal mucosal
immune response (Rombout et al., 2014).

The stomach and digestive tract of animals have complex microbial communities,
which serve as a beneficial symbiosis with the host mucous membrane environment. In
mammals, antibodies play an important role in maintaining intestinal homeostasis. In
addition, intestinal microbial community can also regulate the systemic immune response
and mucosal immune response. In mammals, intestinal bacteria are mainly coated with
IgA, as well as a small amount of IgM and IgG, which prevent their colonization of
intestinal mucosal epithelium through immune exclusion (Fritz et al., 2011). Similar to
IgA in mammals, the IgT and IgM coats 48% and 24% of intestinal bacteria in
Oncorhynchus mykiss respectively (Salinas et al., 2011). Studies on Oncorhynchus
mykiss have revealed for the first time that immunoglobulins also have immune rejection
effects in non-mammalian species. Studies have shown that oral administration of
alginate-encapsulated IPNVDNA antigens can increase the number of IgM+ B-cells and
IgT+ B-cells, indicating that these two B-cells play an important role in the immune
response of fish mucosa (Adelmann et al., 2008). Using monoclonal antibody WCI12 of
IgM, researchers examined the intestinal tract of carp by immunohistochemical methods
and found that the intestinal intraepithelial lymphocytes (IELs) were IgM positive, and a
large number of IgM+ B-cells were actually plasma cells (Koshio, 2016). In the intestinal
inflammation model in fish, intraepithelial lymphocytes (IEL) of midgut and hindgut, as
well as eosinophil/basophils were involved in the antigen transport and immune response
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(Lgkka and Koppang, 2016). However, the immune response mechanism of fish
immunoglobulins and the corresponding B lymphocytes in intestinal mucosa during
pathogen infection is still unclear and needs to be further studied.

Immunoglobulins of teleost fish

Immunoglobulins are important functional molecules in adaptive immunity of fish and
other vertebrates. Mammals have five types of immunoglobulin, namely, IgM, IgA, IgE,
IgD, and IgG, while teleost fish have long been thought to have only two types of
immunoglobulin, IgM and IgD, and have no antibodies that contribute to mucosal
immunity like IgA in mammals (Bao et al., 2010). However, in 2005, a new type of
immunoglobulin was found in zebrafish, and was named IgZ (Danilova et al., 2005).
Moreover, a new type of immunoglobulin, IgT, was also found in Oncorhynchus mykiss in
the same year (Hansen et al., 2005). These two immunoglobulins displayed a high
similarity in sequence and clustered into one branch with high support in phylogenetic
tree. Therefore, it is thought that IgZ and IgT belong to the same type of
immunoglobulin. There are many unsolved questions about the function of these newly
discovered antibodies. However, their discovery has prompted new research directions,
and that can lead to a better understanding of the differentiation, classification and
function of fish antibody subtypes.

IgM

IgM is the first reported immunoglobulin. It plays a crucial role in the first line of
defense in the specific immune system (Reddy and Corley, 1999; Klimovich et al., 2008).
IgM is mainly produced by B cells in the spleen and lymph nodes and is widely distributed
in the blood. Due to its high molecular weight, IgM is also named macroglobulin. Most of
the IgM monomers form into tetramers by non-covalent bonds while there are other
forms of polymers, which may be a mechanism of antibody diversity in teleosts. In
teleosts, IgM is the main immunoglobulin molecule, which is a tetramer composed of
covalently linked heavy and light chains (Partula et al., 1996). There are two forms of
IgM, namely the membrane binding type and secretory type. The molecular weights of
membrane-bound and secretory IgM are different, which is caused by different mRNA
splicing patterns (Wilson et al., 1990; Hordvik et al., 1992). sIgM is secreted by B cells
and exists in the blood and other body fluids as immune effectors, while mIgM molecules
are embedded in B cell membranes and function as antigen receptors by binding auxiliary
molecules to form B cell receptor complexes.

The purification, sequence diversity analysis and phylogenetic tree construction of
IgM have been reported in several kinds of fishes, such as Salmo salar (Hatten et al.,
2001), Danio rerio (Danilova et al., 2000) and Gadus morhua (Schrgder et al., 1998).
IgM plays an important role in humoral immunity, especially in resisting bacterial antigen
invasion. IgM expression varies in the different fish species and immune tissues
(Schragder et al., 1998; Koumans-van et al., 1991; Stenvik et al., 2001; Danilova et al.,
2002; Grgntvedt et al., 2003). Wang Xinxin et al. found that IgM was mainly expressed
in the head kidney, middle kidney, and spleen of Ctenopharyngodon idella, which
indicated that these three immune organs were the main sites of IgM expression;
meanwhile, quantitative real-time PCR was used for the first time to study the expression
of fish IgM gene in different tissues (Wang et al., 2008). IgM is not only involved in
systemic immunity against pathogen infection, but also in mucosal immune response.
When blunt-snout bream were infected with Aeromonas hydrophila by intraperitoneal
injection, the mRNA expression level of the sIgM gene in the kidney, spleen, and liver
reached the peak on the 7th day after infection, while the peak was reached on the 14th
day in intestinal mucosa (Xia et al., 2014). However, the protein expression pattern of
IgM and the distribution, localization and proliferation of the corresponding B
lymphocytes (IgM+ B lymphocytes) in intestinal mucosa during Aeromonas hydrophila
infection require further investigation.

IgD

Since identification of IgD was first reported in 1965, it has been the most mysterious
antibody (Wu et al., 2014). During the evolutionary process from fish to human, IgD has
maintained and played an important role in immune function. Immunoglobulin IgD was
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originally thought to be a newly evolved type of immunoglobulin expressed only in some
mammals. In 1997, Wilson et al. found a chimeric gene similar to mammalian IgD &
chain in catfish, suggesting that IgD should be an ancient immunoglobulin which
appeared in the early stage of vertebrate evolution (Wilson et al., 1997). Subsequently,
similar genes were identified in Salmo salar (Hordvik et al., 1999), Gadus morhua
(Schrgder et al., 1998), Paralichthys olivaceus (Hirono et al., 2003) and Takifugu
rubripes (Saha et al., 2004). IgD can be divided into secretory IgD and membrane-bound
IgD. Both membrane-bound and secretory IgD were found in Ictalurus punctatus, while,
to date, only membrane-bound IgD was found in the other teleost fish (Bengtén et al.,
2002). Different from the secretory and membrane-bound IgM in fish, the two forms of
IgD in Ictalurus punctatus are not formed by different splicing patterns, but have their
own genome sequences, and are produced from direct transcription of their genomic
sequences (Bengtén et al., 2006).

Compared with IgD in other vertebrates, fish IgD have two specific features: first,
the transcript of fish IgD displays a chimeric structure and shares u1 as the first constant
region with IgM. The reason may be that there is no suitable cysteine-mediated L-chain
binding in fish 81 exons, and the binding of L chain can only be achieved through
interchain disulfide bond of pl (Wilson et al., 1997). Secondly, fish IgD gene harbors
more constant regions, and the exons are generally replicated; the exon copy number in
the constant regions of some fish varies significantly. The structural form of IgD in Salmo
salar, Ictalurus punctatus, Hippoglossus hippoglossus, and Ctenopharyngodon idella is
VDJ-u1-01-(52-63-04)2-05-06-67-TM1-TM2, and there is a replication of “32-03-54"
(Solem and Stenvik, 2006; Xiao et al., 2010). The IgD in Takifugu rubripes has a “"61-66"
copy, which is VDJ]-u1-(61-062-63-04-065-06)2-07-TM1-TM2 (Saha et al., 2004). The
constant regions “05-06" are missing in Oncorhynchus mykiss 1gD, and a copy of 62 was
found after 04; the structure of the IgD is VDJ]-u1-61-062a-063a-04a-62b-67-TM1-TM2
(Hansen et al., 2005). Four constant regions 03-06 are missing in Gadus morhua 1IgD,
which consists of replication of “"01-62" separated by dy, and is formed as VDJ-u1-01A-
02A-0y-01B-02B-67-TM1-TM2 (Wang et al., 2010). There is no tandem replication in the
exons of Paralichthys olivaceus and Siniperca chuatsi IgD (Wang et al., 2010). The cDNA
sequence of Megalobrama amblycephala mlgD gene is VDJ]-p1-01-62-03-04-65-06-07-
TMs (Xia et al., 2015). There are significant differences in the structure of d-chain genes
between teleost fish and mammals, and the composition of 8-chain genes in different fish
is also different. To date, research on IgD in teleost fish has mainly focused on the
cloning and sequence analysis of IgD genes, while the immune function of IgD is still
unclear.

In mammals, gene knockout mice showed that IgD could replace IgM in the early
stage of B cell development, and both IgD and IgM heavy chain defects had a slight
effect on mice (Roes and Rajewsky, 1993). Lutz indicated that IgD could replace the
function of IgM to a great extent, and the number of mature B cells in peripheral blood of
IgD deficient mice was reduced by 30%-50%, suggesting that IgD is superior to IgM in
function and plays an important role in regulating immune response and immune system
balance (Lutz, 1998). However, the immune function of IgD in intestinal mucosal immune
system and the immune response to pathogen infection in teleost fishes need to be
further studied.

Igz/IgT

IgT/IgZ is the most recently identified type of antibody in vertebrates, that has been
found in a variety of fish such as Danio rerio, Cyprinus carpio, Takifugu rubripes,
Paralichthys olivaceus, Oncorhynchus mykiss, Ctenopharyngodon idella, Gasterosteidae,
Salmo salar, and Megalobrama amblycephala (Hansen et al., 2005; Xiao et al., 2010;
Zimmerman et al., 2011; Ryo et al., 2010; Savan et al., 2005; Du et al., 2016; Gambodn-
Deza et al., 2010; Tadiso et al., 2011; Xia et al., 2016). Most of these fish have more
than one IgT subtypes.

Studies conducted showed that 1gZ/IgT plays an important role in the skin, gill and
nasal cavity of Oncorhynchus mykiss during parasite infection (Yu et al., 2018; Xu et al.,
2016; Xu et al., 2013). Zhang Yongan et al. found that in the immune response to
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intestinal parasites, the response of Oncorhynchus mykiss 1gT to the pathogen was only
present in the intestine, while the response of IgM was limited to the serum. Therefore,
in the course of parasite infection, IgT is considered to be a class of specific
immunoglobulin involved in intestinal mucosal immune response, with functions similar
to those of IgA in mammals and birds (Zhang et al., 2010). Megalobrama amblycephala
was infected by intraperitoneal injection of Aeromonas hydrophila, and quantitative real-
time PCR analysis showed that the sIgZ gene of Megalobrama amblycephala was highly
expressed in the intestine; and when Megalobrama amblycephala was infected by
Aeromonas hydrophila through immersion infection, the expression of sIgZ gene in
intestinal mucosa was significantly higher than that in head kidney and spleen (Xia et al.,
2016). However, during the Aeromonas hydrophila infection, molecular mechanism of
immune response of Megalobrama amblycephala 1gZ in intestinal mucosa is still unclear.
Whether IgZ is a specific immunoglobulin involved in intestinal mucosal immune
responses also remains to be further investigated.

Summary and prospect

In addition to the body surface, intestines define a barrier for preventing direct
contact between vertebrate organisms and the external environment. Harmful antigens
such as bacteria, viruses, and parasitic eggs will inevitably enter the body together with
food. Therefore, the intestinal mucosal immunity plays an important role in maintaining
body homeostasis. In fish, the intestinal tract is not only the site of nutrient digestion,
but also the largest endocrine organ. The intestinal mucosal barrier system blocks
bacteria and other pathogenic microorganisms and toxins and is very important for the
immune defense. Therefore, studying the molecular mechanisms of fish immunoglobulins
in intestinal mucosa is of great significance for defining immune prevention strategies for
fish diseases. To date, the fish immune system is not well understood, and there are still
many unsolved problems in the function of newly identified antibodies, which need to be
further studied.
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