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Pharyngeal Immunity in Early Vertebrates Provides
Functional and Evolutionary Insight into Mucosal
Homeostasis
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Jia-feng Cao,* Fen Dong,* Xiao-ting Zhang,* Xia Liu,* Hao-yue Xu,* Kai-feng Meng,*

Jian-guo Su,* and Zhen Xu*,†

The pharyngeal organ is located at the crossroad of the respiratory and digestive tracts in vertebrate, and it is continuously chal-

lenged by varying Ags during breathing and feeding. In mammals, the pharyngeal mucosa (PM) is a critical first line of defense.

However, the evolutionary origins and ancient roles of immune defense and microbiota homeostasis of PM are still unknown. In this

study, to our knowledge, we are the first to find that diffuse MALT is present in PM of rainbow trout, an early vertebrate.

Importantly, following parasitic infection, we detect that strong parasite-specific mucosal IgT and dominant proliferation of IgT+

B cell immune responses occurs in trout PM, providing, to our knowledge, the first demonstration of local mucosal Ig responses

against pathogens in pharyngeal organ of a nonmammal species. Moreover, we show that the trout PM microbiota is prevalently

coated with secretory IgT and, to a much lesser degree, by IgM and IgD, suggesting the key role of mucosal Igs in the immune

exclusion of teleost pharyngeal bacteria. Overall, to our knowledge, our findings provide the first evidence that pharyngeal

mucosal immunity appear earlier than tetrapods. The Journal of Immunology, 2019, 203: 3054–3067.

T
he pharynx represents the intersection between the di-
gestive and respiratory tracts in vertebrates (1), and the
pharyngeal cavity (PC), for breathing and swallowing,

is at risk for vast amounts of microbiota and foreign Ags from
air, water, or food (2, 3). In terrestrial vertebrates, a unique
choana connects the nasal cavity (NC) and PC (4, 5) and thus
makes nasal and pharyngeal lymphoid tissue defined together
as nasopharynx-associated lymphoid tissue (NALT), which acts

as the first line of defense against external threats (6, 7). In
mammals except rodents, NALT consists of organized lym-
phoid tissues containing adenoids, palatine tonsils, and lingual
tonsils with highly organized germinal centers (GCs), known as
Waldeyer’s ring in humans, as well as a diffuse network of
immune cells surround the entrance to the pharynx (8–10). This
offers mammals efficient innate and adaptive immunity to pro-
tect the upper respiratory tract (11, 12). So far, the pharyngeal
tonsil has only been discovered in mammals and birds, whereas
no evidence shows that the Waldeyer’s ring exists in the pharynx
of birds (13, 14). In contrast, cold-blooded animals like reptiles,
amphibians, and fish lack tonsils in their PC, and NALT has not
been well investigated in these animals (10, 15). Although or-
ganized NALT structures in sarcopterygian fish like lungfish are
found in the mucosa of the upper and lower jaw, they still lack B
and T cell zones and GC formation (16). It is worth noting that
teleost NALT has only been described as diffuse NALT in the
NC, and it shares the main features of other teleost MALTs,
including a dominant role of secreted IgT (sIgT) and IgT+ B cells
in mucosal immunity (17, 18). However, because teleost fish lack
the choana, and the PC is a separate compartment from the NC,
whether MALT appears in the teleost PC remains an enigmatic
question.
In aquatic vertebrates like teleost fish, the pharynx morpho-

logically communicates with the gills behind the mouth and above
the esophagus. Similar to mammals, teleost PC is also covered with
the pharyngeal mucosa (PM), containing two main layers, the
stratified squamous epithelium and the collagenous connective
tissue (lamina propria [LP]) (19). Interestingly, mammalian PMs
are known to contain mucus-producing cells in the epithelial layer
as well as the mucus gland in the LP (20, 21), and secreted IgA
(sIgA) found in pharyngeal mucus is produced by IgA-producing
plasma cells in the PM generated from tonsil GCs (6, 22), which
play a crucial role in humoral adaptive immunity in pharyngeal
homeostasis (23–25). In contrast to mammals, teleost fish lack the
mucus gland, and PM is only populated with abundant mucus
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secreting cells. However, so far, the pharyngeal molecular im-
munity mechanism within the early bony vertebrates has not been
thoroughly investigated. Because teleost fish live in water medium,
the PC may be subjected to more stimulation from waterborne
Ags and evolutionary selective forces. Hence, we hypothesize
that a mucosal immune system is indispensable in the pharynx
for protecting the extensive and vulnerable mucosal surface.
Teleost fish represent the most ancient bony vertebrates, con-

taining a specialized mucosal adaptive immune system and
secretory Igs (26). So far, three teleost Ig classes (IgM, IgD, and
IgT/IgZ) have been identified (27). IgM was thought to be the
only functional Ig in teleosts in both the systemic and mucosal
compartments. In fact, recent research suggests that IgM im-
mune responses to infection in plasma are stronger than those
in mucosal tissues (27, 28). Secreted IgD has been identified in
catfish and trout (29, 30), but its function remains enigmatic. In
contrast to IgM and IgD, teleost IgT (also called IgZ in some
species) is the main mucosal Ig targeting mucosal pathogens
and coating microbiota (28, 31–33), akin to IgA in mammals
and IgX in amphibians (22, 28). We previously found that IgT
is the main mucosal Ig protecting the teleost NC against pathogens
(28) and that sIgA plays a major role in the PM of mammals. Thus,
despite the independence of the PC from the NC in teleosts, we
hypothesize that the role of teleost mucosal Ig in the PC involves a
process of convergent evolution between tetrapods and nontetrapods.
To our knowledge, in this study, we are the first to show that the

teleost PM is one of ancient MALTs, which can produce strong
innate and adaptive immune responses to the infection with par-
asite Ichthyophthirius multifiliis. Moreover, we provide the first
demonstration, to our knowledge, that sIgT is the main player
involved in pathogen-specific immune responses. Critically, we
show that IgT+ B cells are locally proliferated and generate
parasite-specific IgT in the PM of rainbow trout, thus providing, to
our knowledge, the first evidence of locally induced mucosal Igs
responses in the PM of early vertebrates. Finally, we discover that
teleost IgT plays a crucial role in immune exclusion by coating the
symbiotic bacteria on the PM. Overall, our findings reveal that the
presence of MALT in the PM of a nontetrapod species and sIgT
plays a vital role in protecting the PC from invading pathogens.

Materials and Methods
Ethics statement

All animal procedures were performed in accordance with the recom-
mendations in the Guide for the Care and Use of Laboratory Animals of the
Ministry of Science and Technology of China and were approved by the
Animal Experiment Committee of Huazhong Agricultural University (permit
number HZAUFI-2016-007). All efforts were made to minimize the
suffering of the animals.

Fish maintenance

Rainbow trout (mean weight, 200–300 g) used for pharyngeal bacteria
isolation and rainbow trout (mean weight, 20–25 g) used in infection trials
were obtained from a fish farm in Shiyan (Hubei, China) and maintained in
aquarium tanks using a water recirculation system involving thermostatic
temperature control and extensive biofiltration. Fish were acclimatized for
14 d at 15˚C and fed daily with commercial trout pellets at a rate of 1%
body weight per day, and feeding was terminated 48 h prior to sacrifice.
Grass carp (Ctenopharyngodon idellus), southern catfish (Silurus meridionalis),
mandarin fish (Siniperca chuatsi), and snakehead (Channa argus) were
purchased from aquatic product market in Wuhan (Hubei, China).

I. multifiliis parasite isolation and infection

The method for I. multifiliis parasite isolation and infection were used as
explained elsewhere (18). Briefly, heavily infected rainbow trout were
anesthetized with overdose of MS-222 and transferred to a beaker with
water to allow trophonts and tomonts exit the fish. After 4 h, the fish were
removed, and the trophonts and tomonts were left in the water at 15˚C for

24 h to let tomocyst formation and subsequent theront release. For parasite
infection, two types of challenges with I. multifiliis parasite were per-
formed. In the first one, fish were exposed by bath with a single dosage of
∼5000 theronts per fish for 3 h and then transferred into the aquarium
containing new aquatic water. Tissue samples were taken at 0.5, 1, 4, 7, 14,
21, 28 and 75 d, and fluids (serum and pharyngeal mucus) were taken on
day 28 (infected group) following I. multifiliis challenge. For the second
type of challenge, fish were monthly exposed with ∼5000 theronts per fish
(survivor group) for 3 h at 0, 30, and 60 d and then moved to tanks with
clean water after each infection. Tissue samples and fluids (serum and
pharyngeal mucus) were taken 15 d after the last challenge. Control fish
(control group) were exposed to same tank water but without the parasites.

RNA isolation and quantitative real-time PCR analysis

Total RNA was extracted using TRIzol reagent (Invitrogen) according to
the manufacturer’s protocol. Tissue was homogenized by TissueLyser II
(Jingxin Technology) with 5-mm stainless steel beads (QIAGEN) at 60 Hz
for 1 min following the manufacturer’s instructions. The quantification and
concentration of the extracted RNA was carried out by spectrophotometry
(NanoPhotometer NP80 Touch), and the integrity of the RNA was deter-
mined by agarose gel electrophoresis. To normalize gene expression levels
for each sample, equivalent amounts of total RNA (1000 ng) were used for
cDNA synthesis as previously described (18). The synthesized cDNA was
diluted four times and then used as a template for quantitative real-time
PCR (qPCR) analysis. The qPCRs were performed on a 7500 Real-Time
PCR System (Applied Biosystems) using the 23 SYBR Green qPCR Master
Mix (YEASEN). All samples were performed in following conditions: 95˚C
for 5 min, followed by 40 cycles at 95˚C for 10 s and at 58˚C for 30 s. A
sample from the serial dilution was run on a 1% agarose gel and stained with
Red Gel Stain and viewed under UV light to confirm a band of the
correct size was amplified. Trout elongation factor 1a (EF-1a) was used as
control gene for normalization of expression. The relative expression level
of the genes was determined using the Pfaffl method (34). The primers
used for qPCR are listed in Supplemental Table I.

RNA sequencing library construction, sequencing, and
bioinformatical analyses

The RNA sequencing (RNA-Seq) libraries from 12 samples (control fish of
day 14; control fish of day 28; day 14 exposed to I. multifiliis; day 28 ex-
posed to I. multifiliis) were generated similarly as in a previous study (35).
Briefly, polyadenylated RNA fragments were purified by a Dynabeads
mRNA Purification Kit, fragmented with RNA fragmentation buffer, and
reverse transcribed into first-strand cDNA using random hexamer and
SuperScript II Reverse Transcriptase, followed by second-strand cDNA
synthesis using RNase H and DNA polymerase I. The resulting cDNA was
end repaired, and a single “A” was added at the 39 ends, and a unique
identifier was labeled at the 59 ends before ligating to Illumina paired-end
sequencing adaptors. PCR was amplified using Phusion High-Fidelity
Master Mix and Illumina primers with the condition of 98˚C for 60 s,
15 cycles of 98˚C for 10 s, and 65˚C for 75 s and concluding with 65˚C
for 5 min. All RNA-Seq data were generated by Illumina paired-end se-
quencing with read length 150 bp. Reads were mapped to the Onco-
rhynchus mykiss genome using STAR (36) with default parameters. The
mapped reads were analyzed by feature counts (37). Differential expres-
sion was estimated with edgeR package (38). We excluded the genes with
low expression (count-per-million fewer than one in three or more sam-
ples) from downstream analysis. The resulting genes were considered as
differentially expressed genes (DEGs) if false discovery rate # 0.05 and
log2 (fold-change) $ 1. To further understand the transcriptomic data, we
carried out a gene ontology enrichment using KEGG Orthology-Based
Annotation System (39) to determine the biological processes that were
significantly upregulated following I. multifiliis infection. The National
Center for Biotechnology Information Sequence Read Archive acces-
sion number for data reported in this manuscript is PRJNA560631
(https://www.ncbi.nlm.nih.gov/bioproject/PRJNA560631/).

Collection of serum, pharyngeal mucus, and
pharyngeal bacteria

For sampling, trout were sacrificed with an overdose of MS-222, and serum
was collected and stored as described (31). To obtain pharyngeal mucus, we
modified the method described previously (33). Briefly, trout pharyngeal
tissue was excised rinsed with PBS three times to remove the remaining
blood and then incubated for 12 h at 4˚C, with slight shaking in protease
inhibitor buffer (13PBS, containing 13 protease inhibitor mixture [Roche],
1 mM PMSF [Sigma-Aldrich] [pH 7.2]) at a ratio of 1 g of pharyngeal
tissue per milliliter of buffer. The suspension (including pharyngeal mucus
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and bacteria) was collected, vigorously vortexed, and then centrifuged at
400 3 g for 10 min at 4˚C to remove trout cells. To separate pharyngeal
bacteria from mucus, the cell-free supernatant was thereafter centrifuged at
10,000 3 g for 10 min. The resulting supernatant (containing pharyngeal
mucus) was harvested, filtered with a 0.45-mm syringe filter (MilliporeSigma),
and stored at 4˚C prior to use the same day, whereas the pellet (containing
pharyngeal bacteria) was washed three times with PBS (pH 7.2) and
resuspended for further analysis.

Isolation of trout leukocytes from trout HK and
pharyngeal tissue

The leukocytes from head kidney were obtained with 51/34% discontin-
uous Percoll density gradients as described previously (40). To obtain trout
leukocytes from pharyngeal tissue, we modified the protocol from that
used to isolate trout skin leukocyte as previously described (32). Briefly,
rainbow trout were anesthetized with an overdose of MS-222, and blood
was collected from the caudal vein. Pharyngeal tissue was obtained from
each fish and washed carefully with cold PBS to avoid blood contamina-
tion. Thereafter, the pharyngeal tissue was cut into small pieces and then
treated with modified DMEM (DMEM supplemented with 5% FBS, 100 U/ml
penicillin, and 100 mg/ml streptomycin) containing 0.15 mg/ml collagenase IV
(Invitrogen), for 30 min at 4˚C with continuous shaking. The supernatant was
collected, and the aforementioned procedure was repeated again. The
pharyngeal tissue pieces were mechanically disaggregated on a 100-mm
cell shredder, and the cell fraction was collected. Finally, all cell fractions
obtained from the pharyngeal tissue after mechanical and enzymatic treat-
ments were pooled and washed three times in fresh modified DMEM and
layered over a 51/34% discontinuous Percoll gradient. After 30 min of cen-
trifugation at 4003 g, cells lying at the interface of the gradient were collected
and washed with modified DMEM medium.

SDS-PAGE and Western blot

Pharyngeal mucus and serum samples were collected as described above
and boiled in SDS-PAGE Sample Loading Buffer (CWBiotech) at 95˚C for
5 min and then resolved on 4–15% precast polyacrylamide gel (Bio-Rad
Laboratories) under nonreducing or reducing conditions. The gels were
transferred onto polyvinylidene difluoride membranes (Bio-Rad Labora-
tories) with Trans-Blot SD (Bio-Rad Laboratories) by semidry method. For
Western blot analysis, the membranes were blocked with 8% skim milk
and incubated with anti-trout IgT (rabbit polyclonal Ab [pAb], 0.2 mg/ml),
anti-trout IgM (mouse mAb, 0.2 mg/ml), or biotinylated anti-trout IgD
(mouse mAb, 0.2 mg/ml) Abs or their respective isotypes control (IgG; BD
Biosciences), followed by incubation with peroxidase-conjugated anti-
rabbit, anti-mouse IgG (Invitrogen) or streptavidin (Invitrogen). For
quantitative analyses of IgT, IgM, and IgD in pharyngeal mucus and
serum, immunoreactive bands were first visualized with Clarity Western
ECL Substrate (Bio-Rad Laboratories) and scanned by Amersham Imager
600 Imaging System (GE Healthcare), and then band densitometry was
analyzed with ImageQuant TL software (GE Healthcare). Finally, the con-
centrations of IgT, IgM, and IgD were determined by plotting the obtained
signal strength values on a standard curve generated for each blot using
known amounts of purified trout IgT, IgM, or IgD.

The three Abs (anti-trout IgT [rabbit pAb], anti-trout IgM [mouse mAb],
or biotinylated anti-trout IgD [mouse mAb]) we used in our experiments are
gifted from our cooperative laboratory (Dr. O. Sunyer’s laboratory), and the
specificities of these Abs have been confirmed in those papers (33).

Gel filtration

To analyze the monomeric or polymeric state of Igs in trout pharyngeal
mucus, gel filtration was performed as described previously for gut and
gill mucus (31, 33). Briefly, fractions containing the IgM, IgD or IgT
were separated by gel filtration using a Superdex 200 FPLC column
(GE Healthcare). The column was previously equilibrated with cold
PBS (pH 7.2), and protein fractions were eluted at 0.5 ml/min with PBS
using a fast 2protein liquid chromatography instrument with purifier sys-
tems (GE Healthcare). Identification of IgM, IgD, and IgT in the eluted
fractions was performed by Western blot analysis using anti-IgM, anti-IgD,
and anti-IgT Abs, respectively, as described above. A standard curve was
generated by plotting the elution volume of the standard proteins in a Gel
Filtration Standard (Bio-Rad Laboratories) against their known m.w.,
which was then used to determine the m.w. of the eluted IgT, IgM, and IgD
by their elution volume.

Flow cytometry

For flow cytometry analysis, trout leukocytes suspensions were double
stained with monoclonal mouse anti-trout IgT and anti-trout IgM (1 mg/ml

each) at 4˚C for 45 min. After washing three times, PE goat anti-mouse
IgG1 and APC goat anti-mouse IgG2b (2 mg/ml each; BD Biosciences)
were added and incubated at 4˚C for 30 min to detect IgM+ and IgT+

B cells, respectively. Samples were washing three times prior to flow
cytometric analysis. Pharyngeal bacteria were stained with anti-trout IgM
or anti-trout IgT (1 mg/ml each), or their respective isotypes control (1 mg/ml
each; BD Biosciences), at 4˚C for 2 h with continuous shaking. After
washing three times, secondary Abs Alexa Fluor 488 goat anti-mouse
IgG1 or Alexa Fluor 488 goat anti-mouse IgG2b (1 mg/ml each; BD
Biosciences) were added and incubated for 45 min at 4˚C. To discriminate
bacteria from debris, pharyngeal bacteria were labeled with BacLight
Green Bacterial Stain (Invitrogen), following the manufacturer’s instruc-
tions. After three times washing, analysis of stained leukocytes and bac-
teria were analyzed with a CytoFLEX Flow Cytometer (Beckman Coulter)
and FlowJo software (Tree Star).

Histology, light microscopy, and immunofluorescence
microscopy studies

The pharyngeal tissues of grass carp, southern catfish, mandarin fish,
snakehead, and rainbow trout were dissected and processed for routine
histology as described previously (18). Briefly, all tissue samples were
fixed in 4% neutral buffered formalin (1:10) overnight at 4˚C and then
transferred to 70% ethanol. Samples were embedded in paraffin and 5-mm
sections were stained with H&E. Images were acquired in a microscope
(Olympus) using the AxioVision software. For the detection of I. multifiliis
parasite at the same time of IgT+ and IgM+ B cells, we used rabbit anti-
trout IgT (0.5 mg/ml) polyclonal Ab and mouse anti-trout IgM (1 mg/ml)
mAb to incubate sections overnight at 4˚C. For the detection of I. multifiliis
parasite at the same time of IgT+ and IgD+ B cells, we used rabbit anti-
trout IgT (0.5 mg/ml) polyclonal Ab and mouse anti-trout IgD (2 mg/ml)
mAb to incubated sections overnight at 4˚C. After washing three times
with PBS, secondary Abs Alexa Fluor 488-conjugated AffiniPure Goat
Anti-Rabbit IgG or Cy3-conjugated AffiniPure Goat Anti-Mouse IgG
(3 mg/ml each; Jackson ImmunoResearch Laboratories) were added and
incubated at temperature for 40 min to detect IgT+ and IgM+ or IgT+ and
IgD+ B cells, respectively. After washing three times with PBS, mouse
anti–I. multifiliis polyclonal Ab (1 mg/ml) were added and incubated at 4˚C
for 6 h. After washing three times with PBS, secondary Ab Alexa Fluor
647 Goat anti-mouse (Jackson ImmunoResearch Laboratories) with 5 mg/ml
were added and incubated at temperature for 40 min to detect I. multifiliis
parasite. For the detection of pharyngeal trout polymeric IgR (tpIgR), we
used the same methodology described to stain gill tpIgR using our rabbit
anti-tpIgR (33). As controls, the rabbit IgG prebleed and the mouse-IgG1
isotype Abs were used at the same concentrations. All sections were stained
with DAPI (1 mg/ml; Invitrogen) before mounting with fluorescent mi-
croscopy mounting solution. Pharyngeal bacteria were stained as previ-
ously described in the above section and stained bacteria were cytospinned
on glass slides and mounted with fluorescent microscopy mounting solution.
Images were acquired and analyzed using Olympus BX53 fluorescence
microscope (Olympus) and the iVision-Mac scientific imaging processing
software (Olympus).

Proliferation of B cells in the pharyngeal tissue of trout

For proliferation of B cells in trout, we modified the methodology as pre-
viously reported (31, 33). Briefly, survivor and control fish (∼30 g) were
anesthetized with MS-222 and i.v. injected with 300 mg 5-ethynyl-29-
deoxyuridine (EdU) (Invitrogen) in 150 ml of PBS. After 24 h, leukocytes
from pharyngeal tissue or head kidney were obtained as described above,
and cells were incubated with mAb mouse anti-trout IgM or anti-trout IgT
(1 mg/ml each) on ice for 1 h. After washing three times, Alexa Fluor 488
goat anti-mouse IgG1 or Alexa Fluor 488 goat anti-mouse IgG2b (3 mg/ml
each; Invitrogen) were used as secondary Ab to detect IgM+ or IgT+

B cells, respectively. After 40 min incubation on ice, cells were washed
three times with DMEM medium and fixed. EdU+ cell detection was
performed according to the manufacturer’s instructions (Click-iT Plus EdU
Alexa Fluor 647 Flow Cytometry Assay Kit; Invitrogen). Cells were then
analyzed with a CytoFLEX Flow Cytometer (Beckman Coulter) and
FlowJo software (Tree Star). For immunofluorescence analysis, we used
rabbit anti-trout IgT (0.5 mg/ml) polyclonal Ab and mouse anti-trout IgM
(1 mg/ml) mAb to incubate paraffin sections of pharyngeal tissues from
control and survival fish previously injected with EdU overnight at 4˚C.
After washing with PBS, sections were incubated with Alexa Fluor
488-conjugated AffiniPure Goat anti-rabbit IgG or Cy3-conjugated Affi-
niPure Goat anti-mouse IgG (3 mg/ml each; Jackson ImmunoResearch
Laboratories) for 2 h at room temperature. As primary control Abs, the
rabbit prebleed, and the mouse-IgG1 isotype controls were used at the
same concentrations. Stained cells were fixed and EdU+ cell detection
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was performed according to the manufacturer’s instructions (Click-iT
EdU Alexa Fluor 488 Imaging Kit; Invitrogen). All sections were stained
with DAPI (1 mg/ml; Invitrogen) before mounting with fluorescent micros-
copy mounting solution. Images were acquired and analyzed using Olympus
BX53 fluorescence microscope (Olympus) and the iVision-Mac scientific
imaging processing software (Olympus).

Tissue explants culture

To assess whether the parasite-specific IgT responses were locally generated
in the pharyngeal tissue, we analyzed parasite-specific Ig titers from me-
dium derived of cultured pharynx, head kidney, and spleen explants ob-
tained from control and survivor fish, as described previously (31). Briefly,
control and survivor fish were sacrificed with an overdose of MS-222, and
blood was removed through the caudal vein to minimize the blood content
in the collected organs. Thereafter, head kidney, spleen, and pharynx
(∼30 mg each tissue) were collected and submerged in 70% ethanol for 1 min
to eliminate possible bacteria on their surface. After washed twice with PBS,
tissues were placed in a 24-well plate and cultured with 300 ml DMEM
medium (Life Technologies), supplemented with 10% FBS, 100 U/ml pen-
icillin, 100 mg/ml streptomycin, 200 mg/ml amphotericin B, and 250 mg/ml
gentamicin sulfate, with 5% CO2 at 17˚C. After 7 d culture, supernatants
were harvested, centrifuged, and stored at 4˚C prior to use the same day.

Binding of trout Igs to I. multifiliis

To assess whether infected and survivor fish had generated parasite-specific
Igs, the capacity of IgT, IgM, and IgD from serum, pharyngeal mucus, or
tissue (pharynx, spleen, and head kidney) explant supernatants to bind to
I. multifiliis were measured using a pull-down assay as described previously
(31, 32). Briefly, parasites (∼100 tomonts) were preincubated with a so-
lution of 0.5% BSA in PBS (pH 7.2) at 4˚C for 2 h. Subsequently, parasites
were incubated with diluted pharyngeal mucus or serum or tissue (phar-
ynx, head kidney, and spleen) explant supernatants from infected, survivor,
or control fish overnight at 4˚C with continuous shaking in a 300 ml vol-
ume. Dilutions were made with PBS containing 0.5% BSA (pH 7.2). After
incubation, the tomonts were washed three times with PBS, and bound
proteins were eluted with 23 Laemmli Sample Buffer (Bio-Rad Labora-
tories) and boiled for 5 min at 95˚C. The eluted material was resolved on
4–15% SDS-PAGE Ready Gel (Bio-Rad Laboratories) under nonreducing
conditions, and the presence of IgT, IgM, or IgD was detected by Western
blotting using the anti-trout IgT, IgM, or IgD Abs, as described above.

Coimmunoprecipitate studies

To detect whether polymeric trout IgT present in the pharyngeal mucus was
associated to a secretory component-like molecule derived from trout se-
cretory component–like molecule (tSC), we used the same strategy pre-
viously described by us to detect the association of tpIgR to IgT in gut, gill,
and nasal mucus (18, 31, 33). Briefly, 10 mg of anti-IgT were incubated
with 400 ml of trout pharyngeal mucus overnight at 4˚C. As negative
control for anti-IgT, the rabbit IgG (purified from the prebleed serum of
the rabbit) was used at the same concentrations. The 50 ml of Protein G
Agarose (Invitrogen) was first washed five times with PBS and added into
each reaction mixture and then incubated for 2 h at 4˚C. Thereafter, the
beads were washed five times with PBS, and subsequently bound proteins
were eluted in 23 Laemmli Sample Buffer (Bio-Rad Laboratories). The
eluted material was resolved by SDS-PAGE on 4–15% Tris-HCl Gradient
Ready Gels (Bio-Rad Laboratories) under reducing (for tSC detection) or
nonreducing (for IgT detection) conditions. Western blot was performed
with anti-pIgR and anti-IgT Abs as described above.

Statistical analysis

Data were analyzed in Prism version 6.0 (GraphPad Software). An unpaired
Student t test and one-way ANOVA with Bonferroni correction (Prism
version 6.0; GraphPad Software) were used for analysis of differences
between groups. Data are expressed as mean 6 SEM. All p values ,0.05
were considered statistically significant.

Results
Teleost PM shares universal features with teleost MALTs

In this study, we examined the morphological structure of the PM in
rainbow trout and found that, similar to the teleost gut, three typical
layers are present in the pharynx: 1) mucosa (epithelium, stratum
basale, and LP); 2) submucosa; and 3) muscularis propria (Fig. 1A).
Interestingly, taste buds were found on top of the papillae of the
submucosa (Fig. 1A), as discovered in mammals (41). To understand

the histological organization of the teleost PM, we processed the
paraffin sections of PM stained with H&E (Fig. 1B, upper) and
Alcian blue (Fig. 1B, lower) obtained from five different teleost
families: Cyprinidae, Siluridae, Percichthyidae, Channidae, and
Salmonidae (Fig. 1B). We observed that the PMs of grass carp
(C. idellus), southern catfish (S. meridionalis), mandarin fish
(S. chuatsi), snakehead fish (Ophiocephalus argus Cantor), and
rainbow trout (O. mykiss) all harbored abundant lymphoid cells
scattered in the pharyngeal epithelium and LP (Fig. 1B, upper)
and a large number of mucous cells in the pharyngeal epithe-
lium (Fig. 1B, lower). These results were in agreement with the
teleost MALTs (i.e., GALT, skin-associated lymphoid tissue,
and NALT). Moreover, to understand the expression of immune-
related genes in the PM from the control adult rainbow trout, we
measured the levels of expression of 22 immune-related genes and
cell markers in mucosal tissues (skin, gut, and gills) and systemic
tissues (spleen and head kidney) as well as the PM by reverse
transcription qPCR (Fig. 1C). By cluster analysis of the gene
expression profiles of six candidate tissues, we found that PM is
clustered with gills, skin, and gut (Fig. 1C), indicating an undis-
covered mucosal immune function of the trout PM. Interestingly,
although PM is not aggregated into one branch with the gut, the
expression patterns of those genes in the PM particularly resem-
bles the gut when compared with the other tissues. Subsequently,
we analyzed the abundance of two main B cell subsets (IgM+ and
IgT+ B cells) in the trout PM and head kidney by flow cytometry
(Fig. 1D). Our results showed that the IgT+ B cells make up
∼51.77% of the total B cells in the PM of rainbow trout, whereas
∼48.23% of the total B cells are IgM+ B cells (Fig. 1E). Conversely,
the percentage of IgT+ B cells (∼27.23%) in the head kidney of
trout was ∼3-fold lower than that of IgM+ B cells (∼72.77%)
(Fig. 1E). We next analyzed the concentrations of IgT, IgM, and
IgD in the pharyngeal mucus and serum and found that the protein
concentration of IgM was much higher than those of IgT and IgD
in both the pharyngeal mucus and serum (Fig. 1F, 1G). However,
the ratio of IgT/IgM and IgD/IgM in the pharyngeal mucus was
∼20-fold and ∼4-fold higher than those in the serum, respectively
(Fig. 1H, 1I), which was similar to that we previously reported in
trout nasal and gill mucus (11, 33). To understand the protein
characterization of secretory Igs (sIgT, sIgM, and sIgD) in the
pharyngeal mucus, we first collected the mucus and then loaded it
into a gel filtration column. Similar to what we reported in trout
nasal and gill mucus (11, 33), a great portion of IgT in the pharyngeal
mucus was present in polymeric form, as it eluted at a fraction similar
to that of trout IgM, a tetrameric Ig, but an extremely small portion of
IgT was eluted in monomeric form (Supplemental Fig. 1A). Inter-
estingly, immunoblot analysis showed that both the polymeric and
monomeric IgT in the pharyngeal mucus migrated in the same
position under nonreducing conditions (Supplemental Fig. 1B, right
panel), suggesting that the subunits of polymeric IgT are associ-
ated by noncovalent interactions. In contrast, mucosal IgM and IgD
migrated as a polymer and a monomer, respectively, under the same
SDS-PAGE conditions (Supplemental Fig. 1B, left and middle
panels).

Trout pharyngeal bacteria are mainly coated with IgT

We previously reported that sIgT plays a dominant role in mucosal
immune exclusion by coating a large fraction of microbiota on the
mucosal surfaces of trout (31, 33). To test the participation of
pharyngeal Igs in immune exclusion, using a previously reported
method (32), we isolated the pharyngeal-associated bacteria and
measured the levels of coating by trout Igs. Flow cytometry analysis
showed that a high proportion of pharyngeal bacteria were stained
for IgT (∼32%), whereas low proportions were coated with
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IgM (∼12%) and IgD (∼7%) (Fig. 2A, 2B). Interestingly, these
results were similar to previous findings in trout skin (∼38%
coated with IgT and ∼12% with IgM) (32). Moreover, immunoblot
analysis showed that more than 50% of the IgT present in the
pharyngeal mucus was used for bacteria coating, whereas only
17% of pharyngeal mucosal IgM, and only ∼14% of IgD were
being used for that purpose (Fig. 2C, 2D). Importantly, using
immunofluorescence microscopy, we further confirmed that a
high percentage of trout pharyngeal bacteria were coated with
mucosal IgT, and a much smaller percentage of bacteria were
stained with IgM or IgD (Fig. 2E; isotype-matched control Abs,
Supplemental Fig. 2A).

Trout PM elicits strong immune responses to I. multifiliis
parasite infection

To evaluate the trout PM immune responses to pathogenic chal-
lenge, we selected the I. multifiliis parasite bath infection model, as
it can elicit strong mucosal immune responses in teleosts (42, 43).
At 14 d postinfection, the phenotype of small white dots appeared

on the trout’s skin, gills, and pharyngeal surface (Supplemental
Fig. 3B), and a pathological examination and immunofluorescence
analysis showed that I. multifiliis had successfully invaded the
trout PM (Supplemental Fig. 3C). Moreover, by qPCR, we de-
tected the high expression of I. multifiliis/18S rRNA in the PM,
gills, nose, and skin (Supplemental Fig. 3D). Interestingly, an
increased expression trend (peaked on day 28) of I. multifiliis
parasites in the trout PM was observed postinfection (Supplemental
Fig. 3E). We next measured the expression of 19 immune-related
genes and cell markers in the PM of trout by qPCR after I. multifiliis
infection (primers used are shown in Supplemental Table I). Im-
portantly, these results indicated that strong immune responses had
occurred in the PM (Fig. 3A). Moreover, in agreement with the
pathological changes in the PM (Supplemental Fig. 3A), days 14
and 28 were the most relevant in terms of the intensity of the
immune response, and therefore, both were selected for subse-
quent RNA-Seq analysis. A total of 3909 (day 14) and 5379 (day 28)
genes showed significantly differential expression, with 1790 and
2116 genes upregulated and 2119 and 3263 genes downregulated

FIGURE 1. General organization of teleost PM lymphoid tissue. (A) H&E stain of the pharynx of a control adult rainbow trout (O. mykiss). Black

arrowhead indicates taste bud. (B) H&E (upper) and Alcian blue (lower) stain of the pharynx from five different families of control adult teleost fish. From

left to right: grass carp (C. idellus), southern catfish (S. meridionalis), mandarin fish (S. chuatsi), snakehead (O. argus Cantor), and rainbow trout

(O. mykiss). Scale bar, 50 mm. Black and red arrowheads indicate lymphocytes and mucus cells, respectively. (C) Heat map illustrates results from qPCR of

mRNAs for selected immune markers in trout skin, gut, gill, pharynx, spleen, and head kidney (n = 6). Data are expressed as mean cycle threshold (Ct)

values 6 SEM. (D) Flow cytometry analysis of pharynx (left) and head kidney (right) leukocytes stained with anti-IgM and anti-IgT Abs. Numbers in

outlined boxes indicate the percentages of IgM+ (top left) and IgT+ (bottom right) B cells in the lymphocyte gate, respectively. (E) Frequency of IgM+ and

IgT+ cells among total B cells present in trout pharynx and head kidney. (F and G) Immunoblot and densitometric analysis of the concentration of IgT, IgM,

and IgD in pharyngeal mucus (F) and serum (G). (H and I) Ratio of IgT to IgM concentration (H) and IgD to IgM concentration (I) in pharyngeal mucus and

serum, calculated from the values shown in (F) and (G), respectively. Results in (E)–(I) are expressed as mean 6 SEM obtained from 12 individual fishes.

MP, muscularis propria; PE, pharyngeal epithelium; SB, stratum basale; SM, submucosa.
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on days 14 and 28, respectively (Fig. 3B). Importantly, the
resulting DEGs were subsequently filtered by the O. mykiss im-
mune gene library, and more than 25% of DEGs were identified as
immune-related genes, as shown in the pie charts (Fig. 3C, 3D).
To further understand the transcriptomic data, we carried out
gene ontology enrichment analysis to determine the biological
processes that were significantly upregulated in the trout PM
after I. multifiliis parasite infection. This overview indicated
that biological processes representing genes were involved in
protein metabolic process, immune system process, response to
stress and cytokines, and protein ubiquitination (Fig. 3E, 3F). Im-
portantly, we found on days 14 and 28 a significant modification in
the expression of genes involved in 1) innate immunity (Fig. 3G;
such as ILs, chemokines, complement factors, antimicrobial peptides,
and TLR) and 2) adaptive immunity (Fig. 3H; including Ag-
processing and presentation, BCR, and Igs). To validate the
RNA-Seq results, 13 DEGs (10 that were upregulated and three
that were downregulated) were detected by qPCR, and the results
were significantly correlated with the RNA-Seq results at each
time point (correlation coefficient R = 0.91, p , 0.001) (Fig. 3I).

Ig and B cell responses in PM to I. multifiliis parasite infection

Using immunofluorescence microscopy, we detected that few IgT+

and IgM+ B cells permeated the PM of control fish (Fig. 4A;
isotype-matched control Abs, Supplemental Fig. 2B). Interestingly,
a moderate increase of IgT+ B cells was observed in the pharyngeal
epithelium of 28-d-infected fish, which was ∼5-fold higher when

compared with control fish (Fig. 4B, 4E). Notably, a large accu-
mulation of IgT+ B cells was found in the pharyngeal epithelium of
survivor fish (75 d postinfection), which was ∼6-fold higher when
compared with those of control fish (Fig. 4C, 4E). It is worth men-
tioning that several of these IgT+ B cells were noticed to be secreting
IgT (Fig. 4D, white arrows). In contrast, there was no significant
difference in the number of IgM+ B cells in the infected and survivor
fish when compared with that of control fish (Fig. 4A–C, 4E). In
agreement with the increase of IgT+ B cells observed in the PM of
infected and survivor fish, the IgT concentration in the pharyngeal
mucus of the same fish groups was ∼3-fold and ∼5-fold higher, re-
spectively, when compared with those of control fish (Fig. 4F).
However, the protein concentration of IgM and IgD in the pha-
ryngeal mucus remained unchanged after I. multifiliis parasite
infection (Fig. 4F). Conversely, the IgM concentration was ∼4-fold
higher in the serum of both infected and survivor fish when com-
pared with control fish. The concentration of serum IgTwas ∼2-fold
and ∼3-fold higher in the infected and survivor groups, respectively
(Fig. 4G). In contrast, the concentration of IgD remained un-
changed in both the pharyngeal mucus and serum of the same
fish (Fig. 4F, 4G).

Pathogen-specific Ig responses in PM

The accumulation of IgT+ B cells and the increase of IgT protein
levels in the PM following I. multifiliis infection led us to hypothesize
a key role of IgT in PM mucosal immunity. To verify this hypoth-
esis, using immunofluorescence microscopy with anti–I. multifiliis

FIGURE 2. A majority of trout pharyngeal bacteria are predominantly coated with IgT. (A) Representative flow cytometry histograms showing the

staining of pharyngeal bacteria with IgT, IgM, and IgD. Bacteria were stained with isotype controls (shaded histograms), anti-trout IgT (green line), anti-

trout IgM (red line), or anti-trout IgD (magenta line) mAbs, respectively. (B) Percentages of pharyngeal bacteria coated with IgT, IgM, or IgD (n = 25). The

median percentage is showed by a red line. (C) Immunoblot analysis of IgT, IgM, or IgD coating on pharyngeal bacteria. Lane 1, 0.1 mg of purified IgT,

IgM, or IgD; lanes 2–7, pharyngeal bacteria (n = 6). (D) Percentages of total pharyngeal mucus IgT, IgM, or IgD coating pharyngeal bacteria (n = 12).

The median is shown by a red line. The statistical differences in (B) and (D) were evaluated by one-way ANOVA with Bonferroni correction. Data are

representative of at least three independent experiments. (E) Differential interference contrast (DIC) images of pharyngeal bacteria stained with a

DAPI/Hoechst solution (blue), anti-IgT (green), anti-IgM (red), or anti-IgD (magenta) and merging IgT, IgM, and IgD staining (Merge) (isotype-matched

control Ab staining, Supplemental Fig. 2A). Scale bar, 5 mm.
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Ab, I. multifiliis trophonts were easily observed in the trout PM
28 d postinfection (Fig. 5A, 5B; isotype-matched control Abs,
Supplemental Fig. 2C). Strikingly, most pharyngeal parasites were
predominantly coated with IgT, whereas only a few parasites were
slightly coated with IgM, and almost no parasites were coated
with IgD (Fig. 5A, 5B). Moreover, by a pull-down assay, we
measured the capacity of pharyngeal Igs to bind the I. multifiliis
parasite. Immunoblot analysis showed significant increases of
parasite-specific IgT binding in up to 1:10 (∼3.1-fold) and 1:40
(∼3.5-fold) of the diluted pharyngeal mucus from infected
(Fig. 5C, 5G) and survivor fish (Fig. 5D, 5H), respectively,
when compared with that of control fish. However, we only
found parasite-specific IgM binding in up to a 1:10 (∼5.2-fold)
pharyngeal mucus dilution from survivor fish (Fig. 5D, 5H),
whereas in serum, parasite-specific IgM binding in up to 1:1000
and 1:4000 serum dilutions from infected (Fig. 5E, 5I) and
survivor fish (Fig. 5F, 5J) increased by ∼3.6-fold and ∼4.3-fold,
respectively. In contrast, parasite-specific IgT binding was de-
tected only in a 1:10 (∼3.8-fold) serum dilution of the survivor fish
(Fig. 5E, 5F, 5I, 5J). Interestingly, no parasite-specific IgD binding

was detected in either the pharyngeal mucus or serum from in-
fected and survivor fish (Fig. 5C–J).

Local proliferation of B cell and Ig responses in trout PM after
I. multifiliis parasite infection

To determine whether the substantial increase of IgT+ B cells in the
PM of survivor fish was derived from the process of local IgT+

B cell proliferation or the transportation of B cells from sys-
temic lymphoid organs, we assessed the in vivo proliferative re-
sponses of IgT+ and IgM+ B cells from control and survivor fish.
Using immunofluorescence microscopy, we detected a signifi-
cantly higher percentage of EdU+ IgT+ B cells (∼14.56 6 2.92%
of all IgT+ B cells) of the PM in survivor fish when compared
with that of control fish (∼3.69 6 0.40% of all IgT+ B cells)
(Fig. 6A–C), whereas there was no difference in the proliferation
of IgM+ B cells between control and survivor fish (Fig. 6A–C).
Importantly, similar results were obtained by flow cytometric
analysis (Fig. 6D–F). The percentage of EdU+ IgT+ B cells was
significantly higher in the PM of survivor fish (∼7.43 6 0.68%
of all IgT+ B cells) when compared with that of control fish

FIGURE 3. Kinetics of the immune response in trout pharynx following I. multifiliis parasites infection. (A) Heat map demonstrated results from

qPCR of mRNAs for selected immune markers in I. multifiliis–infected fish versus control fish measured on days 0.5, 1, 4, 7, 14, 21, 28, and 75 post-

infection in pharynx of rainbow trout (n = 9). Color value, log2 (fold change). (B) Venn diagrams of RNA-Seq experiment showed the overlap of genes

upregulated or downregulated in the pharynx of rainbow trout at 14 or 28 d postinfection with I. multifiliis versus control fish (n = 9 per group). (C and D)

Pie charts showed the percentages of immune and nonimmune genes upregulated or downregulated in the pharynx of rainbow trout at 14 (C) and 28 d

(D) postinfection with I. multifiliis versus control fish by RNA-Seq studies. (E and F) Biological processes that were significantly altered of rainbow trout 14

(E) and 28 d (F) postinfection with I. multifiliis versus control fish revealed by RNA-Seq studies. Fold change differences between control and I. multifiliis–

infected samples were calculated using cutoff of 2-fold. Significant differential expression at each time point (14 and 28 d) was established by unpaired

t tests (p , 0.05). (G and H) Representative innate (G) and adaptive (H) immune genes modulated by I. multifiliis infection on day 14 or 28. (I) Con-

firmation of RNA-Seq studies by qPCR of 14 and 28 d infection with I. multifiliis. Circle, day 14 after infected with I. multifiliis; triangle, day 28 after

infected with I. multifiliis; rectangle with colors, different colors represent different genes. The selected genes were the following: IgT, IgM, pIgR,

Complement C1R (C1R), IL-8, IL-1b, integrin b-1 (ITGB1), MHC (MHC class II), CD22, CD3Z, C-type Lectin Domain Family 4 Member E (CLC4E),

asporin (ASPN), and TLR-8.
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(∼3.34 6 0.39% of all IgT+ B cells) (Fig. 6D–F). However, we
found no significant difference in the number of proliferated
IgM+ B cells in the trout PM (Fig. 6D–F). In the head kidney,
we found an ∼2-fold higher number of EdU+ IgM+ B cells in
survivor fish (∼19.11 6 1.84% of all IgM+ B cells) when com-
pared with that of control fish (∼10.16 6 0.92% of all IgT+

B cells), whereas no differences in proliferating IgT+ B cells were
detected between control and survivor fish (Fig. 6G–I). Therefore,
a certain percentage of IgT+ B cells are locally proliferated. To
verify whether parasite-specific IgT in phalangeal mucus is locally
synthesized in the PM or originated from systemic lymphoid or-
gans, we further analyzed parasite-specific Ig titers from medium
of cultured PM, head kidney, and spleen explants from control and
survivor fish (Fig. 7). We detected parasite-specific IgT binding in
up to 1:40 diluted medium (∼3.6-fold) of cultured PM explants of
survivor fish, whereas low parasite-specific IgM titers were de-
tected only at the 1:10 dilution in the same medium (Fig. 7A, 7D).
On the contrary, the predominant parasite-specific IgM titers (up
to 1:40) were found in the medium of survivor head kidney and
spleen explants, and low parasite-specific IgT responses (up to
1:10) were detected in the same medium (Fig. 7B, 7C, 7E, 7F).
Interestingly, we could not detect any parasite-specific IgD titers

in the medium of cultured PM, head kidney, or spleen explants
from control and survivor fish (Fig. 7A–F).

pIgR in PM of trout

In mammals, sIgA is transported to PM surfaces mediated by the
pIgR (8). Interestingly, previous studies showed that the secretory
component of pIgR (tSC) is associated with IgT in the different
mucosa of teleosts (18, 31–33). In the current study, using im-
munoblot analysis under reducing conditions, tSC was detected in
the pharyngeal mucus, but not in the serum (Fig. 8A). To deter-
mine whether tSC (tpIgR) was associated with pharyngeal mucus
IgT, we performed coimmunoprecipitation assays in pharyngeal
mucus using Abs against tSC and trout IgT. We found that Abs
against trout IgT were able to coimmunoprecipitate pIgR in the
pharyngeal mucus (Fig. 8B) and that sIgT in the pharyngeal mucus
could be immunoprecipitated by the anti-pIgR Ab (Fig. 8C).
Moreover, immunofluorescence microscopy analysis showed
that most of pIgR-containing cells were located in the pharyngeal
epithelium of trout, and some of those pIgR-containing cells were
stained with IgT (Fig. 8D, 8E; isotype-matched control Abs,
Supplemental Fig. 2D). It is worth mentioning that a notable
accumulation of pIgR-containing cells was observed in the PM

FIGURE 4. Accumulation of IgT+ B cells in the pharynx of trout infected with I. multifiliis. (A–C) Representative differential interference contrast (DIC)

images of immunofluorescence staining on paraffinic sections of pharynx from uninfected control fish (A), 28 d–infected fish (B), and survivor fish (C). IgT+

and IgM+ B cells were stained with rabbit anti-trout IgT (green) and mouse anti-trout IgM (red), respectively; nuclei were stained with DAPI (blue)

(isotype-matched control Ab staining, Supplemental Fig. 2B). (D) Enlarged images of the areas outlined in (C) are showing some IgT+ B cells possibly

secreting IgT in pharyngeal epithelium (white arrowhead). Data are representative of at least three independent experiments (n = 9 per group). Scale bar,

20 mm. (E) Numbers of B cells in control, 28 d–infected, and survivor fish counted from (A)–(C). (F and G) Concentration of IgT, IgM, and IgD in

pharyngeal mucus (F) and serum (G) from uninfected control fish, 28 d–infected fish, and survivor fish (n = 12). Data in (E)–(G) are representative of at least

three independent experiments (mean 6 SEM). *p , 0.05, ***p , 0.001 (one-way ANOVA with Bonferroni correction). PE, pharyngeal epithelium.
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of infected (∼2-fold) and survivor fish (∼4-fold) when compared with
that of control fish (Fig. 8F, 8G). Critically, a significant increase of
the pIgR protein levels was detected in the pharyngeal mucus in both
infected (Fig. 8H, 7J) and survivor fish (Figs. 8I, 8J, 9).

Discussion
The mammalian pharynx has evolved tonsils strategically located
to generate efficient mucosal immunity to protect the PC against
airborne and alimentary Ags (6). However, in the ancient bony
vertebrates like teleost fish, which lack tonsils in pharynx, whether
they have pharyngeal immunity against waterborne Ags remains
unknown. In this study, we showed the role of B cell and Ig responses
in controlling pathogens in the PC of rainbow trout (O. mykiss),
presenting molecular mechanisms for mucosal adaptive immunity
similar to those within mammals. Thus, our findings revealed that
the pharynx serves universally conserved immune defense func-
tions in both primitive and modern bony vertebrates.
In this study, we showed for the first time, to our knowledge,

that the trout PM contains diffuse MALT but lacks the organized
lymphoid structures (i.e., tonsils), as well as a preponderance of

IgT+ over IgM+ B cells. Interestingly, IgA+ B cells are fewer in
number than IgG+ B cells in mammals (44), whereas IgA is the
predominant Ig in the nasopharyngeal secretions of infants at 7 wk
of age (45). In this study, the protein levels of pharyngeal mucus
sIgT were found to be higher than those reported in the skin
(∼11-fold) (32), gill (2-fold) (33), and nasal mucus (∼2-fold) (18)
and comparable to those in the gut mucus (31). In line with the
case of mammalian sIgA (46–48), IgT protein levels vary at in-
dividual mucosal surfaces in fish. Moreover, trout Ig protein
characteristic analysis showed that most of the sIgT presents in the
pharyngeal mucus as a polymer, similar to the characteristic of
sIgA in the respiratory and gastrointestinal tract mucosal surfaces
from humans (49). Unlike tetrameric IgM (31), the monomeric
subunits of polymeric IgT are associated by noncovalent interactions,
as previously found in other sources of mucus in teleosts (18, 31–33).
Thus, the predominance of IgT+ B cells and the higher protein levels
of IgT in the pharyngeal mucus suggest a possible role of IgT in
pharynx mucosal immunity.
In mammals, sIgA acts as the first line of mucosal defense

against microbiota by immune exclusion (50, 51). It has been

FIGURE 5. Ig-specific responses in the pharynx from infected and survivor fish. (A and B) Four different microscope images of slides showing im-

munofluorescence staining of I. multifiliis parasites in pharyngeal paraffinic sections from trout infected with I. multifiliis after 28 d (n = 6). (A) From left to

right: I. multifiliis (magenta), IgM (red), and IgT (green), with nuclei stained with DAPI (blue). (B) From left to right: I. multifiliis (magenta), IgD (red), and

IgT (green), with nuclei stained with DAPI (blue); differential interference contrast (DIC) images showing merged staining (isotype-matched control Ab

staining, Supplemental Fig. 2C). Scale bar, 20 mm. (C and D) Western blot analysis of IgT-, IgM-, and IgD-specific binding to I. multifiliis in pharyngeal

mucus (dilution 1:2) from 28 d–infected (C) and survivor (D) fish. (E and F) Western blot analysis of IgT-, IgM-, and IgD-specific binding to I. multifiliis in

serum (dilution 1:10) from 28 d–infected (E) and survivor (F) fish. (G and H) IgT-, IgM-, and IgD-specific binding to I. multifiliis in dilutions of pharyngeal

mucus from infected (G) and survivor (H) fish, evaluated by densitometric analysis of immunoblots and presented as relative values to those of control

uninfected fish (n = 12). (I and J) IgT-, IgM-, and IgD-specific binding to I. multifiliis in dilutions of serum from 28 d–infected (I) and survivor (J) fish,

evaluated by densitometric analysis of immunoblots and presented as relative values to those of control uninfected fish (n = 12). Data are representative of at

least three independent experiments (mean 6 SEM). *p , 0.05, **p , 0.01, ***p , 0.001 (unpaired Student t test).
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estimated that up to 70% of bacteria in the gut lumen are coated
with sIgA (less with IgG and IgM) (52), and IgA coating is thought
to efficiently inhibit luminal bacteria colonization and invasion of
the gut epithelium (53). Our previous findings in trout have shown
that, similar to sIgA in mammals, sIgT is the main Ig isotype
coating the bacteria in the mucosal surface of fish (18, 31–33). In
this study, to our knowledge, we showed for the first time the
presence of commensal bacteria in association with the teleost
pharyngeal Igs. In the case of trout pharyngeal bacteria, a large
population of bacteria was predominantly coated with sIgT and,
to a lesser degree, with sIgM and sIgD. Although the PM was
thought to be colonized by high densities of microbiota (54, 55),
few studies have investigated the relationship between mucosal
Igs and PM bacteria. Thus, our results, to our knowledge, provide
the first demonstration of the dominant role of mucosal IgT in
the control of pharyngeal commensal bacteria in vertebrates.

Interestingly, a landmark study demonstrated that the members
of the intestinal microbiota (Prevotellaceae, Helicobacter, and
segmented filamentous bacteria), which are known to preferentially
drive intestinal inflammation, are highly coated with IgA (56). In
this study, we hypothesize that microbiota species in PM coated
with sIgT may have a potential role in triggering inflammatory
response. Therefore, future studies need to identify the type of PM
microbiota species and address the potential role of PM micro-
biota species coated with sIgT.
In this study, we report for the first time, to our knowledge, that

I. multifiliis can invade the trout PM and elicit strong local im-
mune responses. By qPCR, we detected the I. multifiliis parasites
loads in the trout pharynx began to increase significantly on day 7
postinfection, similar to what we have previously reported in the
nose of trout (18). Notably, both innate and adaptive immune mol-
ecules are significantly upregulated in the trout PM postinfection.

FIGURE 6. Proliferative responses of IgT+ and IgM+ B cells in the pharynx of survived fish. (A and B) Immunofluorescence analysis of EdU incor-

poration by IgT+ or IgM+ B cells in the pharynx of control (A) and survivor fish (B). Pharynx paraffinic sections were stained for EdU (magenta), trout IgT

(green), trout IgM (red), and nuclei (blue) detection (n = 9). White rectangle represents partial enlargement area. White arrowheads point to cells double

stained for EdU and IgT. Data are representative of at least three independent experiments. Scale bar, 20 mm. (C) Percentage of EdU+ cells from the total

pharynx IgT+ or IgM+ B cell populations in control or survivor fish counted from (A) and (B). (D and E) Representative flow cytometry dot plot showing

proliferation of IgT+ (D) and IgM+ (E) B cells in pharynx leukocytes of control and survivor fish. The percentage of lymphocytes representing proliferative

B cells (EdU+) is shown in each dot plot. (F) Percentage of EdU+ cells from the total pharynx IgT+ or IgM+ B cell populations in control and survivor fish

(n = 9). (G and H) Representative flow cytometry dot plot showing proliferation of IgT+ (G) and IgM+ (H) B cells in head kidney leukocytes of control and

survivor fish. The percentage of lymphocytes representing proliferative B cells (EdU+) is shown in each dot plot. (I) Percentages of EdU+ cells from the total

head kidney IgT+ or IgM+ B cell populations in control and survivor fish (n = 9). Data in (C), (F), and (I) are representative of at least three independent

experiments (mean 6 SEM). **p , 0.01, ***p , 0.001 (unpaired Student t test). PE, pharyngeal epithelium.
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Critically, based on transcriptome sequencing analysis, the up-
regulated expression of immune-related molecules contains ILs,
chemokines, complement factors, antimicrobial peptides, TLR,
and Igs known to be crucial in the pharyngeal immune system of
mammals (24, 57, 58). Our results concur with the previous
studies in which a large number of immune-related genes were
upregulated in nasal mucosa from rainbow trout postinfection with
I. multifiliis parasites (18). Differently, we found that the greatest
changes in expression of complement-related genes in nasal mu-
cosa occurred on day 7 postinfection; however, it mainly occurred
in PM on day 14 postinfection. In addition, we found that a large
accumulation of IgT+, but not IgM+, B cells occurred in the
pharyngeal epithelium of infected and survivor fish exposed to
I. multifiliis, in accordance with the increased concentration of
IgT, but not IgM or IgD, in the pharyngeal mucus of the same
individuals. Similarly, numerous research studies on Ig and plasma
cell responses in the mammalian PM have reported on pharyngeal
secretions and various tonsils (11, 25, 59). Importantly, higher
parasite-specific IgT titers than IgM were detected in the pha-
ryngeal mucus as well as a much higher degree of IgT coating
than IgM on the pharyngeal parasites, indicating an important
role for sIgT in the control of I. multifiliis infection. As expected,
we detected an overwhelming prevalence of IgM titers in the
serum. Combined, our results support the idea that IgT and IgM
responses are specialized in pharyngeal mucosal and systemic
immunity, respectively. Interestingly, following intranasal immuni-
zation with lipoteichoic acid and cholera toxin B, Ag-specific IgA
and IgG responses were evoked effectively in mammal PM and
serum, respectively (12, 60). Thus, our results suggest a conserved
role of fish sIgT and mammalian sIgA in the protection of the PM
from pathogens through convergent evolution.
In mammals, most activated B cells in the PM migrate from

tonsillar GCs (6, 8, 58), and the sIgA normally appearing in pha-
ryngeal secretions is produced by local plasma cells that originated
from various tonsils (6, 8). However, given the lack of tonsils in

teleost fish, it is unclear whether the IgT+ B cell accumulations
originated from local B cell proliferation in the PM or migration
from other lymphoid organs. In this study, by in vivo proliferation
assays, we showed for the first time, to our knowledge, dominant
proliferative IgT+ B cell responses in the trout PM. In contrast,
strong IgM+ B cell proliferative responses were detected in the head
kidney of the same fish. Thus, this finding strongly suggests that the
accumulation of IgT+ B cells in the pharyngeal epithelium is the
result of local proliferation rather than migration from the head
kidney. Interestingly, similar results were also discovered in the
nose and gills (18, 33). In addition, we confirmed the local pro-
duction of high pathogen-specific IgT titers in PM tissue explant
cultures, suggesting the presence of parasite-specific plasma cells
in the local PM. Similarly, in the PM from pharyngitis patients, a
substantial sIgA seemed to be secreted locally by IgA-secreting
plasma cells generated from lymphoid follicles and in the mucosa
itself (23). Moreover, by in vitro culture of human tonsil lymphocytes
following diphtheria toxoid stimulation, the specific IgA could be
measured in the culture supernatant (61). Hence, our data indicate
that the local mucosal B cells and secretion of mucosal Ig responses
in the PM happen not only in tetrapod species, but also in nontetrapod
species such as teleost fish.
To protect the mucosal surfaces from invading pathogens and

maintain homeostasis, vertebrates have developed an exquisite
mucosal immune system in which the secretory component or
the pIgR produced by epithelial cells can transport sIgA to the
mucosal surface (8, 62). However, little actual evidence exists in
support of the direct interactions between sIgA and pIgR in the
PM of vertebrates. Critically, we observed that pIgR-positive cells
mainly existed in the epithelial layer of the trout PM, and trout
secretory component was associated with sIgT in the pharyn-
geal mucus. Thus, our finding provides, to our knowledge, the
first demonstration that sIgT was transported by pIgR to trout
PM. More importantly, following I. multifiliis infection, we
found a significant increase in the pIgR-positive cells and pIgR

FIGURE 7. Local IgT-, IgM-, and IgD-specific responses to I. multifiliis parasite of survivor fish. Pharynx, head kidney, and spleen explants (∼30 mg

each) from control and survivor fish were cultured in medium (400 ml) for 7 d. (A–C) Western blot analysis of IgT-, IgM-, and IgD-specific binding to

I. multifiliis in the culture medium of pharynx (A), head kidney (B), and spleen (C) (dilution 1:2) from control and survivor fish. (D–F) IgT-, IgM-,

and IgD-specific binding to I. multifiliis in dilutions of pharynx (D), head kidney (E), and spleen (F) culture medium from survivor fish, evaluated by

densitometric analysis of immunoblots and presented as relative values to those of control fish (n = 12). Data are representative of at least three independent

experiments (mean 6 SEM). *p , 0.05, **p , 0.01, ***p , 0.001 (unpaired Student t test).
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protein levels in the PM and pharyngeal mucus, respectively.
These results are in agreement with previous findings on human
intestinal epithelial cells treated with Saccharomyces boulardii
and reovirus (63, 64). Moreover, prior studies have shown that
pIgR-deficient mice cannot transport polymeric IgA into the in-
testinal lumen (65). Therefore, to gain insight into the role of pIgR
in the homeostasis of PM, future studies are warranted to ascertain
the specific contributions of pIgR to the pharyngeal immune
responses of teleost fish against pathogens.
In conclusion, our findings indicate the presence of immune

function in the PM of teleost fish. To maintain PC homeosta-
sis, fish and mammals have evolved different structures and
fascinating strategies in the PM. Mammals have a choana that
connects the NC and PC, and their PM is known to contain
both mucus glands and mucus-producing cells that produce
the mucus that coats their pharyngeal epithelium (20, 21).
Importantly, lymphoid structures (i.e., tonsils) are organized in
the PM to defense against external pathogens. In that regard,

activated IgA+ B cells generated from GCs migrate into the LP
and pharyngeal epithelium, where they are further differentiated
into plasmablasts or plasma cells to produce sIgA (6, 8, 58).
Subsequently, the sIgA-containing J chain is transported via
pIgR-expressing epithelial cells into secretions of PM in control of
pathogens (62) (Fig. 9A). In contrast, teleost fish lack the choana
and mucus glands, and the PM contains diffuse lymphoid cells
without any organized lymphoid tissues. Critically, following
pathogenic infection, IgT+ B cells in the PM epithelium can
locally proliferate and differentiate into plasmablasts or plasma
cells to produce sIgT and then transport via pIgR-expressing
epithelial cells into the outer layer of the PM epithelium in control
of pathogens and the recognition of microbiota (Fig. 9B). Thus,
different types lymphoid structures (organized versus diffuse)
and molecules (sIgA versus sIgT) evolved in PM of mammals
and fish, but utilize functionally analogous strategies to
maintain PC homeostasis. Overall, these data indicate that
the mucosal adaptive immune response in the PM involves a

FIGURE 8. Trout pIgR associates with sIgT in pharyngeal mucus. (A) SDS-PAGE under reducing conditions of trout pharyngeal mucus and serum,

followed by immunoblot analysis (IB) using anti-trout pIgR Ab. (B) Coimmunoprecipitation (CoIP) of pharyngeal mucus with rabbit anti-trout IgT Ab,

followed by IB under reducing conditions (pIgR detection, upper panels) or nonreducing conditions (IgT detection, lower panels). (C) CoIP of pharyngeal

mucus with rabbit anti-trout pIgR, followed by (IB) nonreducing conditions (IgT detection, upper panels) or under reducing conditions (pIgR detection,

lower panels). IgG purified from rabbit’s serum before immunization (Prebleed) served as negative control for rabbit anti-trout IgT and rabbit anti-trout

pIgR, respectively [left lane on each panel for (B) and (C)]. (D) Immunofluorescence staining for pIgR with IgT in pharynx paraffinic sections of rainbow

trout. Differential interference contrast images of pharynx paraffinic sections were stained with anti-trout IgT (green), anti-trout pIgR (magenta), and DAPI

for nuclei (blue) (n = 6) (isotype-matched control Abs for anti-pIgR in Supplemental Fig. 2D). (E) Enlarged sections of the areas outlined in (D) without

differential interference contrast (DIC) showing some pIgR/IgT colocalization (white arrowhead). Data are representative of at least three independent

experiments. Scale bar, 20 mm. (F) Two different DIC images of immunofluorescence staining for pIgR (green) on pharynx paraffinic sections

from uninfected control fish (left), infected fish (middle), and survivor fish (right); nuclei are stained with DAPI (blue) (n = 9). Data are representative of at

least three independent experiments. Scale bar, 20 mm. (G) Counts of pIgR cells per field (counted in 27 fields) in paraffinic sections of pharynx from

uninfected control fish, infected fish, and survivor fish. (H) Representative IB of pIgR (upper panels) in pharyngeal mucus from uninfected control fish

(left) and infected fish (right). (I) Representative IB of pIgR (upper panels) in pharyngeal mucus from uninfected control fish (left) and survivor fish

(right). b-Actin was used as a loading control [lower lane on each panel for (H) and (I)]. (J) These data in (H) and (I) were quantified by densitometry,

followed by normalization to the b-actin loading control (n = 9). Data are representative of at least three independent experiments (mean 6 SEM).

**p , 0.01, ***p , 0.001 (unpaired Student t test).
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process of convergent evolution between tetrapods and
nontetrapods.
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