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ARTICLE INFO ABSTRACT

Keywords: IgM transcripts from different mucosal and systemic tissues from a single adult channel catfish have been
Channel catfish evaluated. Arrayed heavy chain cDNA libraries from each of these different mucosal and systemic tissues were
B cell separately constructed, hybridized with VH family specific probes and a variety of approaches were used to

IgM define their structural relationships. Baseline hybridization studies indicated that the tissue libraries had dif-
Repertoire . . PN . . . .
Mucosal ferent VH expression patterns, and sequencing studies indicated this was not simply due to varying proportions

of the same B cell population. In the systemic tissues of PBL, spleen, and anterior kidney > 95% of the sequenced
clones in the arrayed libraries represented different heavy chain rearrangements. Diversity was also found in the
mucosal libraries of skin, gill lamellae, and two non-adjoining regions of the intestine, but additional populations
were identified which indicated localized clonal expansion. Various clonal sets were characterized in detail, and
their genealogies indicated somatic mutation accompanied localized clonal expansion with some members un-
dergoing additional mutations and expansion after migration to different mucosal sites. PCR analyses indicated
these mucosal clonal sets were more abundant within different mucosal tissues rather than in the systemic
tissues. These studies indicate that the mucosal immune system in fish can express B cell transcripts differently
from those found systemically. These studies further indicate that the mucosal immune system is interconnected
with clonal B cells migrating between different mucosal tissues, results which yield new insight into immune
diversity in early vertebrate phylogeny.

1. Introduction

Understanding the phylogenetic evolution of mucosal immune sys-
tems is important to derive insights into mechanisms responsible for the
induction of protective immunity [1-3]. Few other classes of verte-
brates are likely to be more dependent upon mucosal immunity than are
the bony fish. The body of fish is completely covered in a mucosal
surface which surrounds the gills, the skin, and the buccal/intestinal
surface and provides protection under varying environmental condi-
tions. Early studies to define mucosal immunity in fish determined that
immunoglobulins were present in the mucus on the skin and internally
in the bile [4,5]. Furthermore, these immunoglobulins were present not
as a product of serum transudation or active transport of serum

immunoglobulins but were the result of local synthesis [6,7]. As work
has advanced, vaccination studies showed that the mucosal system of
fish could be stimulated to produce antibodies, and these mucosal an-
tibodies could be produced in the absence of a systemic response
[8-10]. In addition, lymphocytes were identified within various mu-
cosal locations in multiple species [9,11-16].

But deeper understanding of the mucosal system of fish required a
basic understanding of the genetic diversity of the genes of their im-
mune systems to establish the necessary comparative information. As
basic knowledge of mucosal immunity in fish has progressed, greater
understanding of the genetic diversity of the Ig genes of fish has been
made. Earlier studies in the channel catfish have defined 13 different
VH families representing ~200 VH segments that are used in the heavy
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chain cDNA repertoire, and germline segments representing each family
have been identified [17-20]. The DH locus, identified through ap-
proaches that examined the excision productions of DH-JH re-
combination events, comprises at least three DH segments and is lo-
cated 9 kb upstream of the nine segments that compose the JH locus
[21,22].

These germline IgM VDJ heavy chain segments undergo a variety of
modifications during and following recombination events including
combinatorial and junctional diversity [23], somatic mutation [24],
and revision [25,26]. These events provide footprints for understanding
clonal expansion patterns and serve as a foundation to understand the
relationships of B cells in the mucosal and systemic tissues. These
analyses have led to this report.

2. Materials and methods

2.1. Construction of heavy chain cDNA libraries, hybridization, and
sequence analysis

An individual adult outbred channel catfish (Ictalurus punctatus) was
exsanguinated, and the following tissues excised: anterior kidney (AK),
gill lamellae (GL) from a single gill arch, spleen (SP), skin (SK, ~2 cm?
from the dorsolateral surface), and intestine (~ 30 cm). The mesenteries
and blood vessels were removed from the intestine, and the organ was
thoroughly washed in 90% RPMI-1640. The intestine was cut into 3
equal (~10cm) segments, and a 2 cm section from the middle of each
segment was used for analysis. These widely separated and thus non-
adjoining sections were designated intestine-1 (I1, from the proximal 1/
3), intestine-2 (12, from the middle 1/3), and intestine-3 (I3, from the
distal 1/3). PBL were isolated from blood collected from the caudal
artery/vein as described [27]. These experiments were conducted
under an approved animal protocol from the Institutional Animal Care
and Use Committee of the University of Mississippi Medical Center.

The procedures used to extract total RNA and synthesize cDNA from
these tissues were described previously [20]. Briefly, first-strand cDNA
synthesis was initiated with a Cu2 domain primer, the products were
tailed with poly-C at the 5-end, and the products were amplified using
a reverse Cul domain primer and an abridged 5-RACE adapter primer.
PCR products between 450 and 550 bp in length were gel-excised and
cloned. Heavy chain cDNA colonies derived from each of the tissues
(except for I1) were arrayed onto LB agar plates, and replicate colony
lifts of these cDNA libraries were hybridized with radiolabeled probes
specific for the VH1, VH2, VH6 or VH7 families. Under the high
stringency conditions used, the probes do not cross hybridize [20]. The
heavy chain cDNA libraries were also hybridized with [y32P]—end—la—
beled oligonucleotides designed to be specific for the CDR3-encoded
region in members of various clonal sets (CS) or other cDNA clones. The
hybridization media and the sequences of some of the CDR3-specific
oligonucleotides were reported earlier [25]. All CDR3 probes and their
respective hybridization and final wash temperatures are shown in
Table 1.

Plasmids from positive clones were sequenced as described [20]
with heavy chain FR and CDR regions assigned using the nomenclature
of IMGT, the international ImnMunoGenetics information system [28].
Nucleotide substitutions were designated using IMGT nomenclature e.g.
A322 > G denotes that 'A’ at position 322 is substituted by a 'G'. Ne-
gative numbers indicate substitutions with the leader and 5‘-un-
translated region. A total of 383 clones were sequenced from the cDNA
libraries: 310 clones were selected from those that were positive with
VH family-specific probes, and 73 additional clones were positive with
CDR3-specific probes. The sequences of 308 clones representing single
rearrangements as well as representative members of clonal sets have
been submitted to GenBank under the accession numbers EU492547-
EU492853, and EU492867. Fifteen of these sequences were the pro-
ducts of receptor revision events and were characterized in a preceding
study [25]; for clarity these 15 clones have been eliminated from the
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data shown in the figures and tables in the present study. The nomen-
clature for catfish germline DH and JH segments is from earlier studies
[21,22].

2.2. PCR assays for clonal rearrangements

PCR assays were used to evaluate the expression of specific clonal
rearrangements within the tissues. The basic approach was to prepare
VH family specific templates from each of the eight tissues, and then
using equivalent amounts of these templates conduct PCR studies using
clonal specific primers to determine the number of cycles needed to
visualize the clonal product. First-strand cDNA synthesis reactions
using a Cu2 primer were done as described above using the RNA de-
rived from the eight tissues (including I1). These eight first-strand
products were amplified with a VH family-specific forward primer
(VH1, VH2, VH6 or VH7) and a Cul reverse primer [20]. The products
were gel-excised and column purified thus deriving four VH family-
specific ¢cDNA pools from each tissue. Each ¢cDNA pool was diluted
1:100, and subdilutions amplified for 15 cycles using the corresponding
VH family-specific forward primer and the Cul reverse primer
(Table 1). Using equivalent amounts of the family specific cDNA from
these reactions (e.g. VH1 cDNA from the eight organs would be used for
analysis of rearrangements that used a member of the VH1 family), PCR
reactions using primers specific to a clonal set were done by varying the
number of cycles used for amplification. A master solution of sufficient
volume to conduct the various cycling reactions was aliquoted to effect
final amplification conditions of 0.2 mM dNTPs, 20 mM Tris-HCI (pH
8.4), 1 mM MgCl,, 10 pmol of each primer and 1 U of Taq polymerase in
a volume of 50 pl. The amplification parameters used an initial 5min
denaturation step at 94 °C, followed by 15-40 cycles of 30sat 94 °C,
30sat an annealing temperature dependent on the Tm of the primer
pair, 30sat 72°C, and a final extension of 7 minat 72 °C. The primer
pairs used were the CDR3 clonal-specific reverse primer (described
above) paired with a VH member-restricted forward primer (Table 1).
The products at the different amplification cycles were photographed
following gel electrophoresis to assess their expression levels within the
tissues. All experiments were done at least twice. To confirm these
experiments targeted the correct rearrangement, various products were
gel-excised, cloned and sequenced.

3. Results

3.1. Expression of different VH families in heavy chain cDNA libraries
derived from different systemic and mucosal-associated tissues

To determine if VDJ rearrangements expressed in mucosal tissues
were similar or different from those expressed systemically, RNA was
isolated from eight different tissues from an individual adult channel
catfish. Three represented systemic tissues [PBL, anterior kidney (AK,
the major hematopoietic organ in bony fish), and spleen (SP)], the other
five represented the mucosal-associated tissues, as each contains goblet
cells [gill lamellae (GL), skin (SK), and three widely separated regions
of the intestine designated I1, 12, and I3, see Materials and Methods].
The RNA derived from each tissue except I1 was used to construct a
separate heavy chain c¢DNA library. These arrayed libraries, each
composed of > 500 clones, were sequentially hybridized with four
probes each specific for a different VH family [20]. Three of these VH
families were large to medium-sized (VH1, 22-28 genomic members;
VH2, 20-24 genomic members; and VH6, 17-20 genomic members),
the fourth represented a relatively small family (VH7, 8-10 genomic
members) [17,18].

The VH hybridization pattern of the PBL library provided a baseline
to compare the relative expression of these families in the other li-
braries (Table 2). In PBL the percentages of VH1, VH2, and VH6 posi-
tive clones were similar ranging from 9% to 12% while VH7 clones
represented less than 1% of the library. In contrast, the expression
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Table 1
Primer sequence of VH-, CH-regions and CS-specific pairs utilized for cDNA library hybridization and PCR assays for clonal rearrangements.
Primer® Sequence (5'-3") Reference Sequence (Accession Hybridization and (Wash) Temperatures Used to Screen  Annealing
Number)™* cDNA Libraries’ Temperature®

VH-region
VH1 TGGGTGAAGCAGAACTCA NG70 (M27230) NA.' NA.S
VH2 GTTGCTTCCTATGTGCAT NG41 (M58671) NA. NA.
VH6 ATCCACACTCATAACCCCTG VH6.1 (U09724) N.A.S N.A.!
VH7 TTTGCAGTGCTGAGATCAG VH7E (AY238375) N.A. N.A.S

C-region
Cul GATTTCGGGGCGCTTTGCACAG ~ NG70 (M27230) NA.S N.A.!

VH1-CS1
CDR1 CTCAATGGGCAGCTACTG 18C11VH1SK_CS1 (EU492763) 50°C (54°C) 65°C
CDR3 GGCCCCAGCTGCTATAATC

VH1-CS2
CDR1 CTCAATGGGCAGCTACTACA 19C10VH1I3_CS2 (EU492834) 50°C (54°C) 65°C
CDR3 GTAGCTGAAGCTGCTATCTC

VH2-CS1
FR2/CDR2 GTGGATTGGACACATTAATAGTG 16HO3VH2I3_CS1 (EU492821) 50°C (54°C) 61°C
CDR3 TAAGCCACCCCGCCATATT

VH2-CS2
FR2/CDR2 GTGGAGTGGATTGGACACATCT 16C12VH2AK _CS2 (EU492599) 47°C (50 °C) 65°C
CDR3 AAAGCCCGCTAGATCCTTA

VH7-CS1
FR1 CTGGACCAGTCTCCTACTGTA 18CO5VH7I12_CS1 (EU492792) 39°C (42°C) 59°C
CDR3 GTAGGGCCCCATAAC

VH7-CS2
CDR1 TCTGGAATGGATTGGTATTA 18A02VH7GL_CS2 (EU492727) N.A.f 63°C
CDR3 AAACGCCACCCCAGTATA

15E09VH1SP
CDR1 CTCAATGGGCAGCTACTACA 15E09VH1SP (EU492643) 50°C (54°C) 65°C
CDR3 TCCCCTACCCCAGCTGGA

18G10VH6SP
FR2 CTCTGGAGTGGATAGGACATAT 18G10VH6SP (EU492688) 50°C (54°C) 59°C
CDR3 GCAAAGGGCGTAGTTATACC

2 The VH region, CS-specific CDR1 and FR/CDR2 are sense primers; constant region and CS specific CDR3 are antisense primers.

b

The VH- and C-region primers were described by Yang et al. (2003).

c

d

The clonal set specific probes (VH1-CS2 CDR3, VH2-CS1 CDR3 and VH7-CS1 CDR3) were previously described by Lange et al. (2009).
The different hybridization and wash temperatures used for each CDR3 oligonucleotide except for VH7-CS2.

¢ The annealing temperature used during the PCR cycling experiments for each individual CS specific primer pair. The annealing temperatures were optimized

with the plasmid DNA of the reference clones.
f Not applicable.

Table 2
Number and percentage of H chain clones expressing different VH families in
heavy chain cDNA libraries derived from systemic or mucosal tissues.

cDNA VH Family” Total
Library®

VH1 VH2 VH6 VH7
PBL 53 (9.9) 48 (9.0) 63 (11.8) 2(0.4) 166 (31.1)
AK 23 (4.3) 63 (11.8) 115 (21.6) 3 (0.6) 204 (38.3)
Sp 9 (1.7) 90 (16.9) 157 (29.6) 2 (0.4) 258 (48.6)
GL 40 (7.5) 38 (7.1) 72 (13.5) 6 (1.1) 156 (29.3)
SK 32 (6.2) 3 (0.6) 16 (3.1) 0 (0.0) 51 (9.9)
2 57 (10.8) 28 (5.3) 60 (11.3) 41 (7.8) 186 (35.2)
13 353 (66.4) 18 (3.4) 13 (2.4) 0 (0.0) 384 (72.2)

? Heavy chain cDNA libraries were separately constructed from the RNA
derived from different tissues from an individual adult channel catfish: PBL,
anterior kidney (AK), spleen (SP), gill lamellae (GL), skin (SK), and two widely
separated regions of the intestine designated intestine-2 (I12) and intestine-3
13).

> The number of clones in the libraries were: PBL, 533; AK, 532; SP, 531; GL,
533; SK, 513; 12, 529 and I3, 532. Each library was sequentially hybridized with
one of four probes each probe specific for a different VH family. The number of
hybridization positive clones and their (percentage) in each library is indicated.

patterns of these families in the other libraries appeared different from
PBL and from each other (Table 2). The libraries derived from the se-
parate regions of the intestine (I2 and I3) were also different in the
expression of VH1, VH6, and VH7.
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3.2. Sequence analysis of clones from heavy chain cDNA libraries

The results suggested that different B cell populations may be pre-
sent in different tissues. These results, however, would also be con-
sistent with the interpretation that there were simply varying propor-
tions of the same B cell population within these different tissues. To
resolve this central question, 301 of the clones that hybridized with the
VH probes were sequenced and alignments constructed to determine if
different VDJ rearrangements were expressed. These sequences ex-
tended from the 5‘untranslated region downstream thru the Cul do-
main.

During these analyses members of clonal sets (CS) were identified.
These related sequences; some located in different libraries, expressed
the same VDJ and exhibited a characteristic CDR3 junctional pattern
likely restricted to that specific rearrangement. In addition, point mu-
tations were observed. Our earlier studies had shown that it was un-
likely that any one sequence had a mutation resulting from amplifica-
tion error which indicated that somatic mutation occurred during
clonal expansion [24]. These mutational patterns distinguished dif-
ferent clonal members and as will be shown later provided insight into
their genealogies.

A summary of the sequenced clones and the rearrangements iden-
tified are shown in Table 3. The VH1 rearrangements from PBL, AK and
SP were diverse. Of the 28 VH1 clones from these three libraries, 27
represented independent rearrangements and none of these were
identified in any other library. The libraries derived from GL, SK and 12,


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=nucleotide&doptcmdl=genbank&term=M27230
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Summary of VDJ rearrangements and clonal sets identified in randomly sequenced clones expressing members of four VH families in heavy chain cDNA libraries
derived from different tissues.

cDNA Library®

VH1

VH2

VH1 Clonal Sets®

VH2 Clonal Sets®

Number of VH1 Number of Clonal Number of Clones Number of VH2 Number of Clonal Set Number of Clones
Clones Sequenced (% Different VDJ Set Name Sequenced Clones Sequenced (% Different VDJ Name Sequenced (Number
of VH1 Population®)  Rearrangements (Number of VH2 Population”)  Rearrangements Different)
Different)
PBL 12 (23%) 12 N.A. N.A. 12 (25%) 12 N.A. N.A.
AK 9 (39%) 8¢ N.A. N.A. 10 (16%) VH2-CS2 2 (2 dif)
VH2-CS5 1
VH2-CS6 1
SP 7 (78%) 7 N.A. N.A. 17 (19%) 17 N.A. N.A.
GL 16 (40%) 8¢ VH1-CS1 8 (3 dif) 11 (29%) 11 N.A. N.A.
VH1-CS3 2 (2 dif)
SK 14 (44%) 2¢ VH1-CS1 13 (4 dif) 3 (100%) 3 N.A. N.A.
12 17 (30%) 7¢ VH1-CS1 11 (8 dif) 9 (32%) 7 VH2-CS7 3 (3 dif)
13 20 (6%) 9¢ VH1-CS2 11 (6 dif) 10 (56%) 6 VH2-CS1 4 (3 dif)
VH1-CS6 2 (2 dif) VH2-CS5 1
VH2-CS6 2 (0 dif)
cDNA Library® VH6 VH7
VH6 Clonal Sets® VH7 Clonal Sets®
Number of VH6 Number of Clonal Number of Clones Number of VH7 Number of Clonal Number of Clones
Clones Sequenced (% Different VDJ Set Name Sequenced Clones Sequenced (% Different VDJ Set Name Sequenced (Number
of VH6 Population”)  Rearrangements (Number of VH7 Population”)  Rearrangements Different)
Different)
PBL 15 (24%) 14 VH6-CS1 1 1 (50%) 1 VH7-CS1 1
VH6-CS7 2 (2 dif)
AK 24 (21%) 23 VH6-CS1 1 2 (67%) 2 N.A N.A
VH6-CS3 2 (2 dif)
VH6-CS5 1
SP 28 (18%) 27 VH6-CS2 2 (2 dif) 2 (100%) 2 N.A. N.A.
VH6-CS5 1
GL 13 (18%) 13 VH6-CS4 1 6 (100%) 4 VH7-CS2 2 (2 dif)
VH7-CS3 2 (2 dif)
SK 9 (56%) 7 VH6-CS4 3 (3 dif) 0 (N.A) N.A. N.A. N.A.
12 12 (20%) 10¢ N.A. N.A. 13 (32%) 2¢ VH7-CS1 12 (4 dif)
13 9 (69%) 9 N.A. N.A. 0 (N.A) N.A. N.A. N.A.

@ The tissues used for RNA isolation and library construction were from an individual catfish as described in Table 2.

" Determined by dividing the number of clones sequenced by the number of clones that hybridized with the VH probe (see Table 2).

¢ Sequences which had the same VDJ rearrangement were grouped into clonal sets (CS) and named by the VH family expressed in the rearrangement followed by
an arbitrary numerical designation. Clonal members in different libraries were assigned the same CS name. N.A., not applicable.

4 Some clones from a library had the identical sequence: VH1 (AK, 2 clones; GL, 6 clones in VH1-CS1; SK, 10 clones in VH1-CS1; 12, 4 clones in VH1-CS1; and 13, 6
clones in VH1-CS2); VH2 (I3, 2 clones in VH2-CS1 and 2 clones in VH2-CS6); VH6 (12, 3 clones); and VH7 (12, 9 clones in VH7-CS1).

however, each had members of the same CS designated VH1-CS1. This
CS composed 50%, 93%, and 65% of the sequenced VH1 clones from
these libraries, respectively, and mutational patterns indicated that
clonal expansion occurred. VH1-CS1 members, however, were not
among the 20 VH1 clones sequenced from the I3 library. Instead the I3
VH1 population was principally composed of members of VH1-CS2
(55% of the VH1 sequences). Clonal members of VH1-CS6 were also
identified in I3, but the remaining VH1 rearrangements were different
and not found in other libraries.

The VH2 clones from PBL, AK, and SP were also diverse as 38 of the
39 sequences represented different rearrangements. Likewise the VH2
clones from the GL and SK libraries represented different rearrange-
ments not identified in other libraries. Five VH2 clonal populations
were identified, three in one library (VH2-CS1 in I3, VH2-CS2 in AK,
and VH2-CS7 in 12) and two in different libraries (VH2-CS5 and VH2-
CS6 in AK and I3). The other nine 12 and I3 clones were different re-
arrangements.

A total of 110 VH6 clones were sequenced from the seven libraries
and 96 of these (87%) represented rearrangements not found in other
libraries. Six CS (comprising a total of 14 clones) were represented by
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limited clonal members: three in one library (VH6-CS2 in SP, VH6-CS3
in AK, and VH6-CS7 in PBL) and three in different libraries (VH6-CS1 in
PBL and AK; VH6-CS5 AK and SP; and, VH6-CS4 in SK and GL). The
limited number of VH7 clones restricted the assessment of VH7 di-
versity except in 12 where 12 of the 13 sequenced members of VH7-CS1
represented 4 different clonal members. The single VH7 clone from the
PBL library was identical to one of these 12 members.

These combined results indicate that there is B-cell diversity within
the systemic and mucosal-associated tissues. In the PBL library 39 of 40
clones represented different VDJ rearrangements. In the AK library 44
of 45 clones represented different sequences with 42 different re-
arrangements identified. In the SP library 53 of the 54 clones re-
presented different rearrangements. The GL library had the highest
proportion of members assigned to various CS, nonetheless 41 of the 46
clones represented different sequences comprising 36 different re-
arrangements. In the SK library 17 of the 26 clones represented 12
different rearrangements. Lastly, these results showed a distinction
between heavy chain populations in the non-adjoining I2 and I3 regions
of the intestine. A total of 51 clones from I2 and 39 clones from I3 were
sequenced and none of the 50 different rearrangements were identified
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Table 4
Distribution and number of clones in clonal sets in heavy chain ¢cDNA libraries
derived from different tissues.

VH Family Clonal Set c¢DNA Number of Number of  Total Number
Name® Library”  Clones CDR3 of CS Members
Randomly Positive Sequenced
Sequenced® Clones in (Number
Library (%  Different)”
of VH
Family)®
VH1 VH1-CS1  GL 8 12 (30.0%) 10 (3 dif)°
SK 13 28 (87.5%) 28 (14 dif)°
12 11 26 (45.6%) 22 (14 dif)°
VH1-CS2 PBL 0 2 (3.8%) 1
13 11 204 20 (9 dif)°
(57.8%)
VH1-CS3  GL 2 N.D. 2 (2 dif)
VH1-CS6 I3 2 N.D. 2 (2 dif)
VH2 VH2-CS1 I3 4 9 (50.0%) 8 (4 dif)*
VH2-CS2 PBL 0 1(2.1%) 1
AK 2 9 (14.3%) 4 (3dif)°
SP 0 2 (2.2%) 1
VH2-CS5 AK 1 N.D. 1
13 1 1
VH2-CS6 AK 1 N.D. 1
13 2 2 (0 dif)®
VH2-CS7 12 3 N.D. 3 (3 dif)
VH6 VH6-CS1 PBL 1 N.D. 1
AK 1 1
VH6-CS2  SP 2 N.D. 2 (2 dif)
VH6-CS3 AK 2 N.D. 2 (2 dif)
VH6-CS4  GL 1 N.D. 1
SK 3 3 (3 dif)
VH6-CS5 AK 1 N.D. 1
Sp 1 1
VH6-CS7 PBL 2 N.D. 2 (2 dif)
VH7 VH7-CS1  PBL 1 1 (50%) 1
12 12 39 (95.1%) 33 (8 dif)°
VH7-CS2 GL 2 (33.3%) 2 (2 dif)
VH7-CS3  GL 2 N.D. 2 (2 dif)

2 Clones expressing the same rearrangement were assigned to clonal sets (CS)
as in Table 3.

> The cDNA libraries from the different tissues are described in Table 2.

¢ VH clones from four different VH families were randomly sequenced. The
libraries were also screened by hybridization or PCR with CDR3 oligonucleo-
tides each specific for a CS. The number of randomly sequenced clones and the
number of CDR3 positive clones is indicated. The number of CDR3 positive
clones as a percentage of the library clones expressing the same VH family used
in the clonal rearrangement is also shown. N.D., not determined.

4 The total number of CS members sequenced from each library includes
those that were randomly sequenced following hybridization with the VH
probes plus additional clones that were sequenced after analysis with CS-spe-
cific probes. The number of clones whose sequence was different due to somatic
mutations is indicated.

¢ Some clones in the same library had the identical sequence. The library and
number of identical clones identified were: VH1 (GL, 8 clones in VH1-CS1; SK,
two different populations in VH1-CS1, 14 clones in one population and 2 clones
in the other; 12, 9 clones in VH1-CS1; I3, 12 clones in VH1-CS2), VH2 (I3, 5
clones in VH2-CS1; AK, 2 clones in VH2-CS2; and 13, 2 clones in VH2- CS6), and
VH7 (12, 26 clones in VH7-CS1).

in both libraries.
3.3. Clonal expansion in systemic and mucosal-associated tissues

A total of 224 different VDJ rearrangements and 18 different CS
were identified among the randomly sequenced clones from these li-
braries. The number and location of these CS members are summarized
in Table 3. Sequence differences between clonal members within the
same library coupled with the results that clonal members were present
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in libraries from different tissues showed that localized clonal expan-
sion and migration to other tissues occurred.

Additional evidence to support these observations was determined
by characterizing the distribution of six CS, two with members in more
than one library (VH1-CS1 in GL, SK, and I2; and VH7-CS1 in PBL and
12) and four with members in a single library (VH1-CS2 in 13, VH2-CS1
in I3, and VH2-CS2 in AK, and VH7-CS2 in GL). Different probes, each
specific for the CDR3-encoded region in one of these CS, were se-
quentially hybridized to each library. VH7-CS2 was analyzed by
screening the limited number of VH7-positive clones in the libraries by
PCR using CDR3 specific primers. These results (Table 4) showed that
members of two CS were only present in a single library (VH2-CS1 in I3
and VH7-CS2 in GL). Two other CS were present in PBL and one other
library (VH1-CS2 in PBL and I3, and VH7-CS1 in PBL and 12), and the
other two were in three libraries (VH1-CS1 in GL, SK and 12; and, VH2-
CS2 in PBL, AK, and SP).

These results indicated that CS members can represent a significant
proportion of the VH family-specific heavy chains locally expressed in a
tissue and that clonal members can be present in more than a single
tissue. VH1-CS1 was dominant in SK, 12, and the GL libraries re-
presenting 88%, 46%, and 30% of the VH1-positive members. VH1-CS2
comprised 58% of the VH1 positive clones in the I3 library, VH2-CS1
represented 50% of the VH2-positive members in the I3 library, and
VH7-CS1 represented 95% of the VH7-positive members in 12.

3.4. Clonal genealogies of B cells within the systemic and mucosal-
associated tissues

Sequence alignments showed that the VH-encoded regions could be
readily assigned to different groups. Within each group these regions
shared between 95 and 100% nt identity and exhibited coding region
similarities likely restricted to a specific VH germline gene. Nucleotide
differences were principally single position differences, and these in-
frequent differences were located at various sites within the encoded
region. These results allowed a VH consensus sequence to be con-
structed that was derived from three or more independent rearrange-
ments. The consensus sequence generally shared > 98% nucleotide
identity to the VH-encoded region of each clone assigned to that group.
A summary of the consensus sequences representing the VH members
likely expressed in the CS rearrangements is shown in Table 5.

Alignments of known germline genes and the consensus sequences
enabled genealogies to be constructed that reflected the patterns of
likely clonal expansion. The genealogies of the 9 CS identified in a
single library are shown in Fig. 1. Three CS from the GL library (VH1-
CS3, VH7-CS2, and VH7-CS3) were each represented by 2 members that
differed by 1, 2, or 4 mutations, respectively. Two other CS were in I3:
in VH2-CS1 three members descended from a common mutated inter-
mediate and each had 1 or 2 other mutations while in VH1-CS6
members descended from a mutated intermediate with one accumu-
lating 5 other mutations. In I2, three members of VH2-CS7 were iden-
tified: two descended from a mutated intermediate and each gained 2
different mutations, whereas the third descended from the CS pro-
genitor and had 5 other mutations. The genealogies of the CS in the PBL
and AK libraries also had branches representing divergent mutational
patterns. Thus, somatic mutation occurred during localized clonal ex-
pansion of B cells populations in both the mucosal-associated and the
systemic tissues.

In contrast to the CS where members were in a single library, the
other CS had members in two or three libraries. The clonal lineages of 8
sets are shown in Fig. 2. As noted earlier, AK is the principal hemato-
poietic organ in fish and as such maturing lymphocytes leave AK and
travel via the blood to reach alternate tissues. This pattern is evident in
various clonal lineages. Three of these CS had members only in systemic
tissues, four had members in one region of the intestine with other
members in either PBL or AK, and one set had members in just the
mucosal-associated tissues. These results indicate that clonal
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Table 5

Summary of VH consensus sequences used in the analysis of clonal lineages.

Total Number of Nucleotide

Representative cDNA Clone

Mean * SD, and Range of the

Total Number of cDNA

Number of ¢cDNA Clones in

Number of Independent

VH Consensus

Differences Between Representative
cDNA Clone and VH Consensus

Sequence

Expressing the VH Consensus

Clones Expressing the VH Percentage of Nucleotide Identities in

Clonal Sets Expressing the
Consensus VH Sequenceb

Rearrangements Expressing the

VH Consensus Sequence

Sequence (Length)”

cDNA Clones when Aligned with the VH Sequence (Accession Number)

Consensus Sequence

Consensus Sequence

(EU492754)

20A06VH1SK_CS1

98.9 = 0.4 (97.8-99.7)

38

31 (CS1)
2 (CS6)

7

VHI1A (400 nt)

15C07VH1PBL (EU492557)

99.6 = 0.5 (97.7-100)°
99.1 = 0.7 (97.5-99.7)
99.2 = 0.5 (98.6-99.7)
99.7 = 0.2 (99.4-100)
99.4 = 0.4 (98.9-99.7)
98.8 = 0.4 (98.2-99.1)
99.2 = 0.5 (97.8-100)

19

10 (CS2)
2 (CS3)

VH1B (398 nt)

15C11VH1AK (EU492590)
16E09VH2SP (EU492652)

(EU492821)

16E05VH2SP (EU492649)

16HO3VH2I3_CS1

16E08VH2SP (EU492651)

[ INTo R NToRTo)

VHI1C (398 nt)
VH2C (369 nt)

2 (CS5)

4

4 (CS1)

VH2D (369 nt)

2 (CS6)

VH2G (369 nt)

3(Cs7)

3

VH2H (350 nt)
VHG6A (369 nt)

17B10VH6GL (EU492718)

2(CS1) 2(Cs2)
2(CS3) 4(Cs4)

2 (CS5)

17B09VH6GL (EU492717)

99.3 + 0.5 (98.6-100)°
99.4 = 0.5 (98.7-100)
99.5 = 0.4 (99.0-99.7)

VH6B (366 nt)

0

(EU492586)
(EU492727)

17C12VH6PBL_CS7
18A02VH7GL_CS2

2 (CS7)

VH6D (372 nt)
VH7F (399 nt)

2 (CS2)

2 The VH consensus sequence extends from the 5’-untranslated region thru the end of the encoded FR3 region.

® The number of clones analyzed in clonal sets precedes the CS designation with identical clones within a tissue counted only once. The VH1A and VH6A consensus sequences were used in two or four different CS

rearrangements respectively.

¢ VH-encoded regions in clones 15E09VH1SP (EU492643), 19C10VH1I3_CS2 (EU492834), and 21D06VH1I3 (EU492842) were identical to the VH1B consensus sequence.

4 The VH2H consensus sequence was derived by including one clone from a previous study (M58670).

¢ VH-encoded regions in clones 18BO5VH6SP (EU492664) and 18FO8VH6SP_CS5 (EU492675) were identical to the VH6B consensus sequence.
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proliferation and expansion coupled with somatic mutation can occur
within AK as well as in other tissues. In VH2-CS2 identical sequences
were found in AK, SP, and PBL and each had an A328 > C mutation in
the DH2-encoded region. This was the only example of this mutation in
the > 20 independent rearrangements that expressed the DH2 segment
which indicates this mutated clonal precursor had undergone lineage
expansion and subsequent migration to other systemic tissues. During
lineage expansion somatic mutation continued in AK as two other
clones differed by 3 nts. In VH6-CS1 and VH6-CS5 few members were
found but in both sets an unmutated clonal progenitor gave rise to
mutated descendants located in different tissues.

The two CS with members in PBL and intestine showed that clonal
proliferation accompanied by somatic mutation occurred in the 12 and
I3 regions of the intestine and that clonal members gained systemic
access via the blood. In VH1-CS2 12 of the 20 sequenced clones were
identical and represented the clonal progenitor. Clonal expansion was
accompanied by somatic mutation as 8 other I3 members differed by 1
or 2 mutations. In VH7-CS1, 26 of 33 12 clonal members represented the
same clonal intermediate with 2 mutations. Seven other members di-
verged from this common intermediate by 1-2 additional mutations.

The two other sets with members located within both the intestine
and AK showed similar results. In VH2-CS5, I3 and AK clones shared 3
mutations yet were distinguished by 1 or 2 additional mutations. These
results were supported by clonal lineage VH2-CS6 where common
mutations were in clones from I3 and AK with these members accu-
mulating additional mutations during lineage expansion. As it is un-
likely that clonal precursors in different tissues would independently
accumulate identical mutations, a mutated clonal descendant likely
migrated into the alternative tissue.

Lastly in VH6-CS4, where clonal members were found in only GL
and SK, it was evident that a mutated clonal member within one mu-
cosal-associated tissue site can be clonally related to members in a
distant mucosal-associated tissue site and these members can undergo
further somatic mutation after migration.

3.5. B cell migration between the mucosal-associated tissues

To further support the evidence that there is B cell trafficking
among the mucosal-associated tissues, sequencing efforts were focused
on VH1-CS1 where sequencing of VH family-specific clones had iden-
tified 32 clonal members in the SK, I2, and GL libraries. CDR3 hy-
bridization studies indicated that these three mucosal libraries were the
only libraries where these members were located (Table 4). An addi-
tional 28 clones from these libraries were subsequently sequenced. The
likely clonal genealogy of all 60 members and the patterns of expansion
and trafficking of the sublineages within the mucosal-associated tissues
are shown in Fig. 3. VH1-CS1 resulted from the rearrangement of
member VH1A with germline segments DH1 and JH2 with N-region
additions located between coding segments. From this progenitor re-
arrangement two lineages arose: one represented by a single SK clone
with two mutations (20A06SK) and another lineage represented by all
of the remaining 59 clones which two shared mutations (T257 > G,
and A275 > G, shown as intermediate VH1A/DJ_H1 in Fig. 3). Lineage
expansion occurred in I2 resulting in multiple branches represented by
five members with different mutational patterns. One clone (15F0812,
shaded in Fig. 3) had the G68 > T mutation. This mutation served as
an important reference for clonal expansion and migration because all
other clones from I2 as well as all clones from SK and GL libraries
carried this mutation. Furthermore the identical 15F08I2 sequence was
identified in clones from both the SK and GL libraries (18C11SK and
18E01 GL also shaded in Fig. 3). Descending from this mutated common
intermediate, separate patterns of sublineage expansion occurred in
each mucosal tissue. In 12, 9 clones differed from this mutated common
intermediate by 1-6 nts. In the SK library, 12 clones differed from the
mutated common intermediate by 1-3 mutations. Lastly in the GL li-
brary 2 clones differed from this common intermediate by 1 mutation.


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=nucleotide&doptcmdl=genbank&term=EU492754
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=nucleotide&doptcmdl=genbank&term=EU492557
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=nucleotide&doptcmdl=genbank&term=EU492590
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=nucleotide&doptcmdl=genbank&term=EU492652
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=nucleotide&doptcmdl=genbank&term=EU492821
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=nucleotide&doptcmdl=genbank&term=EU492649
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=nucleotide&doptcmdl=genbank&term=EU492651
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=nucleotide&doptcmdl=genbank&term=EU492718
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=nucleotide&doptcmdl=genbank&term=EU492717
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=nucleotide&doptcmdl=genbank&term=EU492586
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=nucleotide&doptcmdl=genbank&term=EU492727
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Summary of sequencing results on members of six Ig heavy chain clonal sets derived from different tissues at various amplification cycles.

Tissue Number of Clones Sequenced @Number of Amplification Cycles®

Source Clone Name (Mutational Differences, if any, with sequence of Clonal Set Progenitor)”

VH1-CS1 VH1-CS2 VH2-CS1 VH2-CS2 VH7-CS1 VH7-CS2

PBL N.D. N.D. 2 @ 26 cycles N.D. N.D. N.D.

21A07 (A258 > G);
21A08

SP 1 @ 36 cycles 1 @ 30 cycles N.D. N.D. N.D. 3 @ 24 cycles
21A03 (A242 > G, 21A12 20C12, 20D01, 20D07 (3
T257 > G, A275 > G) identical sequences)

AK 1 @ 36 cycles N.D. N.D. N.D. N.D. N.D.
21A05

GL N.D. 1 @ 30 cycles N.D. 2 @ 30 cycles 2 @ 18 cycles N.D.

22C06 21C01, 21C02 (2 21B05, 21B06 (2 identical
identical sequences) sequences; G85 > C)
SK N.D. 2 @ 30 cycles 2 @ 28 cycles N.D. N.D. 2 @ 20 cycles
21B02; 21B03 21B11 (G196 > A); 20D02, 20D03 (2
(A290 > T) 21B12 (G247 > A, identical sequences)
A258 > G, G301 > A)

1 2 @ 28 cycles 2 @ 27 cycles 2 @ 22 cycles 2 @ 30 cycles 2 @ 18 cycles 2 @ 20 cycles
20E11, 20E12 (2 identical 20C10 (C296 > T);  20D04; 21C03, 21C04 (2 21B07 (G85 > C, 20D09, 20D10 (2
sequences; 20C11 20D05 (G196 > A) identical sequences) G132 > A); identical sequences)
T257 > G, A275 > G) 21B08 (G85 > C,

Al113 > T)
12 N.D. N.D. 1 @ 22 cycles N.D. N.D. N.D.
20D06
13 1 @ 36 cycles N.D. N.D. N.D. 2 @ 18 cycles 2 @ 24 cycles

20E07 (T257 > G,
A275 > G)

21B09 (G85 > C);
21B10 (T81 > G,

20D11, 20D12 (2
identical sequences)

G85 > Q)

2 The amplification products were derived at the indicated number of PCR cycles and cloned. The number and name of sequenced clones is shown. Products that
were not cloned or sequenced are indicated as not determined, N.D.

> Cloned sequences from the cloned amplification product were aligned with the sequence of the respective clonal set VDJ clonal progenitor (as depicted in
Figs. 1-3). The nucleotide position(s) of any point mutations in these clones are shown. VH2-CS1 and VH2-CS2 products were derived using antisense primers that
reflected a single point mutation in the encoded CDR3 region of all clonal descendants in the cDNA libraries (A322 > G or A328 > C respectively). VH7-CS1
products were derived using a sense primer that reflected a single FR1 point mutation in all clonal descendants in the libraries (G25 > A). Each sequenced clone
reflected this respective nucleotide difference when compared to the clonal set progenitor.
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Fig. 1. Genealogical relationships of
clonally related sequences identified in
heavy chain cDNA libraries derived from
a single mucosal or systemic tissue. For
each clonal set the dashed circle represents
the common clonal progenitor resulting
from VDJ recombination with the indicated
VH member (see also Table 5). The solid
circles represent different heavy chain
cDNA library clones designated by clone
names. Tissue origin is designated by the
last two letters of the name: AK, GL, I1
(from a proximal third of the intestine), 12
(from the middle third of the intestine), 13
(from the distal third of the intestine), PBL,
SK, and SP. The number of additional clones
with the identical sequence, if any, is in-
dicated by the number in parenthesis below
the clone's name. Mutations that occurred
during clonal expansion are designated
using standard IMGT nomenclature (e.g.,
C120 > T means that the nucleotide “C” at
position 120 of the V region has been mu-
tated to “T”). Thus, for example, clone
15A10 GL in VH1-CS3 had accumulated two
mutations from the clonal progenitor
(C120 > T and G301 > A), and both mu-
tations were present in clone 15A04 GL
which had one additional mutation
(T52 > Q).
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One additional feature was observed. Clones 19B07 from the SK
library and 19A11 from the I2 library were identical to each other.
These members were immediate descendants of the mutated common
intermediate and both had an A-60 > G mutation. Similarly clones
15A08 from the GL library and 19A10 from the I2 library were des-
cendants of the common mucosal intermediate and both clones had a
T85 > C mutation (with 19A10 acquiring an additional mutation). As
it would be unlikely that the same mutation would occur by chance in
clonal members isolated from different tissues; these two clonal pairs
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For each clonal set the dashed circle re-
presents the common clonal progenitor re-
sulting from VDJ recombination with the
indicated VH member (see also Table 5).
The solid circles represent different heavy
chain c¢DNA library clones designated by
clone names, and the dotted circles re-
present hypothetical clonal intermediates.
Tissue origin is designated by the last two
letters of the clone name with the mutations
that occurred during clonal expansion (see
legend to Fig. 1). The number of additional
clones with the identical sequence, if any, is
indicated by the number in parenthesis
below the clone's name.
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more likely indicate that secondary B-cell trafficking of clonal descen-
dants occurred between the mucosal-associated tissues.

3.6. Distribution and localization of clonal sets among the systemic and
mucosal-associated tissues

The above results showed that clonal populations can undergo lo-
calized proliferation accompanied by somatic mutation within both
systemic tissues and the mucosal-associated tissues. The results also

Fig. 3. Genealogical relationships of clon-
ally-related VH1-CS1 cDNA sequences lo-
cated in different mucosal tissues. The dashed
circle represents the common clonal progenitor
resulting from VDJ recombination with VHI1
member VH1A (see also Table 5). The solid
circles represent different heavy chain cDNA li-
AO8C brary clones designated by clone names, and the
: dotted circle represents a hypothetical clonal
18E0L GL . . . L .
[6) intermediate. Tissue origin is designated by the
r8sC last two letters of the clone name with the mu-
\ tations that occurred during clonal expansion
15A08 GL

Gill

(see legend to Fig. 1). The number of additional
clones with the identical sequence, if any, is
indicated by the number in parenthesis below
the referenced clone's name. The shaded circles
represent cDNA clones that have the identical
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showed that clonal members can migrate to different tissues where
additional clonal expansion can occur. To further evaluate patterns of
clonal proliferation and trafficking, the tissues were examined by PCR
using different primers specific for each of six different CS (VH1-CS1,
VH1-CS2, VH2-CS1, VH2-CS2, VH7-CS1, and VH7-CS2). The basic ap-
proach was to prepare VH family-specific heavy chain ¢cDNA templates
from each of the eight tissues using an aliquot of the original RNA pool
from each tissue (including I1 where a heavy chain cDNA library had
not been constructed). Equivalent amounts of these specific templates
were then used to conduct PCR studies using clonal specific primers to
determine the number of cycles required to visualize the clonal product.

This approach revealed distinctive distribution patterns of the CS
within the eight different tissues. For clarity these results are in-
dividually summarized:

1) VH1-CS1: characterized clones had been identified in the GL, SK,
and I2 libraries. PCR studies showed that this CS product was in-
itially identified in SK ¢cDNA at 22 cycles (data not shown), and in
GL and 12 at 24 cycles. The product was subsequently identified at
28 cycles in I1, and later in PBL at 33 cycles with the cDNA from the
remaining tissues positive by 36 cycles (Fig. 4A).

2) VH1-CS2: characterized clones were identified in two libraries (I3,
and a single PBL clone). PCR studies first identified this CS product
in I3 (22 cycles, data not shown). Subsequently the product was
faintly observed in I1 at 25 cycles and by 27 cycles it was present in
the cDNA from all regions of the intestine (Fig. 4B). By 30 cycles it
was detected in PBL, SP, GL, and SK, and lastly observed in AK at 35
cycles (data not shown).

3) VH2-CS1: characterized clones were identified only in the I3 library.
PCR studies identified the product in I3 at 20 cycles (data not
shown) and the product was present in other two intestinal regions
by 22 cycles (Fig. 4C). At 26 cycles no additional tissues were po-
sitive. The CS product was subsequently detected in PBL, SP, and SK
with very faint bands in AK and GL at 28 cycles.

4) VH2-CS2: characterized clones were identified in the AK, PBL, and
SP libraries. PCR studies first identified the product in AK at 20
cycles with the product subsequently identified in PBL, SP and SK
(faint) at 24 cycles. Faint products were next observed in GL and I1
at 28 cycles with faint 12 and I3 products present at 30 cycles
(Fig. 4D).

5) VH7-CS1: characterized clones had been identified in 12 with a
single clone identified in PBL. PCR studies identified prominent 12
and faint I1 and SK products at 16 cycles (Fig. 4E). By 18 cycles the
product was also identified in I3 and GL. By 22 cycles faint products
were identified in PBL and SP with the product lastly identified in
AK at 24 cycles.

6) VH7-CS2: characterized clones were only identified in the GL

VH2-CS1
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Fig. 4. PCR analysis of clonal rearrangements in eight
different tissues. VH family-specific heavy chain cDNA
pools derived from each of the indicated tissues (see
Materials and Methods) were amplified with a VH family-
specific forward primer (VH1, VH2 or VH7) and a Cul re-
verse primer. Equivalent amounts of template (shown at the
bottom of the panels as the standard (Std)) were then am-
plified for varying number of cycles with a VH-member re-
stricted forward primer (corresponding to the member used
in the clonal rearrangement) and a CDR3 clonal set specific

VH7-CS82 reverse primer. The VH family-specific cDNA pool analyzed
& X 28 - o corresponded to the VH family expressed in the CS re-
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arrangement. The name of the clonal set is shown above each
panel (A-F) and the number of PCR cycles is shown at left of
each panel.

library. PCR studies identified the product in GL at 16 cycles (data
not shown), and by 18 cycles products were present in SK and I1
(Fig. 4F). By 24 cycles the CS product was in I3 and SP and subse-
quently detected in all tissues except 12 and PBL at 28 cycles.

To confirm that the PCR cycling studies resulted in the bonafide
amplification of the targeted CS, the products derived from the different
tissues at various amplification cycles were excised from the gels, the
products were cloned, and various clones were sequenced. Sequencing
studies were directed to those tissues where members of the CS had not
been previously identified in the cDNA libraries (Table 4). The results of
these studies are summarized in Table 6. These analyses confirmed that
each sequenced clone represented a member of the targeted CS that was
either identical or differed by single or multiple point mutations when
compared to the common clonal VDJ precursor (as depicted in
Figs. 1-3). Thus clonal expansion occurs within both the systemic tis-
sues and the mucosal-associated tissues and these studies support the
conclusion that clonal members can migrate to the mucosal-associated
tissues prior to becoming systemically distributed to other solid tissues.

Lastly, an additional series of PCR experiments was conducted. For
these experiments 2 SP clones, each representing an independent re-
arrangement not identified in clones from this or any other library,
were selected. Specific primers were generated and amplification stu-
dies were conducted. One of these independent rearrangements
(15E09VH1SP) was identified in the VH1 c¢cDNA from SP at 30 cycles but
could not be detected in the cDNA from any other tissue at 36 cycles
(data not shown). The other independent rearrangement
(18G10VH6SP) could not be detected in the VH6 cDNA from any tissue
after 40 cycles of amplification indicating a rare message had been
sequenced from the SP library. Thus the presence of a sequence within
an individual tissue cDNA library does not necessarily indicate that
clonal expansion and dispersion to other tissues has occurred.

4. Discussion

Arrayed heavy chain cDNA libraries, each composed of more than
500 clones, were derived from seven different systemic and mucosal
tissues. These libraries were hybridized with probes specific for four
different VH families (VH1, VH2, VH3, and VH7). The percentages of
the B cell transcripts in these libraries differed from each other, and this
observation prompted further analyses to define these differences. We
randomly sequenced clones from each of the seven tissue libraries and
assigned the utilized germline VH, DH and JH gene segments based on
known genomic and consensus sequences. Two groups of sequences
were identified: those rearrangements which were only identified once
in any library, and those sequences which represented clonal B cells as
they were derived by the same rearrangement of genomic VDJ
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segments and had the junctional pattern in the CDR3 encoded region.

These analyses indicated there were different B cell populations
within each of the individual tissues. Of the 72 randomly sequenced
VH2 clones identified in all the libraries, > 85% of the VDJ re-
arrangements were only found in one of the libraries (Table 3). Simi-
larly of the 110 VH6 clones sequenced in these libraries > 90% of these
rearrangements were also found in only one library. Among the VH1
and VH7 randomly sequenced clones > 50% and > 40% respectively
were only found in one library. The remaining sequences were members
of various clonal sets with the number of clonal members higher within
the mucosal tissue libraries of GL, SK, 12, and I3. This was perhaps most
evident with the VH1 sequences where more than half of the randomly
sequenced clones were members of clonal sets with members located in
different mucosal tissues. This result prompted further investigations
into the diversity of the mucosal clonal sets [24,25].

As shown in mammalian studies [29-33] and in our earlier studies
on the nucleotide targets of somatic mutation and receptor revision
events in catfish, the identification and characterization of clonal B-cell
lineages can provide insight into the activation, proliferation and the
evolving diversity of different B cell subsets [24,25,34]. In this study 18
clonal B cell populations representing ~30% of the randomly se-
quenced clones were identified. The distribution of six of these clonal
sets was determined by hybridizing each of the arrayed libraries with
six different probes each specific for one of these sets. These additional
sequencing studies allowed expanded genealogies of members of these
clonal sets to be defined [24,25]. Beyond the initial conclusion that
clonal B cell lineages are found in each of these systemic and mucosal
tissues, these results provide insight into the divergence and migration
of clonal members in these tissues (Figs. 1-3). Some of the clonal
lineages were represented by simple divergence of clonal members by
1-2 mutations from a common progenitor. Other clonal sets were more
divergent with clonal members carrying initial mutations from a
common intermediate with clonal expansion continuing as members
diverged from one another as different somatic mutations accumulated.

Fish lack bone marrow and AK is the primary site of hemopoiesis in
bony fish, which includes the development of B cell precursors and
residence of long-lived plasma cells [35,36]. Accordingly, it might have
been postulated that the AK might share clonal members in other tis-
sues such as PBL and SP (see Fig. 2), but it was not clear if there were
alternative migratory pathways. Thus, perhaps what was the most in-
triguing was that mucosal clonal members could migrate into other
mucosal sites and undergo additional clonal expansion after diverging
from a common intermediate. This pattern was evident in the com-
prehensive analysis of the VH1-CS1 clonal population where 90% of the
clonal members identified by hybridization in the libraries were se-
quenced (Fig. 3). Clonal proliferation in the middle region of the in-
testine led to common clonal intermediates found in different tissues
(15F08I2, 18C11SK, 18E01 GL). These identical common intermediates
proliferated after migration to the gill lamellae and skin; where addi-
tional proliferation and somatic mutation continued to occur in all
three tissues. There was additional evidence that secondary migration
events occurred between the mucosal tissues (Fig. 3). These features
suggest that there is an interactive mucosal system that involves pro-
liferation and migration of B cells between the gill, intestine and skin.

Of additional interest was the finding that the two non-adjacent
regions of the intestine (I2 and I3) appeared to have different popula-
tions of B cells, each dominated with their own clonal populations. As
fish lack lymph nodes, this indicates that local proliferation accom-
panied by somatic mutations occurs in the tissue itself and in different
intestinal regions (Table 4). This observation prompted additional
studies to use PCR approaches to identify which other tissues were more
likely to have specific members of the identified clonal populations.
Specific primers for various clonal sets were made, and the systemic and
mucosal B cell populations corresponding to the utilized VH family in
these tissues were used to evaluate their locations (see materials and
methods, and Fig. 4). In addition, a third section of the intestine,
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designated I1, which had not been used for cDNA library construction,
was also evaluated. These studies confirmed to us that there is indeed
an interconnected mucosal system that is independent of that found
systemically. Those clonal sets initially found by randomly sequencing
library clones from mucosal tissues were present in the tissue where
they were initially found, but members of these mucosal sets were
predominantly located in other mucosal tissues rather than in the sys-
temic tissues (Fig. 4). In contrast, clonal sets found in the systemic
tissues were predominantly found in other systemic tissues. PCR pro-
ducts from these studies were cloned, and sequencing confirmed that
the amplified products were from bonafide clonal members.

In some species of bony fish such as trout another Ig designated IgT
is present and has been characterized in mucosal surfaces. Although IgT
is not found in all fish, including the catfish, IgM is more abundant than
IgT in the trout skin and gill mucus [37,38]. As noted in the In-
troduction, early studies defined the structure of IgM in the skin mucus
and bile and showed that these mucosal Igs were derived by local
synthesis rather than active transport or transudation [6]. In addition,
these early studies identified a secretory component that was structu-
rally identified to be covalently associated with IgM in the skin of the
sheepshead, an evolutionally advanced teleost [4]. More recent studies
have now identified the pIgR in fish and have indicated that secretory
component is also present, suggesting that there may be a phylogen-
etically conserved mechanism for the transport of secretory Igs into
external surfaces [37,39,40].

Lastly, the VH6-CS4 clonal set showed that the progenitor was lo-
cated in the lamellae of the gills, and the somatically mutated descen-
dants were located in the skin (Fig. 2). Although it remains unknown if
this migratory pathway is typical, bath immunization studies indicated
that protective immunity is generated by uptake of antigen via the gills
and the skin. As earlier studies have shown antigen bath immunization
can lead to localized IgM antibodies in cutaneous mucus in the absence
of systemic immune response [9,41-44]. These combined results sug-
gest these observations may be interrelated. Further studies to identify
migratory pathways of mucosal and systemic B cells after activation by
specific bath and oral immunization protocols may lead to improved
vaccination approaches for growing aquaculture needs.
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