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Abstract

Fibrinogen-related proteins (FREPS) are found in the hemolymph of the freshwater snail
Biomphalaria glabrata, are up-regulated following exposure to digenetic trematode parasites, and
bind to trematode larval surfaces, suggestive of a role in internal defense. Southern blot and
degenerate-polymerase chain reaction (PCR) analyses were undertaken to better understand the
diversity of the FREP-encoding gene family. Probes corresponding to the N-terminal IgSF
domains of specific FREP gene subfamilies (FREPs 2, 3, 4, 7, 12and 13) revealed between 1to 8
loci per subfamily on Southern blots. Probes representing the relatively conserved C-terminal
fibrinogen domain of FREPsbound many sequences in Southern blots of genomic DNA from B.
glabrata, and from two related gastropod species, Biomphalaria pfeifferiand Helisoma trivolvis.
Using degenerate-PCR, we obtained 42 unique fibrinogen-encoding sequences from 180 clones
derived from a single individual of the M-line strain of B. glabrata, further supporting the notion
of their abundant representation in the B. glabrata genome. The fibrinogen-encoding sequences of
FREPs encoding one or two IgSF domains tended to separate into distinct clades, but bootstrap
support for this separation was low. A novel category of fibrinogen-encoding sequence was also
revealed. This study provides the approximate number of gene copies in several FREP
subfamilies, confirms the existence of a diverse FREP gene family, reports additional unusual
sequences encoding fibrinogen-like molecules, and provides further justification to explore the
functional roles of FREPs in both B. glabrataand B. pfeifferi, both important intermediate hosts of
the human pathogen, Schistosoma mansoni.
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1. Introduction

Fibrinogen-related proteins (FREPS) are present in the hemolymph of the freshwater
gastropod Biomphalaria glabrata. They are known to be produced in hemocytes, the
circulating defense cells of snails, and at least some categories of FREPs are up-regulated
following infection with parasites like the digenetic trematode Echinostoma paraensei. Some
FREPs are capable of binding to parasite surfaces and can precipitate soluble parasite
antigens from solution, prompting speculation that they play a role in internal defense
(Adema et al., 1997). The defense responses of B. glabrata are a relevant concern as this
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snail is one of the most important intermediate hosts for another digenetic trematode,
Schistosoma mansoni, a parasite that still infects about 83 million people (Crompton, 1999).
The knowledge gained through the study of molecules or genes involved in snail response to
trematode infection will help us to better understand the underlying mechanisms of the snail
host and parasite interaction.

FREPs possess a unique molecular structure, having one or two immunoglobulin
superfamily (IgSF) domains at the N terminus (referred to below as one-IgSF or two-1gSF
FREPs) and a fibrinogen (FBG) domain at the C terminus (Léonard et al., 2001; Zhang et
al., 2001). IgSF domains are best known from the vertebrate immune system but are also
found in the nervous system of vertebrates and invertebrates (Du Pasquier and Flajnik, 1999;
Du Pasquier, 2000). Several IlgSF members have been described from invertebrates
(Mendoza and Faye, 1999), including some functioning in the context of internal defense,
such as hemolin in Drosophila melanogaster (Sun et al., 1990), and molluscan defense
molecule (MDM) in Lymnaea stagnalis (Hoek et al., 1996).

Polypeptides containing fibrinogen domains have well-characterized functions in blood
clotting and in innate immune responses in vertebrates. Our findings regarding FREPs from
B. glabrata (Adema et al., 1997) led to the hypothesis that an ancestral function of
fibrinogen molecules was in innate immunity. Shortly after the initial description of FREPS,
several studies revealed fibrinogen-containing molecules functioning as innate-type defense
factors in vertebrates and invertebrates (Kurachi et al., 1998; Gokudan et al., 1999; De
Gregorio et al., 2001; Kenjo et al., 2001; Dehal et al., 2002; Zdovnov et al., 2002; Holmskov
et al., 2003). Based on data currently available, fibrinogen-related molecules found in
invertebrates function in innate immunity (Adema et al., 1997; Kurachi et al., 1998;
Gokudan et al., 1999; Dimopoulos et al., 2000) and development (Baker et al., 1990; Xu and
Doolittle, 1990).

We have subsequently learned that FREPs are encoded by a gene family, and we have
uncovered several mechanisms for generating FREP diversity at the genomic DNA and
mRNA levels. Thirteen subfamilies have been proposed in the FREP gene family (Léonard
etal., 2001; Zhang et al., 2001; Zhang and Loker, 2003). In addition, it was suggested that
FREP retrosequences and alternatively spliced FREP transcripts occur in B. glabrata (Zhang
and Loker, 2003). Although additional work is required to fully unveil the functional role of
FREPs, in aggregate our studies suggest that the FREP gene family can serve as a model for
studying gene families involved in immune responses in invertebrates, mechanisms of
diversification of immune related genes, and the molecular aspects of interactions between
host and parasite.

Our previous FREP gene data were obtained largely using PCR techniques. As the complex
diversity was revealed using PCR, it was necessary to relate this to more classical methods
such as Southern hybridization to determine the extent of FREP gene diversity. For instance,
we wanted to know how many loci are present in a particular FREP subfamily. Are the same
numbers of FREP loci present in different strains of B. glabrata, or even in closely related
species? Are there more fibrinogen-encoding sequences in the B. glabrata genome that are
still unknown to us? What are the evolutionary relationships among the fibrinogen
sequences?

To address the above questions, we first conducted Southern blot analyses on B. glabrata
and related species using FREP subfamily-specific probes and probes conserved across
FREP subfamilies. Next, we directly amplified fibrinogen-encoding regions of FREPs using
degenerate-PCR. The data obtained provide insight into the nature of FREP diversity and
greatly expand our understanding of the FREP-encoding gene family.
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2. Materials and methods

2.1. Biological samples

Bimophalaria glabrata M-line, BS-90 and 13-16-R1 strains were maintained in the
laboratory. B. glabrata, Biomphalaria pfeifferiand Helisoma trivolvisisolates were collected
from Brazil (Barreiro), Kenya and USA (Albuquerque), respectively. Live specimens were
used for extraction of DNA and RNA.

The B. glabrata embryonic (Bge) cell line was originally obtained from American Type
Culture Collection (ATCC CRL 1494). The Bge cell line was established from embryonic
cells that were in turn derived from multiple embryos at the trochophore to early shell stage
of development (Hansen, 1976). Bge cells were maintained at 26 °C in complete Bge cell
medium (Hansen, 1976), supplemented by 50 g/l gentamicin sulfate (Sigma, St. Louis,
USA) and 5% fetal bovine serum (Sigma).

2.2. Extraction of genomic DNA and mRNA

Individual snails (not pooled samples) were the source of genomic DNA used in the present
study for the purpose of Southern blot and PCR. Genomic DNA extraction from snails and
Bge cells was carried out using the CTAB method (Winnepenninckx et al., 1993). The
whole bodies of 30 juvenile snails (6-8 mm in shell diameter), either unexposed snails or
snails exposed for 1 day to the digenetic trematode £. paraensei, were used for extraction of
RNA (RNA isolation kit, Stratagene, La Jalla, CA, USA). mRNA was purified from total
RNA using an oligo(dT) cellulose column method (Poly(A) Quik mRNA isolation Kit,
Stratagene). The concentration and purity of genomic DNA and mRNA were determined
spectrophotometrically. The method for infection of snails with £. paraenseiwas described
by Loker and Hertel (1987).

2.3. Generation of oligonucleotide probes

The choice of FREP subfamily-specific- or FREP-conserved probes was made based on
available FREP sequence information; the IgSF regions are highly variable whereas the
FBG region is relatively conserved (Léonard et al., 2001; Zhang et al., 2001; Zhang and
Loker, 2003). For a particular FREP subfamily, we used IgSF region sequence as a
subfamily-specific probe to examine the Southern pattern. Regarding the conserved probe,
in order to hybridize as many FBG sequences as possible, we mixed FBGs from FREP2 and
FREPS3, representing the two known types of FREPs (one-IgSF- and two-1gSF- FREPS,
respectively). All oligonucleotide probes were amplified by PCR from complementary DNA
(cDNA) except for the FREP7-specific probe generated from the exon 2 region of FREP7
from genomic DNA. A schematic diagram of the general structure of the two known types
of FREPs, the approximate locations of probes and abbreviations applied throughout the
paper, are presented in Fig. 1. The size and location of the primers used for the generation of
the oligonucleotide probes are presented in Table 1, and primer sequences are listed in Table
2.

2.4. Southern blot analyses

Southern blot analysis was conducted using a modified version of the SouthernMax ™
method (Ambion, TX, USA). For each 500 .l restriction digestion, genomic DNA (~35 p.g)
was digested by the restriction enzymes (280-350 IU) at 37 °C for overnight (~17 h). Phenol
and chloroform (1:1) were used to purify the digested genomic DNA. DNA was precipitated
with ethanol. Digested DNA was dissolved in 20 pl distilled water. About 15-20 .9
digested DNA was loaded on an 0.85% agarose gel (13 cm in length) and run at 22 V
overnight (~17 h). DNA was transferred to a positively charged nylon membrane
(BrightStar™'-Plus, Ambion).
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All probes used were radiolabelled with [a-32PJdATP using random priming (Strip-EZ™,
Ambion). Pre-hybridization (42 °C, 30 min) and hybridization (42 °C, overnight) were
performed using the ULTRAhyb™ hybridization buffer which contains 50% formamide
(Ambion). The blot was washed at 42 °C in low stringency buffer twice, then in high
stringency buffer twice. The low stringency buffer and high stringency buffer are equivalent
to 2xSSC, 0.1% SDS and 0.1xSSC, 0.1% SDS, respectively. Washing time was 10-20 min,
depending on the quality of the blot and the number of times the blot was probed. For re-
probing, the blot was washed twice with the probe degradation buffer provided by the
supplier to remove previous hybridization signals (Strip-EZ™, Ambion).

2.5. Northern blot analysis

A total of 1.66 ug mRNA from both exposed and unexposed snails were separated on a
1.0% agroase gel. Electrophoresis and RNA transfer were performed according to the
supplier’s instruction (NorthernMax ™', Ambion). Hybridization, blot-washing and re-
probing were performed in the same fashion as the Southern blot analysis described above.
In addition to loading the same amount of MRNA, the staining intensity of 16S
mitochondrial RNA (16SmtRNA) was used as a standard to assure that equal amounts of
mRNA were loaded (Davidson and Swalla, 2002). Snail 16SmtRNA is A/T-rich and co-
purified with poly-A mRNA when using the oligo(dT) cellulose column (Nowak et al.,
2004).

2.6. Degenerate-PCR

2.7. Cloning

In order to amplify potential fibrinogen sequences, we examined all fibrinogen sequences
known from FREPs (Léonard et al., 2001; Zhang et al., 2001; Zhang and Loker, 2003) and
designed two degenerate primers from the most conserved region of the FREP genes, a
sense primer FbgFa and an anti-sense primer FbgRa. In addition, a set of non-degenerate
sense primers FbgFb located in the FbgFa region was designed based on the majority of
sequences used for primer design. Three primers (FbgFa, FbgFb and FbgRa) were added to
the PCR reaction. The sequences of the three primers are presented in Table 2. The expected
DNA fragments (excluding primer regions) amplified by this protocol would contain 18
canonical residues, 75% of all the canonical residues (24 in total) in the classic fibrinogen
domains proposed by Doolittle (1992). The proofreading DNA polymerase, Platinum Pfx
(Invitrogen, Carlsbad, CA), was used. PCR ingredients were added according to the
supplier’s instruction (Invitrogen). The template was genomic DNA from a single M-line B.
glabrata. The PCR profile was as follows: 94 °C for 2 min for initial denaturation, 94 °C for
15, 50 °C for 30 s, 68 °C for 1 min 30 s for 33 cycles, then 68 °C for 5 min for final
extension.

and sequencing

Amplicons were cloned into the pCR-Blunt 1I-TOPO vector (Invitrogen). The profile for
sequencing reactions (BigDye, Applied Biosystems, Foster, CA) was: 96 °C for 17 s, 50 °C
for 12 s, 60 °C for 4 min, with a total of 29 cycles. The extension products resulting from
cycle sequencing were analyzed on an ABI 377 sequencer (Applied Biosystems).

2.8. Data analyses

Sequences were checked for accuracy using Chromas v 1.42
(http:www.technelysium.com.au/chromas). Alignments were performed in ClustalX 1.81
(Thompson et al., 1997) and visually checked using GeneDoc 2.6.002 (Nicholas and
Nicholas, 1997). The percentage identities of nucleotide (nt) and amino acid (aa) sequences
were calculated in BioEdit 5.0.9 (Hall, 1999). BLAST searches were performed using the
NCBI BLAST program (http:www.ncbi.nlm.nih.gov/blast).
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The phylogenetic relationships of fibrinogen sequences were determined using minimum
evolution (ME) and maximum parsimony (MP) under P-distance in PAUP* 4.0b10
(Swofford, 1998) and bootstrap support values after 1000 replicates were obtained for the
ME tree. A fibrinogen-like sequence from Limax flavus sialic-acid-binding lectin 2
(SABL2, GenBank accession number: AF060450; Kurachi et al., 1998) was chosen as the
outgroup.

3.1. Enumeration of loci of six FREP subfamilies, estimated by subfamily-specific probes

Of 13 FREP subfamilies documented, six subfamilies, FREPs 2, 3, 4, 7, 12and 13, which
have been more fully characterized (Léonard et al., 2001; Zhang et al., 2001; Zhang and
Loker, 2003), were investigated in the present study. The IgSF regions of the remaining
FREP gene subfamilies (FREPs 1, 5, 6, 8, 9, 10and 11) are poorly known, preventing us
from undertaking Southern blot analysis. Genomic DNA from a single M-line snail was
digested with four restriction enzymes, £coR|, Hirdlll, Psfl and Haelll, and the ensuing blot
was re-probed using FREP-specific probes generated from the IgSF region of the various
FREPs (Fig. 2). Since we did not know whether the individual M-line snail used for
Southern blot was homozygous at the various FREP loci, one locus may encode one or two
sequences. Table 3 shows the approximate number of loci estimated for FREPs 2, 3, 4, 7, 12
and Z3based on the strongly hybridizing bands. The number of genomic copies of FREPs
that encode two tandem IgSF domains (FREPs 3, 7, 12and 13) was in most cases higher
than the number of copies for FREPsencoding a single IgSF domain (FREPs 2and 4).

3.2. Variation in FREP subfamilies uncovered from different B. glabrata strains and related

species

Additionally, snails of the 13-16-R1 and BS90 lab-adapted strains of B. glabrataand B.
glabrata recently collected from the field in Brazil were examined. Fresh cells of the Bge
cell line, another species of Biomphalaria (B. pfeiffers), and snails representing a second
genus in the family Planorbidae, H. trivolvis, were included in Southern blot analyses (Fig.
3). For all strains of B. glabrata, the approximate numbers of loci for each FREP subfamily
were generally consistent with that observed in the M-line snail (Fig. 2). For H. trivolvis, out
of six subfamily-specific probes used, only the FREP3-specific probe hybridized with
genomic DNA and the pattern of bands (three bands) was found to be similar to those for the
B. glabrata strains. Southern blot analysis of B. pfeifferi obtained from the field in Kenya
showed that both one-1gSF- and two-1gSF FREPs (FREPs 2and 3, respectively) exist in this
species (lane 10 in Fig. 3B). Unexpectedly, the number of FREP3 bands obtained from Bge
cells was almost twice the number observed in the B. g/abrata strains, a phenomenon not
noted in other FREP subfamilies.

3.3. Southern blot analyses using mixed fibrinogen probes confirmed the extraordinary
diversity of the FREP family

To gain further insight into the diversity of the FREP family, we probed blots with a mixture
of two fibrinogen probes (FREPZ- and FREP3fibrinogen). At least 24 visible bands were
found in lanes loaded with DNA from the different strains of B. glabrata, Bge cells, H.
trivolvis, B. pfeifferi and (Fig. 4A,B). These results confirm our previous notion that the
region encoding the fibrinogen domain is relatively conserved across FREP subfamilies and
can cross-hybridize to many FREPs, and suggest that the FREP gene family is indeed
diverse in B. glabrata. In contrast, H. trivolvis shows fewer numbers of bands consistent
with data derived from FREP-specific probes, in which only the FREP3 subfamily-specific
probe shows visible bands (see Fig. 3).
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3.4. Northern blot analysis shows different subfamilies may be expressed differentially

Expression profiles comparing unexposed snails and snails exposed for one day to the
trematode £. paraensei were generated using FREPs 2, 3and 12 subfamily-specific probes,
and the mixed fibrinogen probes previously applied in Southern analyses. The objective of
Northern analysis was to compare FREP expression levels pre- and post-exposure. Northern
blot analysis using the FREP2-specific probe revealed the strongest up-regulation post-
exposure to £. paraensel. FREPs 3and 12showed a more moderate degree of up-regulation
(Fig. 5), consistent with data generated by quantitative-PCR (Hertel et al., unpublished data).
Interestingly, in Northern blot analysis, the band that hybridized with the mixed fibrinogen
probes (FREPZ-fibrinogen included) was obviously less intense than the band which
hybridized with the FREP2-specific probe (i.e., FREPZ-IgSF probe). The lack of a band or
the likely weak smear in the non-exposed sample probed by the conserved probe might have
resulted from low expression of FREPs, repeated stripping of the blot, alternative splicing of
FREP genes described previously (Zhang and Loker, 2003) or a combination thereof.

3.5. Forty-two fibrinogen sequences were obtained from a single M-line snail, including a
novel category of fibrinogen sequence

Since Southern blot analyses unequivocally demonstrated that a large number of fibrinogen
sequences were present in the B. glabrata genome, we undertook a degenerate-PCR
experiment to survey the variety of fibrinogen sequences and to examine the relationships
among the sequences. A total of 180 clones were obtained from a PCR amplification
generated from genomic DNA from an individual M-line snail. From these clones, 42
unique fibrinogen sequences were obtained, 4 of which (BG119¢c, BG162t, BG11t and
BG65t) were identical to the homologous fibrinogen regions of FREPs 2, 7, 3aand 3b,
respectively (Léonard et al., 2001; Zhang et al., 2001; Zhang and Loker, 2003). The
remaining 38 sequences (GenBank accession nos.: AY309257, AY559455-AY559491) were
different from any fibrinogen sequences thus far reported. The identities of nucleotides and
amino acids of the 42 fibrinogen sequences obtained were 47-99% and 47-100%,
respectively (Table 4).

As shown by previous studies, FREPs 2and 4 are one-IgSF FREPs (Léonard et al., 2001),
whereas FREPs 3, 7, 12and 13are two-1gSF FREPs (Zhang et al., 2001; Zhang and Loker,
2003). Using the fibrinogen-encoding region as a basis of comparison, a phylogenetic tree
was constructed using the method of ME. The tree shows that the two-1gSF FREPs (FREPS,
3, 7, 12and 13) fall into a clade separate from one-IgSF FREPs (FREPs 2and 4) and other
fibrinogen-encoding genes from snails, although bootstrap support for this clade was low
(Fig. 6). The MP tree showed a similar pattern with the exception of the position of two
sequences (BG80t and BG13t). This discrepancy may be explained by the fact that these two
sequences are so distantly related to the other FREP sequences that their positions in the
gene trees are prone to move (MP tree not shown; see below for detailed description of the
two sequences). In addition, it can be seen that the total number of two-1gSF FREPs (31
different sequences) revealed was at least four times higher than that of one-1gSF FREPs (7
different sequences) (Fig. 6). This suggests that the diversity of two-IgSF FREPs exceeds
that of one-IgSF FREPs, consistent with the Southern blot analyses described above (Figs. 2
and 3).

The distinctiveness of the two sequences described above (BG80t an BG13t) is further
supported by the fact that they have 13 of the 18 canonical fibrinogen residues (Doolittle,
1992) predicted from the partial fibrinogen domains amplified here (Fig. 7). BLAST
searches using deduced amino acid sequences provided support to indicate that BG13t and
BG80t were indeed fibrinogen-encoding sequences. These two new sequences were 100%
identical at the amino acid level, but clearly were less similar to the fibrinogen-encoding
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sequences associated with FREPs (Table 4). To further explore this difference, we created a
probe from one of these new sequences (BG13t) for hybridization with genomic DNA of
Bge cells. Southern blots generated from Bge cells revealed two to three bands (Fig. 4C) that
clearly differed from those revealed by known FREP-fibrinogen probes (Fig. 4A,B).

Taken together, our data suggest that BG13t and BG80t represent a novel category of
fibrinogen sequence not previously documented in the B. glabrata genome. Two additional
unusual fibrinogen sequences (BG106m and BG108t), which possess 16 and 15 canonical
residues, respectively, were found (Fig. 7), and group more closely to most of the
fibrinogen-encoding sequences of FREPsthan do BG13t and BG80t (Table 4).

To facilitate submission of new sequences to GenBank, we assigned the particular sequence
to a particular FREP subfamily based on the cluster into which it fell on the tree. For
example, sequence BG36t was assigned as a member of FREP3 subfamily because it fell
into a clade containing other FREP3 sequences. The temporary name of “fibrinogen-related
domain” (FReD) was provided for those sequences with uncertain position in the
phylogenetic tree.

4. Discussion

The Southern analyses presented here provide the first systematic documentation of the
number of FREP-reactive bands in the genome of B. glabrata. Previous work reported that
FREPs belong to a large gene family, and the criterion of 86% sequence identity has been
used to define membership in a particular FREP subfamily (Zhang and Loker, 2003). As the
probes designed to be subfamily-specific based on sequence data may nonetheless cross-
react with members of other closely related subfamilies on Southern blots, despite of
application of a high stringency washing buffer, caution is required in interpreting the
number of loci in each subfamily. Many factors may affect the outcome of Southern
hybridization. For example, different formulations for hybridization and washing buffers
may yield different intensity of bands. In addition, we have no information regarding the
homozygosity of FREP loci. Therefore, the number of loci we provide for each FREP
subfamily should be considered as approximations, rather than an exact number of loci.

The present study provides evidence for the presence of FREP-like sequences from another
Biomphalaria species from a different continent, namely B. pfeifferi, a widely distributed
intermediate host for S. mansonifrom sub-Saharan Africa. The sister genus of Biomphalaria
is likely to be Helisoma (Morgan et al., 2002), and a representative of that genus, H.
trivolvis from North America, was also shown to possess FREP-like sequences. Based on
Southern blot analysis, H. trivolvis appears to have either fewer fibrinogen copies than B,
glabrata, or the corresponding sequences have diverged significantly, resulting in decreased
hybridization with the B. glabrata probes. A FREPZ-like sequence has been cloned from H.
trivolvis (Adema, personal communication), suggesting the latter explanation may apply.
Moreover, 65-kDa soluble poly-peptides believed to be encoded by one-1gSF FREPs, like
FREPZ2 have been shown to be produced by H. trivolvis and to precipitate trematode
secretory products in a similar manner to one-IgSF FREPSs from B. glabrata (Adema et al.,
1999).

Although we have obtained a large number of fibrinogen-encoding sequences from different
gastropod species using PCR and cloning, the B. glabrata-derived fibrinogen probes applied
in the present study failed to detect fibrinogen sequences in most of these species (Zhang
and Loker, unpublished data), again suggesting that the level of homology with B. glabrata.
FREPs may not reach the level required for detection by Southern blot analysis. This may
also suggest that FREPs have undergone extensive diversification. Two-1gSF FREPs may be
more readily detected in species divergent from B. glabrata simply because they exist at
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more loci. Alternatively, they may be more conserved, allowing the genes to persist within
the closely related species.

This study has also revealed novel fibrinogen sequences encoded by two to three loci based
on Southern blot, phylogenetic and sequence analyses (Figs. 4, 6 and 7 and Table 4). They
are unlike those lying C-terminal to the IgSF domains of FREPs. They may encode
polypeptides that function as independent-fibrinogen domains that combine more than two
IgSF domains or that are possibly associated with domains other than IgSF.

This study has employed two distinct methods to investigate fibrinogen diversity. First,
based on our previous findings that the fibrinogen region is conserved, we used mixed
fibrinogen probes to screen the genome of the B. glabrata. Southern blot analysis (Fig. 4)
showed at least 24 visible bands, with other bands likely escaping our attention because of
overlap. The B. glabrata genome is rich in fibrinogen sequences, a point reinforced by the
use of the second method, a direct search for fibrinogen sequences from a single M-line
snail using degenerate-PCR. A total of 42 unique fibrinogen sequences were found from 180
clones analyzed from this individual, but it is likely that even more fibrinogen sequences are
present. This conclusion is based on the fact that only 180 clones were sequenced,
degenerate primers may not be able to amplify all potential fibrinogen sequences (especially
for those sequences where the primer sites have less homology to primer sequences), and
that some alleles may have been lost due to the potential homozygosity of the M-line
laboratory strain.

The Northern blot data presented here confirm an earlier observation of up-regulated FREP
expression following exposure to digenean infection (Adema et al., 1997). The lack of an
obvious band in lanes loaded with mRNA from unexposed snails and probed with FBG
probes does not imply that FREP expression does not occur in the absence of parasitism
(Fig. 5). We know FREPs are expressed at a certain level in unexposed snails. This may be
largely due to repeatedly stripping of Northern blot. The difference noted in the intensity of
the transcript band in the lane probed with a FREP2-1gSF probe and a mixed fibrinogen
probe may be indicative of the alternative splicing that has been observed in FREPs (Zhang
and Loker, 2003). As far as is known, all alternatively spliced FREPtranscripts contain IgSF
regions and some alternatively spliced forms lack FBG region. For a particular FREP
subfamily, a subfamily-specific probe developed from IgSF sequences can therefore detect
all transcripts including alternatively spliced forms, whereas FBG probes could hybridize
only to those transcripts that contain intact FBG sequences. The relative abundance of
alternatively spliced forms and the mechanism(s) by which they are generated are presently
unknown. It will be of interest to learn if alternatively spliced transcripts are associated with
particular stresses or challenges.

Bge cells have been widely used in molecular studies of B. glabrata biology (Davids et al.,
1999; Duclermortier et al., 1999; Humphries et al., 2001), and it has been noted that Bge
cells share several features with the circulating defense cells (hemocytes) involved in
molluscan immune defense (Duclermortier et al., 1999). Our Southern blot analysis
demonstrated that Bge cells, the only cell line available for B. glabrata or, for that matter,
any other mollusc, contain twice the normal number of FREP3 gene copies. The duplication
may have occurred in either an entire chromosome carrying the FREP3 gene or in a
chromosomal region in which FREP3 loci are located. Our results suggest that genetic
alterations in the cells have occurred in the nearly 30-year period since they were first
derived (Hansen, 1976). Additional work is needed to more fully characterize the genetic
content of Bge cells.
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Several intriguing questions arise from this analysis. What are the respective histories of the
fibrinogen and IgSF domains, and when in their evolutionary histories did they first
associate to form the single polypeptide that we have identified as a FREP? How did the
FREP gene family further diversify? Also, for both fibrinogen and 1gSF domains, for what
other roles have they been co-opted in snails or other invertebrates? For example, 58
fibrinogen sequences were recently identified in the genome in Angpheles gambiae
(Zdovnov et al., 2002), at least some of which function in immune responses (Dimopoulos et
al., 2000; Christophides et al., 2002). Similarly, 13 fibrinogen sequences, some involved in
immunity, occur in Drosophila (Adams et al., 2000; De Gregorio et al., 2001). Even though
we have barely begun to sample the B. glabrata genome, FREFs already comprise the largest
fibrinogen gene family documented so far. The FREP gene family from B. glabratais thus
an intriguing system to further address the functional roles of fibrinogen molecules in
invertebrates. Our Northern blot data suggests that one-IgSF FREPs such as FREPZ are
more responsive to digenetic trematode exposure than two-1gSF FREPs. What then might be
the function of two-IgSF FREPs? Do they respond to other kinds of parasitic or antigenic
stimuli or do they have totally different functions? Much remains to be investigated with
respect to the genomic organization and functions of the FREP gene family.
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two-IgSF FREP

Fig. 1.

Structures of two known types of FREPS, the one-IgSF FREP (upper) and the two-I1gSF
FREP (lower), are shown. (A) Genomic structure and (B) mRNA transcript. The solid line
and dotted line below the mRNA transcript in (B) represent the approximate location of
FREP subfamily-specific probes and FREP conserved probes, respectively. The exact length
for each probe is described in Table 2. The dotted line(s), double line and solid line
indicated above the mRNA transcripts represent the IgSF(s), ICR and FBG regions,
respectively. Abbreviations: 1gSF, Immunoglobulin superfamily; ICR, interceding region;
FBG, fibrinogen. Textured boxes represent different exons.

Gene. Author manuscript; available in PMC 2013 April 29.



Zhang and Loker

Page 13

FREP2 FREP3 FREP4
—231
—4.3
—2.0
1 2 3 4 1 2 3 4 1 2 3 4
FREP7 FREP12 FREP13
——1
—231
—4.3
—2.0

Fig. 2.
Southern blots depicting the hybridization of FREP subfamily-specific probes to genomic

DNA obtained from one individual of the M-line strain of B. glabrata. All six images are
derived from the same membrane hybridized with different probes. The order for re-probing
iS FREPs 3, 2, 13, 4, 7and 12. In each image, the patterns from lanes 1 to 4 show the
genomic DNA digested with EcoRI, Hinalll, Psdl and Haelll, respectively. Size markers in
kilobases (kb) are indicated on the right.
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Fig. 3.

Southern blots obtained from genomic DNA from different strains of B. glabrata, Bge cells,
B. pfeifferiand H. trivolvis, digested with Haelll (A) or Hinalll (B). In each image, lanes 1-
4 are B. glabrata M-line and lanes 5-7 are B. glabrata Brazilian wild isolate, BS90, 13-16-
R1, and lanes 8 and 9 are Bge cells and H. trivolvis, respectively. Lane 10 shows the
genomic DNA of B. pfeifferi digested by Hinalll and probed with FREPs Zand 3
subfamily-specific probes. The order for re-probing for both restriction enzymes was FREPS
3 2 12 4, 7and 13.
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Fig. 4.

Southern blot obtained from genomic DNA digested by Haelll (A) or Hinalll (B) hybridized
with mixed fibrinogen probes (FREP2- and FREP3-fibrinogen). In both images, the DNA
samples from lanes 1 to 10 are same as those of Fig. 3. (C) Genomic DNA from Bge cells
digested with Hinalll (1) and Haelll (2) probed by the novel fibrinogen probe BG13t.
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FREP2 FREP3 FREP12 FBGs
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Fig. 5.

Expression profile of M-line B. glabrata showing unexposed (U) versus exposed (1-day
post-exposure to £. paraensef. E) using FREP subfamily-specific probes, or a mixed
fibrinogen probe in Northern blot analysis. All images were produced from the same
Northern blot hybridized with different probes. Size markers in kilobases (kb) are indicated
on the right. The lower lane shows the staining intensity of 16SmtRNA from the same
image. The order for re-probing was FREPs 2, 3, 12and FBGs.
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two-IgSF
FREPs

one-lgSF
FREPs

—
.
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unknown

SABL2

Phylogenetic tree generated by ME showing the relationship of fibrinogen-encoding
sequences. The bootstrap value at the each branch represents 1000 replicates using
PAUPA4.0b software. Bootstrap values less than 50% are not indicated. The tree is composed
of 42 fibrinogen sequences obtained from genomic DNA from a single snail. FREP
sequences we have previous reported are indicated in bold. A fibrinogen-like sequence of L.
flavus sialic acid-binding lectin 2 (SABL2; GenBank accession number: AF060450) was
used as the outgroup. The numbers in parentheses indicate the number of clones containing

the sequence.
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Fig. 7.

Alignment of the corresponding fibrinogen (FBG) regions of FREPs Zand 3, and the
deduced amino acid sequences obtained from clones BG13t, BG80t, BG106m and BG108t.
BG13t and BG80t encode for an identical amino acid sequence. Asterisks represent identical
residues and dashes indicate gaps. The original 18 canonical fibrinogen residues proposed
by Doolittle (1992) are listed in the last row. The canonical residues are indicated at the top
by filled circles (present in all five sequences) or open circles (replacement in one or more
sequences).
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Primersused for the generation of

Size of probe

Probe the probe An approximate region the probe spans (nt) Typeof template
FREP2-specifc F2GSP17, F2PW1 IgSF and ICR 554  FREP2cDNA
FREP4-specifc FAGSP11b, FAGSP12b IgSF and ICR 629 FREP4cDNA
FREPZspecifc F3GSP23a, F3GSP36a 1gSF1, 1gSF2 and ICR 1253 FREP3cDNA
FREP7-specifc F7GSP13a, FTGSP26 1gSF1 and a small part of IgSF2 548 genomic DNA
FREPI12-specifc  F12PW4, F12PW5 1gSF1 and 1gSF2 839 FREP1ZcDNA
FREPI13specifc  F13GSP4b, F13GSP12 IgSF1 and a partial IgSF2 480 FREP13cDNA
FBG1 F2PW2, F2GSP18 FBG of FREPZ 561 FREPZ2cDNA
FBG2 F3GSP4a, F3GSP27 1gSF2, ICR and FBG of FREP3 1261 FREP3cDNA
FBG3 FbgFb, FbgRa Novel FBG sequence 436 genomic DNA

Abbreviations that appear in this table are given in Fig. 1.

Gene. Author manuscript; available in PMC 2013 April 29.



1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Zhang and Loker

Primers used for the generation of the oligonucleotide probes and for degenerate-PCR

Table 2

Primer Sequence (5'-3")

F2GSP17 AAAATGGCGTCGCTACCACTTCGACTTG
F2PW1 TCTGGTAGCGTGGGACTGGCTCT

FAGSP1lb TGCTTGTTTCTAGTATCTGCAACTCTAG
FAGSP12b GACGTCGGGTTTCGCCAGACATTCGC
F3GSP23a ATGTCCAACCAAACGTCATATCGCCAGAG
F3GSP36a GGTCTGATTTTTCACTTTTATCGAGGCAG
F7GSP13a TCAGAACTTGTCATTGATGTCACCCCAG
F7GSP26 TACTTGTCCTATCATTACTTGCTAAAGAAC
F12PW4 ACCAAGTTCAACATCTGGATG

F12PW5 GATCTTCCATCAGGTCCCATG

F13GSP4b CTCGTTATAATGAAACTATCAGAGACTTTG
F13GSP12 CATGAAGAATGTACAAAGACTGAAGTGAG
F2PW2 CTACCAGAGTCTTGTCGTGACG

F2GSP18 CGTAAGCCTGGGTTTTCCCACTTAATCTAG
F3GSP4a CTATGACAACGCAATTAAAGATTCC
F3GSP27 CAATTCTTAAATCAAAAAGTCCAGCAGAAG
FbgFa TCYGGKTYARARGTCATGTGTGAC

FbgFb TCCGGGTTAAAGGTCATGTGTGAC

FbgRa CAWBWKYNGTACCACCAGGCTCC

K=G/T, Y=CI/T, R=A/G, W=A/T, B=G/T/C, N=A/T/G/C.
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Pairwise comparison of nucleotide (nt) and amino acid (aa) identities between different types of homologous

FBG sequences

Pairwise comparison

nt identity (%)

aa identity (%)

All FBGs (42 FBGs+known FBG of FREPs)
BG13t vs. BG80t

All FBG excluding BG13t and BG80t

BG13t and BG80t vs. All FBGs excluding BG13t and BG80t
BG106m vs. BG13t and BG80t

BG106m vs. All FBG excluding BG13t and BG80t
BB108t vs. BG13t and BG80t

BG108t vs. All FBG excluding BG13t and BG80t
SABL2 vs. BG13t and BG80t

SABL2 vs. All FBG excluding BG13t and BG80t
SABL2 vs. BG106m

SABL2 vs. BG108t

47-99
99
57-99
47-61
54
52-65
50
53-65
50
54-59
59
52

50-100
100
57-100
50-61
50
58-71
50
57-65
43
47-55
55

49

SABL2, a fibrinogen-like sequence of L. flavus sialic acid-binding lectin 2; FBG, fibrinogen. Calculations were performed on values obtained from

the alignment described in Section 2.8.
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