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Abstract.—Techniques for the isolation and purification of serum immunoglobulin (Ig) from fish
are presented. By inducing a specific fish antibody and purifying the antibody by affinity chro-
matography, the major Ig class of an economically important group of fish was partially charac-
terized. Immunoglobulin of an IgM-like class from the serum of a tilapine fish, Oreochromis aureus,
was determined to have a molecular weight between 780,000 and 788,000. After the O. aureus
serum Ig was reduced, the molecular weight of its heavy chain was estimated by means of elec-
trophoretic analysis (SDS-PAGE) to be about 77,000, and its distinct light chains had estimated
molecular weights of 21,500 and 20,500. Rabbit antiserum to the affinity-purified O. aureus serum
Ig did not react with sera from distantly related species of fish, including rainbow trout Onco-
rhynchus mykiss, largemouth bass Micropterus salmoides, channel catfish Ictalurus punctatus, striped
bass Morone saxatilis, goldfish Carassius auratus, and some Central and South American cichlids;
however, the Ig did cross-react with sera from more closely related African cichlids, including
some species in the genera Oreochromis, Haplochromis, and Pseudotropheus.

Only a single class of immunoglobulin (Ig) has and intestine (Hart et al. 1988), as well as from
been reported from bony fish (teleosts) of the class the bile (Lobb and Clem 1981b) of fishes. The
Osteichthyes (Dorson 1981): an IgM-like macro- specific structural characteristics of the Ig has been
globulin that has a molecular weight, depending investigated in only a few species of fishes. These
on the species of fish, between 600,000 and include the channel catfish Ictalurus punctatus
800,000. Fish Ig has been determined to have a (Acton et al. 1971b; Hall et al. 1973; Lobb and
tetrameric structure of four similar-sized subunits. Clem 1984; Lobb 1986; Ourth 1986; Phillips and
Characterization of the Ig structure has been pre- Ourth 1986), sheepshead Archosargus probato-
dominantly from Ig isolated from the serum but cephalus (Lobb and Clem 1981 c), Florida gar Lep-
has also included Ig from the mucus of the skin isosteus platyrhincus (Acton et al. 1971b; Brad-
(Bradshaw et al. 1971b; Ourth 1980; Lobb and shaw et al. 1971a), paddlefish Polyodon spathula
Clem 198la, 1981b;St. Louis-Cormier et al. 1984) (Acton et al. 197 la), giant grouper Epinephelus

itaira (Clem 1971), northern pike Esox lucius
———— (Clerx et al. 1980), Atlantic salmon Salmo salar

> This research was supported by grant US-1341-87 (Havarstein et al. 1988), and coho salmon Onco-
from the United States-Israel Binational Agricultural rhynchus kisutch (Cisar and Fryer 1974). Immu-
Research and Development Fund. noglobulin from members of the tilapia group

2 The scientific names preferred by the American (family Cichlidae) have not been investigated.
Fisheries Society for the Oreochromis species in this ar- The family Cichlidae contains about 150 genera
te\e*xe Tilapia aurea, T. mossambica, T. nilotica, and with over 1>OOQ described species (Goldstein
'VSS £i*S£SL of Pathobiology, Vir- ™*" or more of these species have been suc-
ginia-Maryland Regional College of Veterinary Medi- ocssfiiUy cultured (Stickney 1986). Because of the
cine, Virginia Polytechnic Institute and State University, increasing importance of tilapia in aquaculture,
Blacksburg, Virginia 24061, USA. the immune response of this particular group of
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fish deserves closer study. Immunological re-
agents for serological screening and immunodi-
agnostic assays for the detection of a variety of
viral, bacterial, and parasitic pathogens also need
to be developed.

The purpose of this study was to isolate serum
Ig from Oreochromis aureus, determine its purity
and molecular weight by established procedures,
and produce rabbit antisera to the affinity-purified
Ig. Additionally, the cross-reactivity of the rabbit
anti-6>. aureus-l& serum with sera from different
species of fish was determined.

Methods
Experimental animals and their mainte-

nance.—Two adult O. aureus weighing between
250 and 300 g were obtained from stock main-
tained by the Department of Zoology, North Car-
olina State University (NCSU). The fish were
maintained at 28°C and 0%o salinity in individual
57-L compartments of a divided 114-L tank with
a box-filter filtration system. Fish were fed a com-
mercial brand of pelleted feed (4.8-mm trout feed;
Zeigler Brothers, Inc., Gardners, Pennsylvania) and
were acclimated to tank conditions for 2 weeks
before immunization. Temperature was moni-
tored daily, and ammonia, nitrite, and pH levels
of the water were monitored weekly.

Fish immunization. —Each fish was immunized
intraperitoneally on day 0 with 150 v% goat anti-
mouse IgG (i.e., the F[ab']2 fragment of goat IgG;
Cappel Laboratories, West Chester, Pennsylvania)
per 100 g body weight. Both fish were boosted
with the same amount of immunogen by the same
route on days 14 and 35 after the initial immu-
nization. All immunizations were administered
without the use of adjuvant.

Blood collection and serum preparation. —
Preimmunization blood samples were collected
from both fish via the caudal vessels with a non-
heparinized sterile 23-gauge needle attached to a
3.0-mL syringe. The blood was allowed to clot in
a glass tube at room temperature for 1 h and then
stored overnight at 4°C. Serum was collected the
next day by centrifugation in pediatric serum sep-
arator tubes (Microtainer, Becton Dickinson and
Co., Rutherford, New Jersey) at 14,000 x gravity
for 2 min and then stored in 0.5-mL aliquots at
-70°C. Seven days after the immunization series
was completed (42 d after the initial immuniza-
tion) serum was obtained from both fish and in-
dividually stored as described above.

Immunoglobulin separation.—Two milliliters
of gravity-packed goat anti-mouse IgG agarose

beads (Sigma Chemical Co., St. Louis, Missouri)
were added to a 10- x 0.5-mm glass column
(BioRad Laboratories, Richmond, California),
washed with 150 mL phosphate-buffered saline
(PBS, pH 7.2) at a flow rate of 30 mL/h, and then
stripped with 10.0 mL elution buffer (0.1 M gly-
cine, pH 11.0). The column was washed and equil-
ibrated with 150 mL PBS. Two milliliters of se-
rum from a goat-IgG-immunized fish was mixed
with 2.0 mL PBS and then filtered through a 0.45-
fim filter. The sample was applied to the column
and allowed to flow past the beads, then the col-
umn was washed with 100 mL PBS. The fish anti-
goat Ig was eluted from the column with 5.0 mL
elution buffer, collected as one fraction, and neu-
tralized with 0.6 mL of 0.1 M tris buffer (pH 7.2).
The fraction was extensively dialyzed against mul-
tiple changes of PBS for 18 h at 4°C, concentrated
by centrifugation (Centricon-30 micro-concentra-
tor, Amicon, Danvers, Massachusetts), and stored
at -70°C.

Protein determination. —The protein content of
the affinity-purified O. aureus serum Ig was de-
termined with Coomassie Brilliant Blue G-250
(BioRad Protein Assay, BioRad). Serial dilutions
of bovine serum albumin (fraction V, Sigma) were
used as standards.

Molecular-weight determination of O. aureus
serum Ig.— The purity and molecular weight of
the native (nonreduced) affinity-purified O. aureus
serum Ig was determined by gel filtration with
Sephacryl S-300 (Pharmacia LKB Biotechnology,
Inc., Pleasant Hill, California) and a tris buffer
(0.1 M tris-HCl, 0.15 M NaCl, pH 7.2). A flow
rate of 20-30 mL/h was continuously monitored
at an absorption of 280 nm. The molecular-weight
gel filtration standards (BioRad) were thyroglob-
ulin (molecular weight, 670,000), gamma globulin
(158,000), ovalbumin (44,000), myoglobin
(17,000), and vitamin B!2 (1,350).

The molecular weight of the affinity-purified O.
aureus serum Ig in reduced form was determined
by analytical sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) as de-
scribed by Laemmli (1970). The Ig sample was
mixed 1:1 with electrophoresis sample buffer (2.3
mL 10% SDS; 1.0 mL 0.625 M tris-HCl, pH 6.8;
1.0 mL glycerol; and 5.2 mL distilled water), which
also contained 10.0 mg Bromophenol Blue (East-
man Kodak Co., Rochester, New York), and was
reduced with a 2.5% solution (final concentration)
of 2-mercaptoethanol. The sample was then placed
in a boiling water bath for 5 min, cooled to room
temperature, and added to a single well of a ver-
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tical 4% stacking gel over a 10% resolving gel. The
gel was then electrophoresed for about 2 h in an
ice bath at a constant voltage of 90 V, fixed and
stained for 2 h with a 10% acetic acid-40% meth-
anol solution containing 0.125% Coomassie Blue
R-250 (BioRad), destained with a 10% acetic acid-
40% methanol solution, washed in distilled water
containing a few drops of glycerol, and passively
dried overnight between cellophane (Mini Cello-
phane, Novex, Encinitas, California) at room tem-
perature. Alternatively, several gels were silver-
stained (Daiichi II, ISS-Emprotech, Hyde Park,
Massachusetts) according to manufacturer's in-
structions. The molecular-weight protein stan-
dards (BioRad) used for all SDS-PAGE proce-
dures were phosphorylase B (molecular weight,
97,400), bovine serum albumin (66,200), oval-
bumin (45,000), carbonic anhydrase (31,000),
soybean trypsin inhibitor (21,500), and lysozyme
(14,400).

Amounts of heavy (H) and light (L) chain bands
were compared by a densitometer (Corning 760
fluorometer-densitometer; Corning Medical,
Medfield, Massachusetts) set at a wavelength of
600 nm. Protein bands were evaluated in 12 sam-
ples of 2-mercaptoethanol-reduced affinity-puri-
fied O. aureus serum Ig in dried and stained 10%
polyacrylamide gels, and the means were calcu-
lated for the H and L chains.

Rabbit antiserum preparation. — Antiserum to
the affinity-purified O. aureus serum Ig was pro-
duced in each of two New Zealand White labo-
ratory rabbits by intramuscular and subcutaneous
injections of affinity-purified Ig. Each injection was
prepared by adding 200 ng affinity-purified Ig to
0.5 mL of PBS and emulsifying the sample in an
equal volume of Freund's complete adjuvant
(Gibco Laboratories, Grand Island, New York) on
day 0. A second and third injection of 100 ng
affinity-purified Ig in 0.5 mL PBS and emulsified
in an equal volume of Freund's incomplete ad-
juvant (Gibco) were given to each rabbit by the
same route on days 14 and 21. On day 26 the
rabbits were anesthetized with ketamine hydro-
chloride (Ketaset, Fort Dodge Laboratories, Inc.,
Fort Dodge, Iowa) and xylazine (Rompun, Mobay
Corp., Shawnee, Kansas), and exsanguinated via
cardiac puncture. The serum was separated by
centrifugation and stored at -70°C until tested.

Immunological techniques.— Ouchterlony dou-
ble-diffiision gels were prepared by layering a 1%
tris-tricine buffered agarose (Monthony et al. 1978)
on agarose support media (Gel Bond Film, FMC
Corp., Rockland, Maine). The center well was filled

with either rabbit anti-0. aureus-Ig serum or fish
anti-goat-IgG serum, and test sera were placed in-
dividually in the surrounding wells. After the sera
in the gels were allowed to react overnight in a
humidified chamber at room temperature (21-
25°Q, the gels were washed in PBS and distilled
water, dried, stained with Coomassie Brilliant Blue
(BioRad) and destained with a 10% acetic acid-
40% methanol solution.

Immunoelectrophoresis was performed with a
1% tris-tricine buffered agarose layered over a 100-
x 100-mm square of agarose support media. Sev-
en 5.0-mm-diameter wells were cut and removed
from the gel, and 20 j*L of a different test serum
were placed into each well. The sera were electro-
phoresed (BioRad Electrophoresis Cell, model
1415; BioRad) for 1.5 h at 10°C and a constant
current of 20 mA. Thin rectangular troughs were
cut and removed from between the wells, and rab-
bit anti-O. aureus-lg serum was placed in each
trough and allowed to react with the other sera for
48 h in a humidified chamber at room tempera-
ture. After 3 d of washing in PBS and 2 d of wash-
ing in distilled water, the gel was dried, stained,
and destained as described for the Ouchterlony
double-diffusion gels.

Western blots were performed with the reduced
form of the affinity-purified O. aureus serum Ig
and whole serum from the different species of non-
cichlid and cichlid fish. A semi-dry blotter
(PolyBlot Transfer System, model SBD-1000;
American Bionetics, Hayward, California) run at
175 mA for 45 min was used to transfer the pro-
tein from a 10% SDS-PAGE gel to a 0.2-/*m ni-
trocellulose membrane (BioRad). After transfer,
the membrane was blocked for 30 min at room
temperature in PBS containing 10% calf serum
and 10% of a 2.0% solution of nonfat dry milk in
a buffered borate solution (Kirkegaard and Perry
Laboratories, Inc., Gaithersburg, Maryland). The
membrane was then incubated for 1 h at room
temperature in a 1:2,000 dilution of rabbit anti-
O. aureus-lg serum in the blocking solution de-
scribed above. After the membrane was washed
in PBS with 0.6% Tween 20 (PBS-Tween) and was
blocked as described above, the membrane was
incubated for 1 h at room temperature in a 1:500
dilution of phosphatase-labeled goat anti-rabbit
IgG (H and L chains; Kirkegaard and Perry Labs)
in blocking solution. The membrane again was
washed in PBS-Tween, then in PBS. The mem-
brane was incubated in substrate (5-bromo-4-
chloro-3-indolyl phosphate with nitroblue tetra-
zolium in aqueous dimethylformamide, Alkaline
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TABLE 1.—Fish species from which blood was col-
lected for testing against rabbit anli-Oreochromis aureus-
Ig serum in Ouchterlony double-diffusion gels.

Species Source8

African cichlids
Oreochromis aureus NCSU

Auburn
O. mossambicus Auburn
O. niloticus Auburn
O. hornorum Auburn
Haplochromis aristochroma Pet shop
Pseudotropheus livingstoni Pet shop

Central American cichlids
Cichlasoma citrinellum Pet shop
C. cyanoguttatum Pet shop
C. meeki Pet shop
C. nigrofasciatum Pet shop

South American cichlids
Heros severus Pet shop
C. octofasciatum Pet shop
Symphysodon aequifasciatus Pet shop
Geophagus jurupari Pet shop
Pterophyllwn scalare Pet shop
Astronotus ocellatus Pet shop

North American noncichlids
Rainbow trout Oncorhynchus mykiss NCSU
Largemouth bass Micropterus salmoides NCSU
Channel catfish Ictalurus punctaius NCSU
Striped bass Morone saxatilis NCSU
Goldfish Carassius auratus NCSU

8 Auburn = Auburn University; NCSU = North Carolina State
University. "Pet shop" denotes the same local pet shop for all
species.

Fraction
FIGURE 1 .—Protein elution profile of Oreochromis au-

reus serum from affinity column. Application of whole
serum to the column (A) was followed by the detection
of a large protein peak (A-B). The column was washed
with PBS buffer (B) and the bound protein was eluted
from the agarose beads (Q by the glycine elution buffer,
resulting in the second protein peak containing the af-
finity-purified O. aureus Ig (C-D). Each line segment
between two points represents individual 3.0-mL frac-
tions.

Volume (ml)
FIGURE 2.—Elution profile of native (nonreduced) af-

finity-purified Oreochromis aureus Ig from gel filtration
column of Sephacryl S-300. When compared with mo-
lecular-weight standards, the affinity-purified O. aureus
Ig had an estimated molecular weight between 740,000
and 780,000. Points on the plotted line mark the elution
of the protein standards (represented by their molecular
weights in thousands) from the column.

Phosphatase Conjugate Substrate; BioRad) for 30
min, then the enzyme reaction was terminated by
washing the membrane in distilled water. After
this last wash, the membrane was air-dried.

Fish serum comparisons.—Blood was collected
from the caudal vessels of each of the species b'sted
in Table 1, and the serum was separated and stored
as previously described. All sera were examined
by Ouchterlony double-diffusion gels with serum
from O. aureus as the positive control and either
PBS or rainbow trout serum as the negative con-
trol. Representative samples of sera that had a
positive reaction and sera that had a negative re-
action in the Ouchterlony gel diffusion were ex-
amined by immunoelectrophoresis and western
blot techniques.

Reactivity tests with IgG of other mammalian
species.—Oreochromis aureus anti-goat-IgG se-
rum was evaluated for cross-reactivity to purified
sheep, bovine, equine, and human IgG (Sigma).
Each of the purified IgG samples was tested by
the Ouchterlony double-diffusion assay as de-
scribed previously. Purified goat IgG was used as
the positive control.

Results
After the application of whole O. aureus serum

to the agarose beads, O. aureus anti-goat-IgG im-
munoglobulin was eluted in a singled peak by the
glycine elution buffer (Figure 1). A sample of the
affinity-purified O. aureus Ig was applied to a gel



SERUM IMMUNOGLOBULIN OF OREOCHROMIS AUREUS 27

97.4-

66.2-

45.0-

31.0-

21.5-

FIGURE 3.—Electrophoresis (SDS-PAGE) of reduced
affinity-purified Oreochromis aureus Ig on a 10% poly-
acrylamide gel stained with Coomassie Blue. The esti-
mated molecular weights of the components of the re-
duced affinity-purified O. aureus Ig (lane 1) were 77,000
for the H chain, 21,500 for one L chain, and 20,500 for
the other L chain. The reduced goat IgG (lane 2) had an
H chain with a molecular weight of approximately 52,000
and a L chain with a molecular weight of about 22,000.
Numbers along the vertical axis represent molecular
weights of the standards, in thousands.

filtration column containing Sephacryl S-300 to
determine the molecular weight of the macroglob-
ulin in a native form (Figure 2). The nonreduced
affinity-purified serum Ig from O. aureus eluted
from the column in a single peak and had an es-
timated molecular weight between 740,000 and
780,000.

Application of 2-mercaptoethanol-reduced af-
finity-purified O. aureus anti-goat-IgG immuno-

4.0 6.0 8.0 10.0 12.0 14.0
Migration (cm)

FIGURE 4.—Densitometry readings of a Coomassie
Blue-stained 10% polyacrylamide gel that showed bands
for the H chain and both L chains of the reduced affinity-
purified Oreochromis aureus Ig. The H chain constituted
approximately 63% and the L chains constituted 27% of
the total area. Together they represented about 90% of
the total protein in the reduced sample.

globulin and goat IgG to a 10% polyacrylamide
gel allowed the estimation of the molecular weights
of their respective H and L chains (Figure 3). The
affinity-purified O. aureus serum Ig in a reduced
form had an H chain with an estimated molecular
weight of 77,000 and distinct L chains with esti-
mated molecular weights of 21,500 and 20,500.
Densitometer values obtained from gels of the re-
duced affinity-purified O. aureus serum Ig re-
vealed that the bands representing the H chain
constituted about 63.0% (range, 60.1-67.9%) and
the two bands representing the L chains consti-
tuted about 27.3% (range, 24.7-29.9%) of the total
protein (Figure 4). Thus, the combined means of
the densitometer values for the H and L chains
indicated that approximately 90% of the affinity-
purified sample was O. aureus Ig.

Through the use of Ouchterlony double-diffu-
sion gels, the reactivity of the rabbit anti-<9. au-
reus-lg serum with sera from other species of fish
was evaluated. Serum from O. aureus (NCSU
strain) was found to produce a single band of pre-
cipitation with the rabbit antiserum, whereas sera
from five species of North American fishes (i.e.,
rainbow trout, largemouth bass, channel catfish,
striped bass, and goldfish) did not develop any
detectable precipitation bands (Figure 5; striped
bass serum not shown). The rabbit antiserum was
tested against four species of Oreochromis ob-
tained from Auburn University (Figure 6). Oreo-
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FIGURE 5.—Ouchterlony double-diffusion gel demonstrating reactivity (by precipitation bands) or nonreactivity
of rabbit anti-Oreochromis aureus-lg serum with serum of other fish species. The contents of the wells were as
follows: center well, rabbit antiserum; well 1, O. aureus serum (NCSU strain); well 2, rainbow trout serum; well 3,
largemouth bass serum; well 4, channel catfish serum; and well 5, goldfish serum.

6

10

FIGURE 6.—Ouchterlony double-diffusion gel demonstrating reactivity (by precipitation bands) or nonreactivity
of rabbit anti-Oreochromis aureus-1% serum with serum of other fish species. The contents of the wells were as
follows: both center wells, rabbit antiserum; well 1, O. aureus serum (NCSU strain); well 2, O. mossambica serum;
well 3, O. niloticus serum; well 4, O. aureus serum (Auburn strain); well 5, O. hornorum serum; well 6, O. aureus
serum (NCSU strain); well 7, Haplochromis aristochroma serum; well 8, Pseudotropheus livingstoni serum; well 9,
Symphysodon aequifasciatus serum; and well 10, Geophagus jurupari serum.
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FIGURE 7.—Ouchterlony double-diffusion gel demonstrating reactivity (by precipitation bands) or nonreactivity
of rabbit anti-Oreochromis aureus-lg serum with serum of other fish species. The contents of the wells were as
follows: both center wells, rabbit antiserum; well 1, O. aureus serum (NCSU strain); well 2, Cichlasoma meeki
serum; well 3, C. citrinellum serum; well 4, C. octofasciatum serum; well 5, Pterophyllum scalare serum; well 6, O.
aureus serum (NCSU strain); well 7, Herosseverus serum; well 8, C. cyanoguttatum serum; well 9, C. nigrofasciatum
serum; and well 10, Astronotus ocellatus serum.

chromis hornorum, O. niloticus, and the strain of
O. aureus from Auburn University all developed
two bands of precipitation to the rabbit antiserum,
whereas O. mossambicus developed a single band
of precipitation. The bands of precipitation of all
four species' sera had partial identity to the single
band of precipitation produced by serum from the
strain of O. aureus from NCSU. The rabbit anti-
serum was evaluated against serum from two ad-
ditional species of African cichlids, each from dif-
ferent genera, and both species were found to have
only a single band of partial identity to the O.
aureus from NCSU (Figure 6). The rabbit anti-
serum was also reacted separately against sera of
four species of Central American and six species
of South American cichlids (Figures 6, 7). None
of the Central or South American cichlids devel-
oped detectable precipitation bands.

The reactivity of the rabbit anti-(9. aureus se-
rum and serum from representative species of
noncichlid and cichlid fish was farther evaluated
by immunoelectrophoresis (Figures 8, 9). As ob-
served in the Ouchterlony double-diffusion gels,
the rabbit antiserum reacted strongly to whole se-
rum of O. aureus from NCSU and reacted in vary-
ing degrees to serum from the four species of
Oreochromis from Auburn University and the two
non-Oreochromis African cichlids. Similarly, the

rabbit antiserum did not develop a detectable re-
action to serum of noncichlid fish or serum from
cichlids of Central and South America.

The specificity of the rabbit anti-0. aureus-Ig
serum was further studied with western blot tech-
niques. The rabbit antiserum reacted strongly
against the purified O. aureus Ig fraction and whole
serum from the strain of O. aureus from NCSU
(Figures 10,11). The rabbit antiserum also reacted
fairly strongly with whole serum from the four
species of fish within the genus Oreochromis ob-
tained from Auburn University (Figure 10), and
weakly with the non-Oreochromis African cichlids
(Figure 11). However, the rabbit antiserum did
not react with the serum from the Central and
South American cichlids (Figure 11). The band
representing the H chain was fairly constant for
the four species of Oreochromis examined. How-
ever, there was variability in the molecular weights
of the bands representing the L chains. As ex-
pected, the rabbit antiserum did not develop a
detectable reaction to the purified goat IgG and
did not react with whole serum from rainbow trout
or goldfish.

Examination of the reactivity of goat-IgG-im-
mune fish serum to IgG of other species of mam-
mals by Ouchterlony double-diffusion gels re-
vealed that O. aureus anti-goat-IgG serum
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FIGURE 8.—Immunoelectrophoresis demonstrating reactivity (by staining) or nonreactivity of rabbit an
chromis aureus-Ig serum with serum of other fish species. All troughs contained rabbit antiserum, and each well
contained one type offish serum: well 1, O. aureus serum (NCSU strain); well 2, O. aureus serum (Auburn strain);
well 3, O. mossambicus serum; well 4, O. hornorum serum; well 5, O. niloticus serum; well 6, rainbow trout serum;
and well 7, goldfish serum.

responded strongly to purified goat IgG. In addi-
tion, anti-goat-IgG serum from O. aureus re-
sponded weakly with a band of complete identity
to sheep IgG and did not produce a detectable
response to bovine, equine, or human IgG.

Discussion
Isolation of Ig from fish has been the subject of

relatively few investigations. Various techniques
for the separation and purification of Ig have been
used in these studies, including precipitation in
saturated ammonium sulfate, separation by mo-
lecular sieving ion exchange chromatography, and
selective chromatography (Acton et al. 1971b;
Bradshaw et al. 197la; Clerx et al. 1980; Lobb
and Clem 1981c; Cossarini-Dunier 1985; Ourth
1986; Phillips and Ourth 1986; Havarstein et al.

1988). The amount of Ig retrieved and its purity
have varied among the previous methods. The
technique used in this investigation was based on
affinity chromatography techniques previously
developed for the isolation of specific Ig isotypes
from mammals. Commercially available materi-
als were used with slight modification of the pre-
viously established techniques to successfully iso-
late polyclonal anti-goat Ig from the serum of O.
aureus. Densitometer readings of the affinity-pu-
rified O. aureus Ig in reduced form indicated that
the Ig was about 90% pure.

Previous studies in which affinity chromatog-
raphy was used to isolate fish Ig have used potas-
sium thiocyanate, glycine-HCl, tris-HCl, or hap-
ten competition for eluting the bound protein from
the column. In this investigation, a solution of 0.1
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FIGURE 9.—Immunoelectrophoresis demonstrating reactivity (by staining) or nonreactivity of rabbit anli-Oreo-
chromis aureus-Ig serum with serum of other fish species. All troughs contained rabbit antiserum, and each well
contained one type offish serum: well 1, O. aureus serum (NCSU strain); well 2, Haplochromis aristochroma serum;
well 3, Pseudotropheus livingstoni serum; well 4, Symphysodon aequifasciatus serum; well 5, Pterophyllwn scalare
serum; well 6, Heros severus serum; and well 7, C. nigrofasciatum serum.

M glycine-NaOH (pH 11.0) was used to elute the
fish Ig from the agarose beads, because Lim (1987)
had shown this eluant to produce adequate yields
of protein and to have relatively little effect on the
activity of human IgM antibodies. To assist in
eliminating the potential denaturing effect of the
extreme alkaline pH of the elution buffer, the frac-
tion was collected into tubes that contained the
tris-HCl neutralizing agent. In addition, the col-
lected fraction was dialyzed in PBS to return the
sample to a more normal physiological environ-
ment, then the fraction was concentrated by cen-
trifugation and stored at — 70°C.

The molecular weight of the native Ig from the
serum of O. aureus was estimated by gel filtration
to be between 740,000 and 780,000. This molec-
ular weight is very similar to that reported for Ig

from most other species offish examined to date.
Reported molecular weight of the tetrameric Ig
from channel catfish range from 610,000 to
775,000 (Acton etal. 1971b;Halletal. 1973; Lobb
1986, 1987; Phillips and Ourth 1986). The mo-
lecular weight of the Ig has been estimated at
800,000 for Atlantic salmon (Havarstein et al.
1988), 756,000 for coho salmon (Cisar and Fryer
1974), 700,000 for giant grouper (Clem 1971),
630,000 for paddlefish (Acton et al. 197 la),
610,000-650,000 for Florida gar (Acton et al.
1971b; Bradshaw et al. 1971a), and 650,000 for
northern pike (Clerx et al. 1980). Two separate
molecular weights for Ig have been reported from
Atlantic cod Gadus morhua, 680,000 for a tetra-
meric form and 350,000 for a dimeric form (Ha-
varstein et al. 1988).
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FIGURE 10.—Western blot with rabbit anti-Oreochromis aureus-lg serum and serum of representative cichlid and
noncichlid fish species: lane 1, affinity-purified O. aureus Ig; lane 2, goat IgG; lane 3, O. aureus serum (NCSU
strain); lane 4, O. aureus serum (Auburn strain); lane 5, O. mossambicus serum; lane 6, O. hornorum serum; lane
7, O. niloticus serum; lane 8, rainbow trout serum; and lane 9, goldfish serum. Molecular-weight standards, in
thousands, and H and L chains* bands are shown along vertical axes.

The H chain of the reduced serum Ig of O. au-
reus was estimated in the present investigation to
have a molecular weight of 77,000, and the light
chains were estimated to have molecular weights

of 21,500 and 20,500. These values are similar to
the molecular weights reported for the H and L
chains of other species of fish. The molecular
weight of the H and L chains have been reported

2 3 4 5 6
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•H

FIGURE 11.—Western blot with rabbit &n\i~Oreochromis aureus-Ig serum and serum of representative African,
Central American, and South American cichlid fish species: lane 1, Haplochromis aristochroma serum; lane 2,
Pseudotropheus livingstoni serum; lane 3, Cichlasoma cyanoguttatum serum; lane 4,0. aureus serum (NCSU strain);
lane 5, Cichlasoma octofasciatum serum; and lane 6, Astronotus ocellatus serum. Molecular-weight standards, in
thousands, and H and L chains' bands are shown along vertical axes.
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as 72,000 and 23,000, and 56,000 and 23,000 for
channel catfish Ig (Phillips and Ourth 1986); and
also 70,000 and 26,000, 24,000, and 22,000 for
channel catfish Ig (Lobb and Clem 1984); 75,000
and 26,000 for coho salmon Ig (Cisar and Fryer
1974); 72,000 and 27,000 for Atlantic salmon Ig
(Havarstein et al. 1988); 70,000 and 27,000 and
25,000 for sheepshead Ig (Lobb and Clem 198 Ic);
70,000 and 22,000 for giant grouper Ig (Clem
1971); 70,000 and 23,000 for paddlefish Ig (Acton
et al. 197la), and 70,000 and 22,000 for Florida
gar Ig (Bradshaw et al. 197 la). Calculated with the
assumption that O. aureus Ig is similar to other
teleosts in having a tetrameric structure with eight
H and eight L chains, the molecular weight of the
intact, nonreduced Ig is between 780,000 and
788,000, which corresponds closely with the mo-
lecular weight of the affinity-purified O. aureus Ig
obtained by gel filtration.

Various immunological techniques have been
used to evaluate and study the phylogenetic rela-
tionships both between and within taxonomic
groups of animals (Goto 1982). In this study, the
reactivity of the rabbit anti-O. aureus-Ig serum
was demonstrated by Ouchterlony double-diffu-
sion gels, immunoelectrophoresis, and western
blots to react strongly to homologous whole serum
from O. aureus from NCSU. The rabbits antise-
rum was also shown by these three techniques to
have no cross-reactivity with whole serum from
distantly related species offish, including rainbow
trout, channel catfish, largemouth bass, striped
bass, and goldfish. Likewise, when examined by
the same techniques, commercially obtained goat
anti-rainbow trout Ig (Kirkegaard and Perry Lab-
oratories, Gaithersburg, Maryland) reacted only
with serum from rainbow trout, and did not react
with serum from O. aureus, channel catfish, large-
mouth bass, striped bass, or goldfish (S. A. Smith,
unpublished). A similar finding was reported by
Havarstein et al. (1988), who found that antise-
rum to Atlantic salmon Ig produced a positive
precipitation reaction in Ouchterlony double-dif-
fusion gels to serum from the closely related rain-
bow trout but not to serum from the distantly
related Atlantic cod.

The rabbit antiserum developed in this study
did react to varying degrees with whole serum from
several species of African cichlids that are taxo-
nomically related rather closely to O. aureus, as
evidenced both in Ouchterlony double-diffusion
gels and in immunoelectrophoresis by bands of
complete and partial identity. In addition to dem-
onstrating that the rabbit antisemm reacted to the

four species of Oreochromis and the two addi-
tional species of African cichlids, western blots
revealed that the rabbit antiserum specifically rec-
ognized both the H and L chains of all six species
of African cichlids. Conversely, the rabbit anti-
serum did not react in any of the three immuno-
logical tests with whole serum from other more
distantly related cichlid species (those of Central
and South America). Along with the above infor-
mation on the reactivity of the rabbit antiserum
with serum from different species of North Amer-
ican fish, these results suggest that the structure of
fish Ig is significantly different antigenically among
families offish, and that the structure of the Ig of
more closely related fishes is similar. The number
of cichlid species evaluated was small, especially
relative to the number of cichlid species that exist
(> 1,000). Nevertheless, the results suggest that the
four species of the African genus Oreochromis (O.
aureus, O. niloticus, O. mossambicus, and O. hor-
norum) are indeed closely related taxonomically,
and that the two other tested species of African
cichlids (Haplochromis aristrochroma and Pseu-
dotropheus livingstoni) are antigenically related to
O. aureus and each other, but not as closely as are
members of the genus Oreochromis. The results
also suggest that the African cichlids are more
closely related to each other than to their South
and Central American counterparts. Thus, the re-
sults reinforce the taxonomic grouping of these
fish that was previously based primarily on sim-
ilarities in morphological and behavioral charac-
teristics. The results also suggest that diagnostic
tests involving antibody reactivity developed for
one species of Oreochromis might work adequate-
ly for the more closely related species within the
genus and possibly for other African cichlids with-
in other genuses.

Serum from three of the four species of Oreo-
chromis (O. aureus, O. niloticus, and O. hornorum)
obtained from Auburn University consistently de-
veloped two precipitation bands in the Ouchter-
lony double-diffusion gels instead of a single band
as observed with the O. aureus serum from NCSU,
from which the rabbit antiserum had been de-
rived. The reason for these double bands is un-
clear at present, although several explanations are
possible. The relative concentrations of antigen
and antibody in the gel could have been a factor,
an excess of either component can sometimes pro-
duce artifacts that are typically manifested by a
double precipitin band in the gel (Nilsson 1983).
This seems to be the most plausible explanation
for the cause of the double band because reeval-
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uation with a single twofold dilution of each of
the sera in question resulted in a single precipi-
tation band for each in the Ouchterlony double-
diffusion gel. Alternatively, the sera from the three
fish may have contained Ig in a monomeric or
dimeric form, or in both forms, rather than the
more common tetrameric form generally found in
most fish. Such a situation has been reported for
the channel catfish, which are known to have var-
ious forms of the Ig. Thus, the double band of
precipitation could have resulted from the differ-
ent migration rates of the Ig structures of different
molecular weights.

Serum from O. aureus immunized with goat
IgG reacted with goat and sheep IgG, but not with
bovine, equine, or human IgG. It is not surprising
that similar antigens, in this case Ig of the IgG
class from closely related animals (i.e., goat and
sheep), may initiate or induce an immune re-
sponse in the fish that is able to respond to both
antigens. However, that the serum from fish im-
munized with goat IgG did not react with IgG
from other mammalian species indicates that the
piscine immune response is sufficiently evolved to
recognize differences and similarities between an-
tigens that presumably have a similar protein
composition and antigenic structure.
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