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ABSTRACT: Histone-like proteins (HLPs) are broad-spectrum, endogenously produced antibiotics
which we have isolated from tissues of rainbow trout Oncorhynchus mykiss and hybrid striped bass
(Morone saxatilis male x M. chrysops female). Here, we show that HLP-1, which has high sequence
homology to histone H2B, equally inhibited both young and mature trophonts of the important
ectoparasite Amyloodinium ocellatum. In addition to direct killing of Amyloodinium trophonts, there
was evidence that HLP-1 from both rainbow trout and hybrid striped bass caused severe develop-
mental abnormalities, including delayed development, in both the parasitic trophont stage as well as
the reproductive tomont stage. The deleterious effects of HLP-1 also were manifested in what
appeared to be ‘delayed mortality’, where parasites of normal appearance would die later in devel-
opment. Similar serious damage was also seen with calf histone H2B and the unrelated peptide anti-
biotic magainin 2. A comparison of the antibiotic activity in mucus versus epidermis compartments of
the skin of hybrid striped bass suggested that the majority of antibiotic (including HLP-1) activity
resided in the epidermis, although some activity was present in the mucus. These data suggest that
normal, nonimmune fish skin contains potent defenses against protozoan ectoparasites and that the
effects of these defenses may extend beyond their transient interactions with the parasites, which has
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important implications for this host-parasite relationship.
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INTRODUCTION

Protozoan ectoparasites cause serious losses in virtu-
ally all cultured marine and freshwater fish (Woo
1995). Among the most important is the dinoflagellate
Amyloodinium ocellatum, which causes serious epi-
demics in warmwater mariculture worldwide (Noga &
Levy 19995). In Amyloodinium's life cycle, the infective
stage (dinospore) attaches to the host, forming the
feeding (trophont) stage. After feeding, the trophont
detaches from the host cell, falls off the host, and forms
the reproductive stage (tomont), which produces
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dinospores. A. ocellatum is the only protozoan ectopar-
asite which can be propagated in vitro, and is a useful
model for closely examining the effects of immune
components on ectoparasite survival in a system which
is very similar to that of the in vivo host (Noga 1987,
Smith et al. 1993, Oestmann & Lewis 1996, Cobb et al.
1998).

In recent years, host-produced, polypeptide antibi-
otics have become recognized as important compo-
nents of innate immunity in many organisms (see Robi-
nette et al. 1998, Schroder 1999, Mitta et al. 2000, Tossi
et al. 2000, Zasloff 2002, for recent reviews). We have
recently isolated potent, broad-spectrum polypeptide
antibiotics from channel catfish Ictalurus punctatus
(Robinette et al. 1998). These antibiotics, which we
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have named histone-like proteins (HLPs), are closely
related, if not identical, to histone H2B (HLP-1) and
histone H1 (HLP-2). Histones are well-known compo-
nents of the nucleosome. However, we have discov-
ered that, at what appears to be well within physiolog-
ically available concentrations, these polypeptides are
highly lethal to both bacteria and water molds (Robi-
nette et al. 1998). We have also recently shown that
HLPs isolated from hybrid striped bass (Morone sax-
atilis male x M. chrysops female) and from rainbow
trout Oncorhynchus mykiss have potent activity
against Amyloodinium ocellatum (Noga et al. 2001).
The purpose of this paper was to determine the site on
the skin (i.e. mucus vs epidermis) where these anti-
microbial proteins were most likely to function against
A. ocellatum, the effect of parasite maturity on its
susceptibility to HLPs, and the morphological effects of
hybrid striped bass and rainbow trout HLPs on A. ocel-
latum development.

MATERIALS AND METHODS

Antimicrobial activity under different collection
conditions. Initial studies in our laboratory have shown
that skin extracts from hybrid striped bass (Morone
saxatilis male x M. chrysops female) and from rainbow
trout Oncorhynchus mykiss have significant antibacte-
rial activity (Noga et al. 2001). To determine whether
this activity resided mainly in the mucus or in the epi-
dermis, we collected skin mucus from anesthetized fish
by gently scraping the body surface. Neat (undiluted)
mucus was collected by gently moving a glass 0.5 ml
pipette along the flank while holding the fish in a
vertical position and aspirating the sample with
another sterile pipette (first neat mucus sample, M1N;
this sample was relatively thin); a second sample was
then collected from the much thicker mucus that was
released after the first sample had been collected (sec-
ond neat mucus sample, M2N). This stroking motion
caused the mucus to ‘pile up’; both MIN and M2N
were then collected by gently aspirating with a sterile
pipette. Once most of the mucus had been removed,
we then collected epidermis by scraping the body
surface with a metal spatula. Mucus and epidermis
samples were immediately examined under a phase
contrast microscope (Nikon Diaphot) for the presence
of cells.

The epidermis samples were split into 3 equal vol-
umes and homogenized in an Eppendorf tube with a
Teflon homogenizer using 3 volumes of either 1%
acetic acid (preceded by boiling for 5 min), distilled-
deionized water, or 50 mM tris buffer (pH 7.2). All
samples were briefly stored on ice until testing for
antibacterial activity (see below).

The antibacterial activity of various samples (M1N,
M2N, epidermis extracts) was immediately assessed
in a radial diffusion assay (Robinette et al. 1998) in
which a specific volume (3 pl) of sample was pipetted
into a well of an agarose plate with a suspension of
Escherichia coli D31. After overnight incubation at
37°C, the clearing zone diameter for each of the sam-
ples was compared. The units of antibacterial activity
were calculated using a standard curve of a purified
antibiotic standard. Briefly, units of antibacterial activ-
ity were determined from a standard curve generated
from a serial dilution of pure hybrid striped bass HLP-
1 (HSB HLP-1) in the radial diffusion assay. This HSB
HLP-1 curve was generated by log-transforming the
clearing zone diameters to create a linear curve. Clear-
ing zone diameters measured in each sample were also
log-transformed and their values in log units were then
determined from the HLP-1 standard curve. Values
were then converted to arithmetic units of activity (and
HLP-1 ng ml! equivalents).

Epidermis samples were also electrophoresed on
acid urea-polyacrylamide gels (AU-PAGE) (Harwig et
al. 1993) to determine the presence of putative HLPs in
neat mucus and under different epithelium extraction
conditions. Separations were performed using the
Mini-Protean II (BioRad) electrophoresis system
according to manufacturer's instructions.

Purification of antibiotics for testing. HLP was puri-
fied from clinically normal rainbow trout and hybrid
striped bass using methods described previously
(Robinette et al. 1998, Noga et al. 2001). Briefly, gill
(hybrid striped bass) or spleen (rainbow trout) was
extracted by boiling in dilute acetic acid and then
preparing a tissue homogenate. After partial purifica-
tion of the HLPs by strong acid precipitation to remove
contaminating proteins, final purification was
achieved by separation via reverse-phase, high pres-
sure liquid chromatography (RP-HPLC). Since HLP-1
is the HLP with the most potent anti-A. ocellatum
activity (Noga et al. 2001), our studies were focused on
this antibiotic.

The purity of rainbow trout HLP-1 (RBT HLP-1) and
HSB HLP-1 isolated via RP-HPLC was assessed by
sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) (Laemmli 1970) using the
Mini-Protean II electrophoresis system according to
manufacturer’s instructions. The purity of HLP-1 was
>95% as assessed by SDS-PAGE.

Anti-Amyloodinium assays. The effects of RBT HLP-
1 or HSB HLP-1 on A. ocellatum was examined using
our standard in vitro assay (Noga 1989), in which A.
ocellatum's entire life cycle is replicated in vitro using
a gill cell line (G1B) as host cells. The DC-1 isolate of A.
ocellatum was used for all studies. This isolate has
been continuously propagated in vitro since 1986
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(Noga 1987) and is still highly pathogenic to fish (U.
Silphaduang & E. Noga unpubl. data). Stocks of G1B
cells (ATCC #CRL 2536, American Type Culture Col-
lection, Manassas, VA) were propagated in a modified
Ham's F-12 medium at 25°C in 75 cm? flasks. For
experiments, monolayers were gently trypsinized,
resuspended in medium, and counted. Cells were then
seeded into 96-well tissue culture plates and allowed
to grow to confluency. The G1B monolayers were then
adapted to an artificial seawater solution (I02/HBSS).

Infective dinospores were produced from tomonts
using standard procedures, and equal numbers of
dinospores were inoculated into replicate wells with
various antibiotics (all 100 ng ml™!). The number of dif-
ferentiated dinospores (i.e. trophonts that developed
from dinospores, and tomonts that developed from
trophonts) present in each well were counted under
phase contrast microscopy after incubation for 48 h at
25°C. Values were expressed as a percentage of the
sham-treated control (diluent only added). Photo-
graphs of selected cultures were made with a Nikon
Diaphot inverted phase contrast microscope. As a
putative positive control, we used magainin 2 (Sigma
Chemical), a peptide antibiotic isolated from aquatic
frogs Xenopus laevis, which has antiprotozoal activity
(Zasloff 1987). We also examined the activity of puri-
fied calf histone H2B (Boerhinger Mannheim).

We have recently shown that the life stage of Amy-
loodinium ocellatum which is most susceptible to HLP-
1 is the trophont (Noga et al. 2001). To determine the
activity of antibiotics against young versus mature
trophonts, anti-trophont activity was assessed by
inoculating replicate wells with an equal number of
dinospores. After allowing the dinospores to infect
the monolayer and subsequently differentiate into
trophonts (which typically occurs within 20 min in this
culture system; Noga 1987), the cultures were washed
5x with IO2/HBSS at either 30 min (young trophonts)
or 24 h (mature trophonts) to remove any free-
swimming dinospores, leaving only attached trophonts.
Various antibiotic treatments (HSB HLP-1, calf histone
H2B, or magainin 2; all 100 pg ml™!) were then added.
The numbers of visible trophonts and
tomonts (i.e. viable parasites which infected
the cell culture and grew) were counted after
48 h at 25°C. Values were expressed as a
percentage of the sham-treated control (HAc
diluent only).

In some experiments, we determined the
mean time required for the parasites to con-
sume the entire G1B cell monolayer by
observing all cultures daily and recording
the time (d) for destruction of the entire
monolayer (Noga 1989). In a separate exper-
iment, we seeded untreated G1B cultures

with various numbers of dinospores (1, 4, 8, 17, or 35
dinospores; 4 replicates per treatment) and compared
the mean time to consumption of the monolayer by the
parasites.

Statistical analyses. For analysis of the effect of various
antibiotics on parasite infectivity or the mean time
needed for parasites to consume the entire monolayer,
Duncan's pairwise test was used (Zar 1996). Data on the
effect of trophont age on parasite infectivity were
analyzed as a 2 x 3 factorial design with 2 treatments (30
min or 24 h; type of antibiotic) (Neter et al. 1990). These
2 types of treatments were compared at 48 h after adding
parasites to the GI1B cultures. For each possible
combination of all factors tested, the measurement was
replicated 3 times (i.e. 3 wells). Since all data were
expressed as a percentage of the control (diluent only),
arcsine transformation was done to normalize the data
(Zar 1996). All analyses were done using PROC GLM
in SAS Version 7 (or Version 8) (SAS Institute).

RESULTS
Antimicrobial activity in mucus versus epidermis

The mucus collected from the skin of hybrid striped
bass appeared to consist of 2 types: a less viscous mucus
which was easily removed and a thicker, more viscous
mucus which appeared to be secreted after the thinner
mucus was removed from the surface of the epidermis.
This difference in mucus composition may have been
due to the possibility that the initial mucus material was
mixed with water on the surface of the fish, making it
less viscous. Both thin and thick mucus samples had no
cells by microscopic examination, although various-
sized spheres (presumably mucus droplets) were seen
in both M1N and M2N. In contrast, scrapings of the epi-
dermis yielded abundant amounts of epithelial cells.

Antibacterial activity was detectable in both mucus
types, but was much less than the activity detected in
the epidermis, especially considering that the epider-
mis extracts were diluted 4-fold (Fig. 1). The potency of

Fig. 1. Comparison of the antibacterial activity of representative hybrid
striped bass mucus and epidermis samples using the radial diffusion assay.
MIN = first neat mucus sample, M2N = second neat mucus sample. Epi-
dermis samples were prepared by extracting in either distilled-deionized
water (SW), 50 mM tris buffer pH 7.2 (ST), or 1 % acetic acid (SA). Note that
no diluent controls (water, tris, acetic acid) had any activity. The units ml!
of activity of the samples prepared in this experiment are shown in Table 1
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Table 1. Comparison of the antibacterial activity of hybrid
striped bass skin mucus and epidermis samples using the
radial diffusion assay. HLP-1 equivalents is the amount of
antibacterial activity in the samples expressed in an equi-
valent concentration of hybrid striped bass HLP-1. Values are
the means of 3 replicates from the experiment shown in Fig. 1.
Note that no diluent controls (water, tris, acetic acid) had
any activity. Replication of this experiment yielded similar
results. One unit of activity is equivalent to 10 ng HLP-1 ml™!

Sample Units ml™! HLP-1
in sample equivalents
(£SD) (ng m1™")

First neat mucus sample (M1N) 1+1 10
Second neat mucus sample (M2N) 8 +3 80
Epidermis, distilled

deionized water (SW) 59 + 33 590
Epidermis, 50 mM tris

buffer pH 7.2 (ST) 36 +21 360
Epidermis, 1% acetic acid (SA) 387 380

the activity, as judged by clearing zone diameters, was
similar after equal amounts of tissue were extracted
with either distilled-deionized water or tris buffer, or
after extracting in dilute (1 %) acetic acid and boiling
for 5 min (Fig. 1, Table 1). Epidermis extracts from
rainbow trout yielded similar activity (data not shown).

AU-PAGE of the epidermis extracts indicated that
there was a band which migrated in a similar fashion to
calf histone H2B, suggesting that HLP-1 was present in
these samples (Fig. 2) (calf histone H2B migrates simi-
larly to HLP-1 [Noga et al. 2001] and is a commercially

M1N M2N SW ST SA H2B

Fig. 2. Acid-urea polyacrylamide gel electrophoresis of hybrid

striped bass mucus and epidermis samples. Samples were

prepared as described in Fig. 1 using different fish. The gel
was stained with Coomassie Blue R-250

available standard). However, this band was not de-
tectable in either M1N or M2N, which corresponded to
the almost complete lack of antibacterial activity in
both of these samples (Fig. 1). A similar amount of
antibacterial activity was identified in whole gill tissue
of both hybrid striped bass and rainbow trout, when
extracted in either water, tris or acetic acid (data not
shown).

Cytological effects of HLPs

Exposure to all antibiotics had a dramatic effect on
Amyloodinium ocellatum trophonts and tomonts. The
most striking features were the inhibition of trophont
growth and tomont differentiation (Fig. 3). In all 4
antibiotic exposures, some tomonts divided earlier
than the controls (reflecting the fact that they formed
smaller tomonts). This was most often seen with expo-
sures to RBT HLP-1, where trophonts which survived
exposure often formed very small tomonts (i.e. differ-
entiated prematurely), did not divide, and eventually
died (Fig. 3f). These changes were also seen to a much
lesser extent with exposure to HSB HLP-1; however,
some tomonts exposed to HSB HLP-1 became larger
than those in control (HAc) cultures (Fig. 3a—d). One
subtle feature which often distinguished antibiotic-
treated cultures from untreated cultures was what
appeared to be a less aggressive feeding behavior of
treated troponts, as indicated by less damage to G1B
cells adjacent to attached trophonts.

One of the most interesting effects was that parasites
exposed to any of the 4 antibiotics often continued to
grow as apparently normal trophonts, but after form-
ing tomonts would often die prior to or soon after
beginning to divide (‘delayed mortality') (Fig. 3c,e,g).
While exact counts of divided versus undivided para-
sites would be unreliable due to the dynamic nature of
parasite development, it was apparent from our obser-
vations that in all antibiotic treatments, there was a
higher number of abnormal tomonts compared to the
number seen in the control (HAc) cultures. Some
tomonts died with shrinkage of the cytoplasmic con-
tents away from the periphery of the cyst wall
(Fig. 3e,f). In other cases, tomonts divided very slowly.
The percentage of abnormal tomonts appeared to be
highest in magainin 2, where many remained undi-
vided or did not complete their division cycles to form
dinospores (Fig. 3g,h).

A sublethal effect that may be related to the ‘delayed
mortality’ was prolongation of the life cycle (i.e. a slow-
ing of the parasite's growth rate) (Table 2). This was
initially suggested by the lack of correlation between
the number of initially surviving trophonts and the
time required for these parasites to feed on and con-
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Fig. 3. Amyloodinium ocellatum. Effect of HLP-1 (100 ng ml™!) on trophonts and tomonts. Also noted is the age of the culture (i.e.
days after inoculating with dinospores). (a) Control (HAc) culture with normal, viable, parasites, including tomonts in various
stages of division; Day 14; scale bar = 50 pm. (b) HAc culture with normal, viable, trophonts (tr) and tomonts (to); Day 39; scale bar
=25 pm. (c) Culture treated with hybrid striped bass HLP-1 (HSB HLP-1); note the slightly greater number of undivided tomonts,
most of which are dead (failed to divide after 30 d); Day 14; scale bar = 50 pm. (d) Culture treated with HSB HLP-1; note the dead
(de), asynchronously dividing (ad) tomonts; Day 14; scale bar = 10 pm. (e) Culture treated with rainbow trout HLP-1 (RBT HLP-1);
note the many undivided tomonts, most of which are dead (failed to divide after 30 d); Day 14; scale bar = 50 pm. (f) Culture
treated with RBT HLP-1; note the dead tomonts, as indicated by the cytoplasm contracted away from the cell wall (arrows) (Noga
1989); Day 14; scale bar = 25 pm. Inset: a different culture treated with RBT HLP-1; note the very small 2-cell tomont; this parasite
failed to divide further; Day 5; scale bar = 25 pm. (g) Culture treated with magainin 2; note the many undivided tomonts, most of
which are dead (failed to divide after 30 d); Day 14; scale bar = 50 pm. (h) Culture treated with magainin 2; tomonts will not divide
further; note the irregular cell wall of the dark, dead tomont (arrow); Day 14; scale bar = 10 nm
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Table 2. Amyloodinium ocellatum. Effect of polypeptide antibiotics (100 pg ml™)

on infectivity versus long-term survival in vitro. All values presented are the

mean + SE of 3 replications. Values in the same column with different letter super-

scripts are significantly different (p < 0.01). NA: cultures appeared to have no
viable parasites after 4 d

that fish skin mucus was lethal to the
monogenean worm Epibdella mel-
lenia. Moore et al. (1994) found bio-
logically active factors against
another monogenean, Gyrodactylus

. . . stellatus, in the mucus of infected
Treatment Initial percent Mean time Percent increase K i K

infectivity to monolayer  in time to mono- juvenile English sole Pleuronectes
(% of HAC destruction  layer consumption vetulus. Harrell et al. (1976) observed
control) (d) (% of HAc control) that skin secretions from rainbow
trout were inhibitory to Vibrio (Lis-

HAc only 100.0 + 4.1 16.0 £ 1.5° - . .
Magainin 2 42.0+41° 613430 283 tonella) anguﬂ]a{z?m. Austlg & Mcl.n-
Hybrid striped bass HLP-1 ~ 20.5+0.0°  22.7  0.5° 42 tosh (1988) identified an antibacterial
Calf histone H2B 12.6 +3.2¢¢ 33,7 +0.2¢ 106 activity that resembled a glycopro-
Rainbow trout HLP-1 58x1.1¢ NA NA tein in the skin and eye mucus of

sume/destroy the entire G1B cell monolayer. This was
most apparent when comparing the growth of para-
sites exposed to magainin 2 compared to other anti-
biotics. While magainin 2 typically had the least effect
on parasite infectivity of any antibiotic, it caused a
much greater delay in monolayer destruction than
either calf histone H2B or HSB HLP-1 (Table 2). In a
separate experiment, when different numbers of dino-
spores were seeded into separate, untreated G1B cul-
tures, all cultures had a similar time to destruction of
the monolayer (p < 0.05), suggesting that initial para-
site density is not a significant influence on mean time
to monolayer consumption and thus parasite growth.
This supports our observations that the antibiotics
appear to be slowing parasite growth directly, rather
than indirectly, due to causing a smaller number of
initially surviving parasites.

Eifect of antibiotics on young versus mature
trophonts

While both HSB HLP-1 and magainin 2 were signifi-
cantly inhibitory to Amyloodinium ocellatum trophont
survival (p < 0.01), there was no significant difference
in the susceptibility of young (30 min) versus mature
(24 h) trophonts to either antibiotic. Activity against
young versus mature trophonts was similar for HSB
HLP-1 (69.1 = 10.3 vs 63.5 + 5.0 % infectivity, p > 0.05)
and magainin 2 (73.6 £ 9.0 vs 67.0 £ 10.7 % infectivity,
p > 0.05).

DISCUSSION

Previous investigators have detected antimicrobial
activity in skin extracts from various fish, although
whether these activities were due to specific or innate
defenses was not always clear. Nigrelli (1935) found

rainbow trout. Magarinos et al. (19995)
also detected activity against Pas-
teurella piscicida (= Photobacterium damsela subsp.
piscicida) in turbot Scophthalmus maximus skin
mucus. Videler et al. (1999) identified and partially
sequenced a 21 kDa glycoprotein in the mucus enve-
lope of the queen parrotfish Scarus vetula which was
associated with antibacterial activity. Wood et al.
(1988) found that skin mucus from brown trout Salmo
trutta killed the spores of water molds in the Saproleg-
nia diclina-parasitica complex. While at least some of
the above activities might be attributed to complement
cytotoxic antibodies or even microbial products (West-
erdahl et al. 1991), it is likely that at least part of the
activity observed is due to endogenous polypeptide
antibiotics, such as HLPs.

Some prior studies have failed to observe antimicro-
bial activity in fish skin secretions (Hattingh & Van
Warmelo 1975, Willoughby & Pickering 1977). Crouse-
Eisnor et al. (1985) found no anti-Aeromonas actvity in
mucus extracts from goldfish Carassius auratus. Sub-
asinghe & Sommerville (1988) did not find any anti-
bacterial activity in the skin or buccal mucus of the
maternal mouth-brooding cichlid Oreochromis mos-
sambicus, at any stage of their breeding cycle. How-
ever, the sensitivity of the detection techniques used in
the above studies, combined with the very weak activ-
ity often present in mucus (Fig. 1; Landsberg et al.
1992) compared to epithelium, suggests that activity
might have gone undetected.

We have previously demonstrated that the skin
mucus of tilapia Oreochromis aureus has anti-Amyloo-
dinium ocellatum activity when measured by our
standard cell culture infectivity assay (Landsberg et
al. 1992); however, this activity is relatively weak,
requiring at least an 80% mucus concentration to be
inhibitory. Being a cell culture assay, the infectivity
assay requires sterile samples which are not easily pre-
pared from crude skin extracts. Thus, because HLPs
have broad-spectrum activity against both prokaryotes
and eukaryotes (Robinette et al. 1998, Noga et al.
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2001), in the current study, we compared the relative
antibiotic activity of the skin compartments using an
antibacterial assay, because this assay provides a more
quantitative and sensitive measure of total antibiotic
activity.

The skin of virtually all fish species is not keratinized
but rather consists entirely of living cells. Thus, when
collecting mucus, epidermal cells can be easily and
inadvertently removed. This is especially true if any
abrasive means are used which traumatize the skin
and cause epidermal cell exfoliation. When collecting
the epidermis, one cannot totally separate the activity
present in the mucus from that in the epidermis
because the mucus-producing (goblet) cells reside in
the epidermis. However, our present data and the pre-
viously documented weak anti-Amyloodinium ocella-
tum activity in fish mucus (Landsberg et al. 1992) sug-
gest that the most potent component of the HLP host
defense is in the epidermis and this is where potential
pathogens would be most inhibited by these antibi-
otics. Specific measurement of HLP-1 levels in the
mucus and epidermis of hybrid striped bass skin also
supports these data; HLP-1 levels via enzyme-linked
immunsorbent assay have shown that levels in epider-
mis extracts are much higher (14 to 52 ELISA Units
ml’l) compared to those in either M1N or M2N, which
are both undetectable (H. Callahan, U. Silphaduang &
E. Noga unpubl. data). The amount of antibiotic activ-
ity in the epidermis (Table 1) is more than enough to
kill A. ocellatum. The infectivity of A. ocellatum is
reduced by as little as 12.5 pg HLP-1 ml™! (Noga et al.
2001). Since the epidermis contains not only epithelial
(malpighian) cells but also goblet cells and various
immune cells (lymphocytes, mast cells, Langerhans
cells), further studies are needed to confirm the spe-
cific cellular source of the HLPs.

These data also suggest that HLPs may function in
mainly protecting against the most aggressive types of
ectoparasites. Amyloodinium ocellatum infects skin
and gill epithelial cells, penetrating these cells as it
feeds (Noga 1987), and thus would be in intimate con-
tact with antiparasitic substances released by these
cells. Other highly lethal protozoan ectoparasites also
penetrate the host epithelium, including the kineto-
plastid flagellate Ichthyobodo necator, and the ciliates
Ichthyophthirius multifiliis and Cryptocaryon irritans.
Because of their highly invasive nature, these agents
are among the most important parasites affecting fish
(Woo 1995). Other ectoparasites, which only reside on
the surface of the epithelium in the mucus layer (e.g.
Trichodina, Chilodonella), might be less susceptible to
the action of HLPs.

We provide further evidence here that HLPs are
important defensive molecules in fish by the fact that
the relatively mild extraction techniques which we use

to obtain HLPs from fish tissues are not strong enough
to release histone bound to nucleic acid (Moehs et al.
1992). Also, the activity is just as strong when we
extract tissues in water (Table 1, Fig. 1). These results
are similar to those which we have found when isolat-
ing HLPs from channel catfish (Robinette et al. 1998).
Thus, the polypeptides which we are isolating are free
within the cell and/or extracellular space, as has been
demonstrated for histone H1 in human epidermis
(Kashima 1991).

Only recently have histones or histone-like polypep-
tides been reported to be defensive molecules in fish
(Robinette et al. 1998, Noga et al. 2001). Park et al.
(1998) recently found that experimental trauma to an
Asian catfish (Parasilurus asotus) induced the release
of a potent antimicrobial peptide, parasin I, which was
highly homologous to the N-terminal portion of histone
H2A. Richards et al. (2001) identified histone H1 in the
liver, intestine and stomach of Atlantic salmon Salmo
salar which was inhibitory to Escherichia coli. Patrzy-
kat et al. (2001) found that fragments of histone H1
isolated from the mucus and blood of coho salmon
Oncorhynchus kisutch, while not having significant
antibacterial activity, synergized the antibacterial acti-
vity of lysozyme as well as pleurocidin, an antimicro-
bial peptide from winter flounder Pleuronectes ameri-
canus. Also, previous research suggests that histones
or histone-like molecules may play an important role
in the defense of other vertebrates, including humans
(see Robinette et al. 1998 for a review). For example,
Rose et al. (1998) found that human histone H1 may
play a role in protecting against bacterial pathogens in
the intestinal mucosa.

Recently, other types of novel polypeptide antibiotics
have been isolated from the skin of fish (see Lauth et
al. 2002 for a review). However, to date, HLPs are the
only polypeptide antibiotics from fish which have been
shown to be antiparasitic and to have a very broad host
distribution, being isolated from the skin and gill of
several unrelated fish species, including channel cat-
fish, rainbow trout and hybrid striped bass (Robinette
et al. 1998, Noga et al. 2001). However, because poly-
peptide antibiotics often have activity against eukary-
otic pathogens as well, some of these other agents
might also have antiparasitic activity.

All antibiotics which we tested had dramatic cyto-
logical effects on Amyloodinium ocellatum trophonts
and tomonts (Fig. 3), which supports our prior observa-
tions that the trophont is the main target of these
agents (Noga et al. 2001). This is in contrast to thera-
peutics such as copper and formalin, which target the
dinospore (Noga & Levy 1995). The preferential effect
on trophonts rather than dinospores (Noga et al. 2001)
is also consistent with the highest concentration of
HLPs being in the epidermis rather than the mucus.
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Interestingly, there was no difference in the suscepti-
bility of young versus mature trophonts to either HLP-
1 or magainin 2 (Table 2). While we suspected that
older trophonts might be more resistant, due to their
larger size and presumably more developed defenses
(e.g. thicker cell wall, etc.), age (or size) apparently
does not provide any added protection from damage.
This implies that route of exposure to the antibiotics
might be similar for young and mature trophonts and
may relate to their intimate relationship to the host.

One of the most interesting effects we observed was
that parasites exposed to any of the antibiotics often
continued to grow apparently normally, but after form-
ing tomonts would often die prior to or soon after
beginning to divide (Fig. 3). This occurred to some
degree with all 4 antibiotic treatments. These data sug-
gest that exposure to these antibiotics had a long-term
effect on parasite growth and survival. This ‘delayed
mortality' is supported by our previous observations of
a progressive decrease in parasite numbers from 48 to
96 h after treatment, indicating that parasites were
dying long after the initial exposure to the antibiotics
(Noga et al. 2001). In addition, antibiotic-treated para-
sites required a much longer time to reproduce enough
so that they could consume the entire G1B cell mono-
layer (Table 2). This did not appear to be due to the ini-
tially lower numbers of trophonts present in antibiotic-
treated cultures, since untreated cultures seeded with
different numbers of parasites had a similar time to
destruction of the monolayer. While one might intu-
itively expect that G1B cultures with fewer parasites
would not consume the monolayer as quickly, we have
observed that when cultures are seeded with parasites
in the density range which we have tested, cultures
with the higher numbers of parasites produce slightly
smaller trophonts. This would tend to ‘even out’' any
initial differences in reproductive rate since smaller
trophonts produce fewer dinospores. It also supports
our conclusion that the antibiotic-treated cultures
are growth-impaired. The mechanism responsible for
delayed mortality is not known. However, it is unlikely
to be due to the presence of residual antibiotic in the
cultures because the effect continued to be observed
several days to weeks after initial exposure to the
antibiotics. These small polypeptides would not be
expected to be stable for such a long time under our
experimental conditions.

Delayed mortality and impaired growth have impor-
tant implications for parasite survival because they
imply that HLP-1 may adversely affect Amyloodinium
ocellatum even after it has left the host, which would
certainly be advantageous from the standpoint of the
host. This modulation of parasite development might
also relate to how A. ocellatum may maintain a latent
or carrier state on clinically normal fish. Both we and

others (Lawler 1980, Noga & Levy 1995, E. Noga
unpubl. data) have observed A. ocellatum on clinically
normal fish during routine health screens. Why these
parasites are inhibited from multiplying is unclear, but
we have recently found that HLP-1 levels are signifi-
cantly depressed in the skin of fish exposed to chronic
stress (Robinette & Noga 2001). This suggests that
chronic stress might increase the risk of fish develop-
ing amyloodiniosis and that HLP-1 might play a role in
maintaining the carrier state. Clearly, this interdepen-
dent host-pathogen relationship requires further study
and may be applicable to other host-parasite relation-
ships.
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