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In a study of genes expressed differentially in the freshwater crayfish Pacifastacus leniusculus infected
experimentally with the white spot syndrome virus (WSSV), one protein, known as antilipopolysaccharide
factor (ALF), was chosen, among those whose transcript levels increased upon viral infection, for further
studies. ALF RNA interference (RNAi) experiments in whole animals and in cell cultures indicated that ALF
can protect against WSSV infection, since knockdown of ALF by RNAi specifically resulted in higher rates of
viral propagation. In a cell culture of hematopoietic tissue (Hpt) from P. leniusculus, quantitative PCR showed
that knockdown of ALF by RNAi resulted into WSSV levels that were about 10-fold higher than those treated
with control double-stranded RNA (dsRNA). In addition, RNAi experiments with other crayfish genes that had
been found to be up-regulated by a WSSV infection did not result in any changes of viral loads. Thus, the cell
culture does not respond to dsRNA in a similar manner, as shown earlier for dsRNA injected into shrimp,
which gave a higher degree of resistance to WSSV infection. If ALF transcription in whole animals was
stimulated by the administration of UV-treated WSSV, a partial protection against a subsequent challenge with
the active virus was conferred to the host. This is the first crustacean gene product identified with the capacity
to interfere with replication of this important pathogen.

White spot syndrome virus (WSSV), which is spread all
around the world, is one of the most common and most disas-
trous diseases for shrimp (22) and also is infecting many dif-
ferent species of crustaceans, including freshwater crayfish (11,
14, 16, 31). Although during recent years knowledge at the
molecular level has been gathered on the ways in which inver-
tebrates defend themselves against bacteria and fungi, still
little is known about the defense mechanisms elicited by virus.

However, recently some data from the insect Drosophila
melanogaster provided some more insight on antiviral mecha-
nisms. For instance, the Jak-STAT signaling pathway is re-
quired but not sufficient for the antiviral response against Dro-
sophila C virus (5). The Toll pathway is crucial for the antiviral
activity against Drosophila X virus (32), and very recently,
Dicer-2 was proved to play an essential role in host defense
against flock house virus, Drosophila C virus, and Sindbis virus
in vivo (6).

Using suppression subtractive hybridization (SSH), expres-
sion sequence tag, cDNA microarrays, or mRNA differential
display approaches to enable the identification of genes differ-
entially expressed in the shrimp yielded a number of genes
which were considered to be potentially involved in the viral
defense mechanism (4, 7, 17, 18, 21). Some of these were
proven to be related to an antiviral process or the immune
defense mechanism of viral infection, such as the antiviral gene
PmAV (17), the interferon-like protein (IntlP) and (2�–5�) oli-
go(A) synthetase-like protein (9), and a synthetin-like protein

(2, 28). Moreover, RNA interference (RNAi) has been dem-
onstrated to be implicated in antiviral response, since both
double-stranded RNA (dsRNA) and small interfering RNA
can trigger the antiviral process against WSSV in shrimp (19,
20, 30).

To isolate up-regulated genes in the freshwater crayfish
Pacifastacus leniusculus, an alternative animal model for
WSSV, SSH was used to compare genes expressed in the
hemocytes of crayfish before and after WSSV challenge, since
hemocytes are important as immune cells in crustaceans. In the
present study, among a number of differentially expressed
genes, antilipopolysaccharide factor (ALF) was identified and
characterized, and it was shown that ALF interferes with
WSSV propagation using RNA interference both in vivo and in
vitro, which is the first reported RNAi study in vitro with a
crustacean. It is likely that ALF plays an important role in the
immune defense against viral infection of crayfish.

MATERIALS AND METHODS

Construction of subtracted cDNA libraries using SSH. Intermolt healthy cray-
fish and WSSV stock suspension were provided as mentioned in the supplemen-
tary materials available at http://www.fu.uu.se/jamfys/pub3.html. SSH of pre-
WSSV-infected and post-WSSV-infected crayfish was performed with the
Clontech PCR select cDNA subtraction kit (Clontech, Palo Alto, CA) by fol-
lowing the manufacturer’s instructions.

WSSV propagation in crayfish in which ALF expression was increased and
cumulative mortality assay with WSSV infection. UV-inactivated WSSV was
prepared as described in reference 12, and crayfish saline buffer (CFS; 0.2 M
NaCl, 5.4 mM KCl, 10 mM CaCl2, 2.6 mM MgCl2, 2 mM NaHCO3, pH 6.8) was
used for virus dilution. Two hundred microliters of UV-inactivated WSSV (20 �l
of UV-inactivated WSSV stock suspension and 180 �l of CFS) was injected via
the base of the fourth walking leg, and 200 �l of UV-treated crayfish plasma (20
�l of UV-inactivated control plasma and 180 �l of CFS) was used as a control
treatment, since the WSSV stock suspension was prepared from plasma of
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WSSV-infected crayfish. After 24 h, hemocytes total RNA was isolated for
conventional reverse transcription (RT)-PCR and quantitative RT-PCR. Quan-
titative PCR data were analyzed by comparative quantitation. To test the cumu-
lative mortality caused by WSSV infection of crayfish in which ALF was up-
regulated by UV-inactivated WSSV, crayfish were injected with 200 �l of live
WSSV stock suspension mixed with UV-inactivated WSSV stock suspension (20
�l of WSSV stock suspension mixed with 20 �l of UV-inactivated WSSV stock
suspension and 160 �l of CFS) as an ALF up-regulated treatment and 200 �l of
live WSSV stock suspension mixed with UV-treated crayfish plasma (20 �l of
WSSV stock suspension mixed with 20 �l of UV-treated control plasma and 160
�l of CFS) as a control treatment. The cumulative mortality was recorded daily,
and the data were analyzed by Student’s t test.

Generation of dsRNA. Oligonucleotide primers were designed to amplify a 541-bp
region of the P. leniusculus ALF gene from the forward subtracted library, and they
were incorporated with T7 promoter sequences (italic) at the 5� ends: 107�, 5�-TA
ATACGACTCACTATAGGGATGCGGACGTGGGTACTAGTGA-3�; 647�, 5�-
TAATACGACTCACTATAGGGTCCAGGAAGATGCGACTACCA-3�. Control
657-bp templates were generated by PCR using primers specific for portions of the
green fluorescent protein (GFP) gene from the pd2EGFP-1 vector (Clontech, Palo
Alto, CA, USA), and the primers incorporated with T7 promoter sequences (italic)
were as follows: 63�, 5�-TAATACGACTCACTATAGGGCGACGTAAACG
GCCA CAAGT; 719�, 5�-TAATACGACTCACTATAGGGTTCTTGTACAGCTC
GTCCATG C-3�. To generate dsRNA, PCR products purified by gel extraction
(QIAGEN, Hilden, Germany) were used as templates for in vitro transcription using
the MegaScript kit (Ambion, Austin, TX), and dsRNA was purified with the Trizol
LS reagent (Invitrogen, Carlsbad, CA) method.

dsRNAi in vivo. Small intermolt crayfish (20 � 2 g, fresh weight) were used for
in vivo RNAi experiments. Briefly, 150 �g of ALF and GFP control dsRNA
dissolved in CFS (200 �l) was injected via the base of the fourth walking leg. The
injection was repeated 24 h after the first dsRNA injection. WSSV infection was
done 12 h later, following the second dsRNA injection. Total RNA from hemo-
cytes was extracted after 36 h of WSSV infection. Crayfish ALF and WSSV VP28
transcripts were determined by RT-PCR and quantitative PCR using compara-
tive quantitation.

Crayfish Hpt cell culture and maintenance. The hematopoietic tissue (Hpt)
cells were isolated from freshwater crayfish, P. leniusculus, as described by Söder-
häll et al. (24). Briefly, the hematopoietic tissue was dissected from the dorsal
side of the stomach, and washed with CPBS (crayfish phosphate-buffered saline:

10 mM Na2HPO4, 10 mM KH2PO4, 150 mM NaCl, 10 �M CaCl2, and 10 �M
MnCl2, pH 6.8), and then incubated in 500 �l of 0.1% collagenase (type I and
IV) (Sigma, Steinheim, Germany) in CPBS at room temperature for 45 min to
dissociate the Hpt cells. The separated cells were washed twice with CPBS by
spinning down at 2,500 � g for 5 min at room temperature. The cell pellet was
then resuspended in modified L-15m81 medium (25) and subsequently seeded at
a density of 5 � 104 cells/150 �l in 96-well plates. Hpt cells were supplemented
with a crude astakine preparation (25) after about 30 min of attachment at room
temperature, and one-third of the medium was changed every second day.

dsRNAi in vitro and WSSV infection. To avoid the cytotoxicity of a cationic
liposome-based gene delivery system, we used a modified histone H2A (histone
from calf thymus, type II-A; Sigma, Steinheim, Germany) protocol (more details
about histone H2A experiments are in the supplementary material Fig. 3 at
http://www.fu.uu.se/jamfys/pub3.html) (8) for dsRNA transfection into crayfish
Hpt cell cultures. Shortly thereafter, 4 �l of dsRNA (250 ng/�l) was mixed with
3 �l of histone H2A (1 mg/ml) for one well of Hpt cell culture and incubated for
5 to 10 min at room temperature, followed by mixture with 20 �l of modified
L-15m81 medium (25), and added to the 3-day-old Hpt cell cultures. The cells
were incubated for 12 h at 16°C. After 12 h of incubation at 16°C, the medium
was replaced with 150 �l of L-15m81 medium together with 5 �l of WSSV stock
suspension (11) and 5 �l of crude astakine preparation and incubated for an-
other 12 h. Thereafter, the cells were washed twice with L-15m81 medium and
supplied with fresh medium containing a crude astakine preparation. The Hpt
cells were incubated at 20°C for 36 h with a WSSV inoculation followed by total
RNA preparation.

Total RNA preparation and RT-PCR. Total RNA was isolated as described in
the supplementary materials at http://www.fu.uu.se/jamfys/pub3.html and fol-
lowed by RNase-free DNase I (Ambion, Austin, TX) treatment. cDNA was
synthesized with ThermoScript (Invitrogen, Carlsbad, CA), and PCRs were done
with WSSV VP28 (GenBank accession no. AF502435)-specific primers. Crayfish
ribosomal protein 40s gene (R40s) primers were used in all PCR experiments as
controls. The presence of ALF gene transcripts was examined by RT-PCR with
the same template to compare the gene silencing efficiency. The PCR program
was as follows: 94°C for 3 min, followed by 32 cycles of 94°C for 30 s, 60°C for
30 s, and 72°C for 40 s for the VP28 gene and 29 cycles for the ribosomal 40s gene
and the ALF gene. The PCR products were analyzed on a 1.5% agarose gel
stained with ethidium bromide.

FIG. 1. Amino acid sequence alignment of Pacifastacus ALF with ALFs from Tachypleus, Limulus, Litopenaeus, and Penaeus. Sequences are
shown for the ALF protein from Tachypleus tridentatus (GenBank accession no. P07087), Limulus polyphemus (GenBank accession no. P07086),
Litopenaeus stylirostris (GenBank accession no. AAY33769), Penaeus monodon, and Pacifastacus leniusculus. The black boxes enclose the conserved
amino acid residues, and a putative LPS binding site is located between two conserved cysteines indicated with asterisks. The numbers show the
positions of amino acid residues of each protein.
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SYBR green quantitative RT-PCR. The detection and comparative quantifi-
cation of WSSV replication in crayfish Hpt cell cultures and animals were done
by quantitative RT-PCR using the QuantiTect SYBR green PCR kit (QIAGEN,
Hilden, Germany). The expression of the ALF or WSSV VP28 gene was nor-
malized to the expression of the mRNA encoding the crayfish ribosomal protein
gene (R40s) for each sample. The primers used were as follows: ALF forward,
5�-CAGAGACCAGCCGATGTTCTTA-3�; reverse, 5�-CGGCTTTGCTAACT
AAATGCCC-3�; VP28 (GenBank accession no. AF502435) forward, 5�-GGGA
ACATTCAAGGTGTGGA-3�; reverse, 5�-GGTGAAGGAGGAGGTGTTGG-
3�; crayfish ribosomal protein 40s gene forward, 5�-GACGAATGGCATACAC
CTGAGAGG-3�; reverse, 5�-CAGGACTCTGCAGTTCAAGCTGATG-3�.
SYBR green quantitative RT-PCR amplification was done in a Rotor-Gene 3000
(Corbett Robotics, Australia). The cDNA was synthesized using oligo(dT) as
described in the RT-PCR section. The cDNA samples were diluted 1:10 with
RNase-free sterilized water. The amplification was carried out in a 25-�l reaction
volume which contained 12.5 �l of 2� QuantiTect SYBR green PCR master mix,

0.4 �M concentrations of each primer, and 5 �l of diluted cDNA template.
RNase-free distilled water was added to reach a total volume of 25 �l per
reaction. All runs employed a negative control without target DNA. Thermal
cycling conditions were as follows: 95°C for 15 min, followed by 45 cycles of 94°C
for 15 s, 62°C for 30 s, and 72°C for 30 s. All PCRs were performed in triplicates.

In situ hybridization. The gene silencing efficiency was determined by mRNA-
cDNA in situ hybridization as well, and the WSSV replication in both ALF
dsRNA-silenced and GFP dsRNA-treated Hpt cell cultures was analyzed by
RT-PCR. The cDNA probe for ALF (48� to 498�) was labeled with digoxigenin
using Klenow enzyme (Roche, Mannheim, Germany). The Hpt cells were cul-
tured as described above but on coverslips in six-well plates. For study of ALF
expression, the cells were fixed with 95% ethanol for 5 min at room temperature
and stored in 70% ethanol at �20°C until used in hybridization experiments
according to the method described by Söderhäll et al. (24). Both RNase H-
treated cells and cells without any probe were used as negative controls in the
hybridization. Coverslips were mounted in VECTASHIELD medium (Vector

FIG. 2. (A) ALF up-regulation in vivo by UV-inactivated WSSV and live WSSV. Crayfish were first bled for hemocyte RNA isolation before
the experiments started and then kept 1 week, followed by injection with 200 �l of UV-inactivated WSSV suspension (20 �l of UV-inactivated
WSSV and 180 �l of CFS) or 200 �l of live WSSV suspension (20 �l of WSSV stock suspension and 180 �l of CFS) as described in Materials and
Methods. CFS (200 �l) injection was also done as a control treatment. RT-PCR for the crayfish ALF gene and ribosomal protein 40s gene were
performed on hemocyte total RNA isolated from crayfish 24 h postinjection with UV-inactivated WSSV or 68 h postinjection with live WSSV. For
the CFS control, RNA isolation was performed 24 h postinjection. (B) Cumulative mortality of crayfish infected with WSSV. Crayfish ALF was
found to be up-regulated in vivo by an injection of UV-inactivated WSSV. Thus, 200 �l of WSSV mixed suspension (20 �l of WSSV stock
suspension mixed with 20 �l of UV-inactivated WSSV stock suspension and 160 �l of CFS) was injected via the base of fourth walking leg.
UV-treated control crayfish plasma was used as a control treatment, since the WSSV stock suspension was prepared from plasma of WSSV-
infected crayfish. Ten crayfish were used for each group. The mortality was recorded daily. The experiment was repeated three times. The
cumulative mortality of crayfish in which up-regulated ALF was compared with that of control treated crayfish, and the data were analyzed by
Student’s t test (P � 0.0015). (C) Quantitative RT-PCR on WSSV replication in crayfish in which ALF was up-regulated by UV-inactivated WSSV.
Crayfish were injected with either 200 �l of WSSV mixed suspension (20 �l of WSSV stock suspension mixed with 20 �l of UV-treated control
plasma and 160 �l of CFS) or 200 �l of WSSV mixed suspension (20 �l of WSSV stock suspension mixed with 20 �l of UV-inactivated WSSV
stock suspension and 160 �l of CFS) as described above. Total RNA was isolated from hemocytes 36 h postinjection for detection of the WSSV
VP28 gene and the crayfish ALF gene by quantitative RT-PCR. The crayfish ribosomal protein 40s gene was used as an internal control.
Quantitative RT-PCR data were analyzed by comparative quantitation. The experiment has been repeated three times, the data represent means
of triplicates, and the error bars indicate standard deviations. Columns 1 and 2 show VP28 and ALF transcript levels, respectively, after injection
with 20 �l of WSSV stock suspension mixed with 20 �l of UV-treated control plasma and 160 �l of CFS. Columns 3 and 4 show VP28 and ALF
transcript levels, respectively, after injection with 20 �l of WSSV stock suspension mixed with 20 �l of UV-inactivated WSSV stock suspension and
160 �l of CFS.
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Laboratories), and the fluorescent signal was detected by confocal microscopy
(Leica).

RESULTS

The suppression subtractive hybridization technique was
used to identify transcripts enriched following a WSSV infec-
tion in hemocytes of a single animal. The WSSV-up-regulated
genes encoded proteins including a wide range of functional
categories (see the supplementary materials at http://www.fu
.uu.se/jamfys/pub3.html). Among the transcripts enriched after
the viral infection were several clones with sequence homology
to the Limulus ALF. A full-length clone encoding a 120-amino-
acid protein was isolated, and its sequence exhibited 28% to 32%
sequence identities to ALFs from other crustaceans (Fig. 1). Fur-
thermore, the crayfish ALF sequence contains conserved fea-
tures, such as the positions of two conserved cysteine residues
and the putative lipopolysaccharide (LPS) binding site located
between these two cysteines (10).

Since ALFs have been implicated in immune reactions in
horseshoe crabs as well as in shrimps, we decided to study it
further. Naive animals were injected with active or UV-inacti-
vated virus, and the ALF expression in the hemocytes was
monitored by RT-PCR. In both cases, viral injections resulted
in enhanced ALF expression, whereas a saline injection had no
effect on ALF levels (Fig. 2A). Thus, these data and the results
from the SSH approach seem to indicate that elevated ALF
levels may be a consequence of WSSV presence. To determine
whether these enhanced ALF levels could influence the out-
come of the viral infection, we triggered elevated ALF levels
with UV-inactivated virus injected together with an infectious
WSSV preparation. Treating the animals with inactivated virus
resulted in a slower disease progress, as manifested by the
longer time taken to reach 100% mortality than for animals

receiving active virus only (Fig. 2B). A comparison between
animals receiving active virus only and those receiving both
inactivated and active virus showed �2-times-higher tran-
scripts level of the viral VP28 gene in the former but 3-times-
higher ALF transcripts level in the animals receiving both
inactivated and active virus (Fig. 2C). In summary, pretreating
animals with UV-inactivated virus resulted in higher ALF lev-
els, slower viral replication, and a slower increase in cumulative
mortality values upon injection of the active virus than those in
animals receiving active virus only.

To assess further the role of ALF in protecting against
WSSV, RNAi was employed. Injection of GFP dsRNA did not
affect VP28 (Fig. 3, column 1) nor ALF transcription (Fig. 3,
column 2). In contrast, ALF dsRNA injection resulted in a
partial reduction of ALF transcription levels (Fig. 3, column
4), which was accompanied by an increase of VP28 mRNA
levels (Fig. 3, column 3). These data suggest that ALF in some
way either directly or indirectly affects the replication of WSSV
and thus has an antiviral effect toward this virus. Injecting ALF
dsRNA into animals with WSSV virus resulted in a faster
disease progress than that of the animals that had received
control dsRNA (data not shown). These results, however, were
highly variable, probably due to individual differences among
animals and different sensitivities to the multiple injections
required. In addition, the need for large quantities of RNA for
whole-animal experiments and complexity of assessing several
tissues prompted us to instead use cell culture experiments to
further explore the effects of ALF RNAi on the virus.

First, levels of four different transcripts earlier found to be
up-regulated during WSSV infection were compared in the
Hpt cell cultures and in the two major mature hemocyte types,
granular and semigranular cells. ALF and the serine protein-
ase inhibitor PAPI I (13) were transcribed in Hpt cells as well
as in mature hemocytes (Fig. 4A). Two other known immune
factors (1, 15, 29), the mannose binding protein (MBP) and a
major constituent of hemocyte granules, the vitelline mem-

FIG. 3. RNA interference of ALF and WSSV replication in vivo.
RNA interference was performed with an injection of 150 �g of ALF
dsRNA or GFP dsRNA into crayfish (20 � 2 g [fresh weight]). The
same injection was repeated 24 h after the first dsRNA injection.
These crayfish were infected with WSSV by injection of 200 �l of live
WSSV stock suspension 12 h after the second dsRNA injection. He-
mocyte total RNA was prepared 36 h post-WSSV infection for quan-
titative RT-PCR. The crayfish ribosomal protein 40s gene was used as
an internal control for WSSV VP28 gene and crayfish ALF gene
quantitation by quantitative RT-PCR. The experiment has been re-
peated three times, the data represent means of triplicates, and the
error bars indicate standard deviations. Columns 1 and 2 show VP28
and ALF transcript levels, respectively, after injection with GFP
dsRNA. Columns 3 and 4 show VP28 and ALF transcript levels,
respectively, after injection with ALF dsRNA.

FIG. 4. (A) ALF, PAPI I, MBP, and VMO-I transcripts in crayfish
Hpt cell cultures and hemocytes. ALF, PAPI I, MBP, and VMO-I
transcripts in crayfish Hpt cell cultures, semigranular cells, and gran-
ular cells were determined by RT-PCR. Total RNA was isolated from
semigranular and granular cells which had been separated by Percoll
gradient centrifugation (23). Hpt cells were cultured for 7 days, fol-
lowed by total RNA preparation for RT-PCR as described in Materials
and Methods. (B) WSSV replication in dsRNA-silenced crayfish Hpt
cell cultures detected by RT-PCR. For ALF or PAPI I gene silencing,
3-day-old crayfish Hpt cell cultures were transfected with 1 �g of ALF
dsRNA or PAPI I dsRNA/well, respectively, using histone H2A as a
transfection reagent. One microgram of GFP dsRNA/well was used for
control transfections. WSSV infection was done with inoculation of 5
�l of WSSV stock suspension/well into the Hpt cell cultures 12 h
post-dsRNA transfection. The total RNA of Hpt cell cultures was
prepared 36 h post-viral infection for RT-PCR of WSSV VP28, cray-
fish ribosomal protein 40s, ALF, or PAPI I.
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brane outer layer protein I (VMO-I) (27), were transcribed in
mature hemocytes only (Fig. 4A). Thus, an attempt was made to
knockdown by RNAi ALF and PAPI I in the cell culture to
investigate if that would influence the outcome of a WSSV infec-
tion. As shown in Fig. 4B, introduction of ALF dsRNA and PAPI
I dsRNA, respectively, resulted in an almost complete disappear-
ance of the corresponding cognate transcripts, thus demonstrat-
ing that sequence-specific RNAi is possible in this system. The
disappearance of PAPI I transcript had no effect on the virus,

whereas knocking down ALF resulted in enhanced levels of viral
VP28 transcript indicative of enhanced viral replication (Fig. 4).
A successful RNAi experiment on ALF in the cell culture is also
shown by another technique, in situ hybridization, in Fig. 5. The
addition of the ALF dsRNA resulted in a consistent disappear-
ance of the ALF transcript in all cells (Fig. 5A), whereas dsRNA
for GFP did not affect ALF transcription (Fig. 5B). Both RNase-
treated cells and cells without a probe were used as controls and
were negative (Fig. 5C and D).

FIG. 5. RNAi of ALF in Hpt cell cultures detected by in situ hybridization. One microgram of ALF or GFP dsRNA/well was transfected into
the Hpt cell cultures on coverslips using histone H2A as transfection reagent. In situ hybridization was performed 3 days post-dsRNA transfection
using a digoxigenin-labeled ALF cDNA fragment as a probe. Hpt cells without probe or RNase H-treated Hpt cells were also used as negative
controls. The fluorescent signal was detected by confocal microscopy. (A) ALF dsRNA-silenced cells; (B) GFP dsRNA-treated cells; (C) control
cells without any probe; (D) RNase H treatment of control cells. Bars, 10 �m.
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We have earlier shown that the crayfish Hpt cell culture can
propagate the WSSV (12). The silencing effects of ALF and
PAPI I on viral propagation were therefore tested. An assess-
ment with quantitative PCR showed that silencing ALF expres-
sion with RNAi resulted in a 10-fold increase of VP28 levels
compared to control dsRNA (Fig. 6). Thus, the silencing ef-
fects of ALF seem to be specific and not a result of a general
stimulation of an antiviral response by any dsRNA.

DISCUSSION

By the use of suppression hybridization, a number of genes
potentially involved in viral defense and/or genes whose tran-
scription is stimulated by the viral presence were identified.
Some of these genes code for proteins known to be involved in
defense reactions, such as VMO-I, MBP, and proteinase in-
hibitors (1, 3, 13, 15, 29), although there is little information
available about to which extent, if any, they are effective in an
antiviral response. Our experiments have, so far, not indicated
that these proteins, with the exception of ALF, have a specific
role in reducing viral replication. The role for ALF in viral
propagation is intriguing, as its removal by RNAi results in a
significant enhancement of viral replication. The reverse ex-
periment, to constitutively overexpress ALF in crayfish hemo-
cytes, is not yet technically possible. However, the injection of
noninfective UV-inactivated WSSV resulted in both higher
ALF transcript levels and a slower progress in viral multipli-
cation. Although the injection of inactive virus may have mul-
tiple effects, the results are in line with those of the RNAi
experiments in suggesting a protective role for ALF against
WSSV. It is worth emphasizing that, in our hands, injection of
other dsRNA molecules except ALF, although effective in
reducing their respective cognate transcript levels, has no ap-
parent effect on viral levels. In Litopenaeus vannamei, using

whole animals, a more general induction of antiviral immunity
by unspecific dsRNA has been reported (20). It is possible that
such an unspecific antiviral effect, if operating in the crayfish, is
too weak to be discernible in the cell culture assays used here.
Also, in L. vannamei, the antiviral protection provided by this
general mechanism induced by any dsRNA is fairly limited,
with respect to the amount of virus that can be dealt with,
compared to the effects of targeted specific dsRNA molecules
(19). The possibility that tissues other than hemocytes could be
able to mount a general antiviral response induced by any
dsRNA should, however, not be excluded.

The apparent ability of ALF to so strongly interfere with
viral replication warrants further exploration. This is the first
example of an identified endogenous factor interfering with
WSSV propagation in any crustacean and thus an important
step in elucidating the immune response against this devastat-
ing pathogen. So far, our attempts to determine whether the
protein interacts with the virus extracellularly or intracellularly
have failed to provide a conclusive result. The presence of a
signal sequence for endoplasmic reticulum localization in the
ALF open reading frame may though suggest that it acts out-
side the cell. Horseshoe crab ALF, when tested in vitro, binds
lipid A, interferes with LPS-induced plasma coagulation, and
reduces bacterial growth. The physiological function of this
protein is not yet fully clear, although participation by ALF in
regulation of the coagulation cascade is an obvious possibility.
In shrimp, several ALFs are transcriptionally induced upon
bacterial challenge, and at least one of them has been shown to
reduce the growth of fungi and bacteria in vitro (26). To our
knowledge, any effects on viruses by ALF have not been pre-
viously reported, and the contribution of ALF to crustacean
immunity, when its antiviral properties are also considered,
could thus be substantial.
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