Journal af Shellfich Research, Val. 19, No, 1, 213-218, 2000.

A POLYMERASE CHAIN REACTION ASSAY FOR THE DETECTION OF GENOMIC DNA OF A
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ABSTRACT The 168 rDNA from a Ricketisiales-like procaryote (RLP) infecting postesophageal tissues of black abalone Halionis
cracherodii Leach exhibiting signs of withering syndrome (WS) was amplified, cloned, and sequenced. The 165 rDNA sequence for
the RLP was similar to that of species found in the genera Efrlichia, Anaplasma, and Wolbachia. A polymerase chain reaction (PCR)
test was developed that specifically amplifies a 160 bp segment of the 168 rDNA from the RLP associated with WS, Positive reactions
were obtained for all black abalone samples of digestive gland or postesophagus known to be infected with the RLE by microscopic
examinations of stained tissue sections, The PCR worked equally well for infected tissses of black and red abalone H. rufescens Leach.
There was no amplification of genomic DNA from four other microbial species isolated from cultures of intestinal flora of abalone or
from abalone deemed free of the RLP by microscopic examinations. This PCR test greatly increases the ability to detect the bacterium,
because to date no means to grow the organism from marine invertebrates on synthetic media or in cell lines have been developed. This
PCR test should allow detection of the RLP hefore the onset of clinical signs of withering syndrome in culiured or wild abalone stocks.
Furthermore, the test may be useful in identifying reservoirs or other related BLPs im other marine invertebrates,
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INTRODUCTION

The black abalone Haliotis cracherodii Leach, a species once
common along much of the intertidal zone of southern California’s
rocky beaches, has suffered severe negative impacts because of the
disease termed withering syndrome (WS) (Alstart et al. 1996,
Friedman et al., 1997, Haaker et al. 1992, Tissot et al. 1991,
VanBlaricom et al.. 1993, 1996). Affected populations of black
abalone have been reduced to 1-10% of population densities ob-
served before the onset of WS (Haaker et al, 1992). The disease
has now been observed among farmed red abalone (H. rufescens)
(Moore et al. in press), and this has prompted the California De-
partment of Fish and Game to place a partial ban on movement of
cultured red abalone from locations where WS is endemic to lo-
cations free of this disease. The epizootic manner in which the
disease has spread throughout black abalone in the Channel Islands
and the mainland indicate a role for an infectious etiologic agent
(Lafferty and Kuris 1993). Although not completely proved, evi-
dence suggests that WS is caused by a previously undescribed
Rickeusiales-like prokaryote (RLP), which infects gastrointestinal
epithelia (Friedman er al. 1997, Gardner et al. 1995). Withering
syndrome and the associated RLP have also been documented in
wild and cultured red abalone, Halioris rufescens Leach, (Haaker
et al. 1992, Moore et al. in press). Because of the inability to
culture most marine RLPs, differentiation of these OTEanisms is
difficult and is based upon morphological characteristics using
light and electron microscopy. Sensitive and accurate detection of
the WS-associated RLP is critical to our understanding and control
of the spread of WS, The goal of the current study was to develop
a polymerase chain reaction (PCR) test to improve our detection
and understanding of the biology of the RLP causing WS in aba-
lone and other as yet unidentified hosts.

MATERIALS AND METHODS

DNA Extractions, Sequencing, and Alignments of rDNA

DNA isolation from whole tissue and from bacterial cells was
performed as described by Sambrook et al, (1989) and Friedman et
al. (in press). Briefly, rinsed tissues were homogenized in lysis/
proteinase K buffer. After 1 h at 55 °C, the DNA was extracted in
a phenol-chloroform solution. Isoamyl alcohol was added, mixed
for 10 min, and centrifuged. The top agueous phase was removed
and 1/10 volume of 3 M sodium acetate was added. Cold absolute
cthanol was added to precipitate the DNA, The pellet was washed
in 70 % ethanol, air-dried, and resuspended in Tris-EDTA (TE)
buffer. Alternatively, DNA was prepared using the QIAmp Tissue
Kit {Qiagen Inc., Valencia, CA) following the manufacturers
“mouse tail protocol”. Bacterial 1658 rDNA from infected abalone
tissue was amplified using EUB A and EUB B universal eubac-
terial 165 rDNA primers (Giovannoni 19913, The RLP 165 rDMNA
gene was cloned into pCR2.1 using a TOPO Cloning Kit (Invit-
rogen, San Diego, CA) following manufacturer's protocols, Clones
were screened using PCR with primers that flanked the multiclon-
ing site of the vector. Positive clones were selected from among
those that had an insert of the appropriate size (1550 bp). The 165
rDNA sequencing and alignments of sequences were performed as
described previously (Andree et al. 1997). The completed se-
quence was used in a BLAST search of GenBank to confirm the
similarity of the sequence to other Rickettsiales. The species ap-
pearing in the results of the BLAST search were compared with
other closely related bacterial species in a pairwise analysis of
sequence similarity (Table 1) in addition to a phylogenetic distance
analysis (Friedman et al. in press).

213



ANDREE ET AL.

214
TABLE 1.
A pairwise comparison of the 165 ribusomal DNA sequence similarity seen among elosely related species.
ik 1 2 3 4 5 f 7 8 9 10 11 12 13 14 15
I WF5-RLP 4.0 733 71.2 7.3 754 75.5 758 71.3 69.7T 734 733 70.9 9.8 69,0
2 W. pipientis 7.8 77.6 807 B0.5 81.5 1.0 74.1 716 77.3 7715 737 73.3 T3.0
3 E. sennetsu 94.5 T8.4 179 79.7 78.9 74.7 735 76.3 T6.6 74.2 72.6 T1.3
4 E. risticii 78.2 775 79.5 8.7 749 73.5 T6.0 T6.4 743 733 T1.0
5 A marginale B5.B B9.4 88.2 76.9 75.1 77.1 776 75.9 716 737
6 rumminarefim B6.2 854 T6.7 FER ] T7.5 T1.8 74.1 T2.7 T1.5
TE r:hagm'_'r.mpﬁjm Q1.2 Ta.R T74.3 T8.3 TR.5 75.7 T4.0 73.1
8 E. bovis 76.1 T4.1 T1.6 7.6 75.6 73.2 729
9 C. carvophila T74.5 T1.3 T8 T8.8 74.6 72.3
10 . burnerrii T4.4 75.0 2.5 80.5 8.1
11 R prowesekii 910 76T 743 71.8
12 R. ricketisii 7.1 74.3 718
|3 NHFP 123 703
14 P. salmonis 815
15 E. coli

Primer Selection and Oligonucleotide Synthesis

A BLAST search of GenBank indicated three species, Ama-
plasma marginales, Ehrlichia bovis, and Wolbachia pipientis,
were most similar to the 165 rDNA sequence amplified from in-
fected abalone (clone designation pl6RK3: GenBank accession
number: AF133090). The four sequences above and that of Pis-
cirickettsia salmonis and a Rickettsiales-like prokaryote from
shrimp (Frelier et al. 1993) were aligned to identify those se-
quences most unique to the RLP from infected abalone. Several
primers were selected for synthesis and testing. In an initial trial,
two primers designated RAS-1 [*'GTTGAACGTGCCTTCAGTT-
TACH] and RA3-1 [*'CTGAGGCCATCTGTTAAAATGG],
were synthesized (Gibco BRL, Inc., Gaithersburg, MD) and used
in an initial screening of samples containing enriched RLP from
abalone tissues. The best results were obtained using these primers
in conjunction with an annealing temperature of 55 "C. An ampli-
fied product of 946 bp was obtained from all RLP-enriched
samples tested (data not shown). Subsequent tests with DNA
samples extracted from digestive gland tissues of diseased animals
showed a poor correlation with the histology results (e.g., samples
from known positive abalone were negative by PCR). We specu-
lated that the 165 rDNA of the normal gut flora could be hybrid-
izing with the primers for the PCR, reducing efficiency of ampli-
fication. Accordingly, we designed new primers for the WS-PCR
based on a second alignment using the 165 rDNA sequences from
pl6RK3, E. bovis, A. marginales, W. pipientis, P. salmonis, and E.
coli as a representative of intestinal flora. This alignment showed
the sequence of primer RA3-1 to be completely conserved in the
165 rDNA of E. coli, and this could have been contributing to the
poor results observed in the PCR by nonspecific hybridization of
this primer to bacterial DNA in the sample. We, therefore, de-
signed three additional primers designated RAS-6 [V'GAAG-
CAATATTGTGAGATAAAGCA™], RA3-6 [*"ACTTGGACT-
CATTCAAAAGCGGAY], RA3-8 [*'CCACTGTGAGTGGT-
TATCTCCTG™ ] for testing as potential primers for the WS-PCR.
The primers RAS-1 and RA3-6 were designed to amplify a se-
quence of =160 bp from the 5' end of the 165 rDNA (Fig. 1). The
primer pair RA5-6 and RA3-8 was designed to amplify a sequence
of <230 bp from the 3" end of the 165 rDNA (Fig. 1). The previ-

ously extracted DNA samples were then retested with these new
primer sets.

We also examined the pessibility of using crude cell lysates
rather than purified DNA m the assays for the WS-PCR. Tissue
samples from 26 abalone were prepared by homogenization in TE
buffer and boiling for 5 minetes at 100 “C. From this solution, 3 ul
was added to a PCR cocktail. After amplification, DNA was sepa-
rated on 1.5 % agarose gels.

PCR Amplification of rDNA

All amplifications were performed in standard 50 wl reactions
containing 10 mM Tris-HQl pH 8.3 (at 25 °C), 50 mM KCIl, 1.5
mM MgCl, , 0.001 % w/v gelatin, 400 pM dNTPs, 5 pM tetram-
ethyl ammonium chloride, 40 pmoles of each primer, and 2 U Tag
polymerase. The PCR thermal cycler used was a model PTC-200
(MJ Research, Watertown, MA).

A 160 bp fragment (using primers RAS-1 and RA3-6) of the
168 rDNA from the RLP was amplified using 40 cycles of 1 min
at 95 °C, followed by 30 sec at 50 °C, followed by 30 sec at 72 °C.
The amplification cycles were preceded by a denaturation step,
where samples were held at 95 °C for 5 min and followed by an
extended elongation step where samples were held at 72 °C for 10
min.

Specificity of the PCR

Adult black abalone were collected from the Vandenberg Air
Force Base, CA (in July 1996) where WS is epidemic and from
Monterey, CA (in December 1998) where the RLP has been re-
cently detected but where no signs of clinical WS have yet become
apparent (Finley and Friedman, unpubl. obs). Additional samples
of adult abalone were collected from the following two locations
where neither WS nor the RLP had been observed: black abalone
from Carmel Point in August 1997 and red abalone from Shelter
Cove in December 1998, Farmed red abalone obtained in January
1999 from a facility in Central California were also examined.
Visual assessment of WS was determined according to Friedman
et al. (1997). Digestive gland, postesophagus and/or epipodium
were collected and stored at —80 °C until DNA extraction. The
hemolymph of abalone contains no blood-clotting factor; there-
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Figure. 1. Diagrammatic representation of the approximate location and orientation of primers used for development of the PCR assay to detect
the Ricketisial-like prokaryote among abalone with withering syndrome (W5). Primers EUB A and EUB B were used in the initial amplification

of the 165 rDNA from infected tissues.

fore, collection of samples from internal organs is fatal for the
animal. DNA samples obtained from different abalone ussues were
tested to identify those best for use in PCR assays and to determine
if the RLP could be detected in nonlethal samples of the epipo-
dium.

Genomic DNA of endogenous gut flora was tested for possible
nonspecific amplification of DNA using the WS diagnostic prim
ers. To obtain cultures for DNA extraction, postesophagus tissue
{0.8-2.0gm) was dissected from three black abalone (Vandenberg
Adr Force Base, CA) and held separately in sterile vials containing
10 mL of 0.2 wm-filtered seawater, on ice. Vials were shaken
vigorously to dislodge and suspend bacterial flora associated with
epithelial surfaces, and the tissue was removed from each vial, The
bacterial suspensions were spread onto marine and TCBS agar
plates that were held at 15 °C. Colonies appearing after 7 days
were streaked on marine agar plates. Four colonies from the TCBS
plates and two from the marine agar plates were selected and
passed several times on marine agar. Based on biochemical (AP]
NFT Biomerieux Vitek, Hazelwood, MO) tests, supplemental
tests, and colony morphology on TCBS and marine agar, four
distinet isolates were obtained (Table 2). Cultures grown in TSB
broth (supplemented with 2 % additional NaCl) were centrifuged
{3,200 g, 10 min, 4 “C), resuspended in TE buffer (10 mM Tris

HCI, pH 7.5, 0.1 mM EDTA), and frozen at =80 °C. The presence
of any RLPs among the colonies tested was precluded by the
multiple passages of the isolates on artificial media. DNA was
extracted from the bacterial cultures, as described above. Approxi-
mately 150 ng of genomic DNA from each of these isolates was
tested with the primers RAS5-1 and RA3-6.

Histology

Several 3-mm cross sections that included mantle, epipodium,
postesophagus, digestive gland, and foot muscle were excised
from each abalone, placed in Invertebrate Davidson’s solution
(Shaw and Battle 1957) for 24 h and processed for routine paraffin
histology. Deparaffinized 5 wm tissue sections were stained with
Harris's hematoxylin and eosin (Luna 1968) and assessed for the
presence of RLPs, and condition of the foot muscle and digestive
gland were evaluated (Friedman et al. 1997). The digestive gland
was scored as 00 if normal, with terminal acini occupying most of
the tissue present. A score of | represented a moderate degenera-
tion of or replacement of terminal acini with transport ducts or
connective tissues; whereas, a score of 2 represented a severe loss
of acini. Similarly, condition of the foot muscle was scored as 0
when muscle bundles were tightly packed, | when a moderate loss

TABLE 2.

Characteristics of four postesophagous bacterial isolates grown in culture and tested for reactivity using the WS-RLP PCR protocol.

V129 Sensitivity H2IS Production

Isolate Gram Shape Sucrose Reaction on TCRS PCR Reaction
150-A Megative Rods Positive Sensitive Megative Negative
150-B Megative Rods Negative Sensitive MNegative Negative
213 Negative Rods Negative Resistant Positive MNegative
239 Megative Rods MNegative Fesistant Negative MNegative
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of muscle bundles and concomitant increase in connective tissue
was observed, and 2 when such loss was severe.

RESULTS

PCR Detection of the Putative Etiologic Agent of Withering Syndrome

The DNA from tissues of abalone with naturally acquired in-
fections was screened for the presence of RLP DNA. Tissues from
abalone collected from geographic regions where signs of WS and
the associated RLP were absent served as negative controls. In
addition, epipodial tissue was tested to determine if nonlethal
samples could serve as diagnostic material for PCR analysis,

In total, we examined 23 animals by PCR (Table 3). We com-
pared epipodium, digestive gland, and/or postesophagus for some
individual animals. The 160 bp amplicon was present only in
tissues from those animals that came from WS enzootic areas
{most of which had proved to be positive by microscopic exami-
nation). The identity of the amplified DNA was confirmed by

automated sequencing (data not shown). In addition, the identity of

the species being detected was confirmed by in sifu hybridization
experiments in which the PCR primers were used as probes (An-
tonio et. al. in press). The yield of amplified DNA was greatest
from postesophageal tissue (Fig. 2). This agrees with microscopic
observations that demonstrated the postesophagus was more
highly infected than the digestive gland. A weak amplification of
DNA was obtained from some samples of epipodium from a subset
of animals that tested strongly positive using the digestive gland.

ANDREE ET AL.

Specificity of the PCR

Of the primer pairs tested, RAS-1 and RA3-6 gave the best
results at an annealing temperature of 50 °C. Retesting of samples
with this new primer produced a 160 bp amplicon from all tissues
known to be positive for the RLP by microscopic examinations. In
addition, all samples considered free of the RLP by microscopic
examination were negative by PCR. There was no amplification of
genomic DNA from the selected bacterial isolates from the intes-
tine of black abalone or from a recently isolated Piscirickeftsia-
like organism isolated from white sea bass Arractoscion nobilis
Ayres in California (unpubl. obs.). Only DNA extracted from aba-
lone tissues known to contain RLP yielded a |60 bp amplicon. All
samples of postesophagus and digestive gland from RLP-infected
red and black abalone tested positive. There was a 250 bp ampli-
con present from the epipodial tissue of six black abalone collected
from Vandenberg, Monterey, and Shelter Cove. However, two of
these six samples yielded both amplicons (160 bp and 250 bp).
Those with only the 250 bp amplicon were scored as negative
based on the difference in the molecular weight and sequencing of
the larger amplicon that indicated it was not related to bacterial
165 rDNA.

DISCUSSION

Diagnosis of infectious disease during the past century has
generally relied on such methods as culture, direct observation of
parasites or, more recently, antigen-based assays (Sethi et al.
1996). These methods may involve expense and time for sample

TABLE 3.

Detection of a Rickettsiales-like prokaryote by PCR and histology in digestive gland, postesophagous and epipodium tissues in black and red
abalone in various stages of withering syndrome.

ws Digestive Digestive gland Postesophagus Postesophagus  Epipodium  Epipodinm
Animal # Species Source/Date sign® gland PCR" Histology*® PCR" Histology*® PCR* Histology
| Black Carmel P1. 8-97 0 - 0 nd 0 - -
2 Black  Carmel Pr 8-97 0 o 0 nd 0 - -
3 Black  Carmel Pr. 8-97 4] - 0 nd 0 - -
4 Black Carmel Pr 8-97 [} - 0 nd 0 - -
5 Red Monterey 12-98 0 - 0 nd 0 - -
6 Red Monterey 12-98 0 - 0 nd 0 = -
T Red Momterey |2-98 0 - (1] nd (1] - -
8 Red Shelter Cove 12-98 0 - 0 nd 0 - -
9 Red Shelter Cove 12-98 0 - ] nd 0 - -
10 Red Shelter Cove 12-98 0 - 0 nd 0 - -
11 Black  Monterey [2-98 0 Ces I nd I “+ -
12 Black  Monterey 12-98 0 ++ I nd 1 - -
13 Black  Monterey 12-98 0 X 2 nd 2 - -
14 Black  Vandenberg 1997 0 +4 1 nd 2 - -
15 Black  Vandenherg 1997 I + ] nd 2 * -
16 Black  Vandenberg 1997 2 X 2 nd 3 + -
17 Black  Vandenberg 1997 2 +++ 3 nd 3 + -
18 Red Farm A 1-99 2 +H+ 2 nd 2 - -
19 Black  Vandenberg 1997 3 - 0 e k] nd =
20 Black Vandenberg 1997 3 +4 3 o+ 3 nd =
21 Black  Vandenberg 1997 3 et k] ncd 3 i i
22 Red Farm A 1-99 3 et 2 PR 3 = =
23 Red Farm A 1-99 3 e 3 nd 2 = =

*WE sign: Degree of body mass shrinkage () = within normal range, 1, 2
" Relative intensity of 160 bp amplicon band in ethidium bromide stained gels { — = absent, +4++ =
“ RLP infection intensity by microscopic examination (0 = absent, | = low density, 2 =

v =

slightly, moderately, severely shrunken).
brightest, nd = no data).
moderate, 3 = high).
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Figure. 2. Detection of a Rickettsial-like prokaryote in tissues from abalone with withering syndrome (WS) using a newly developed PCR assay.
Approximately 3H ng of genomic DNA was used for each sample assay. Lanes land 10: 100 bp ladder molecular weight standard; lane 2: positive
control sample (10 ng of plasmid p16RK3 containing cloned 165 rIINA); lane 3: negative control sample (uninfected black abalone postesophagus
tissue); lanes 4 and 5, respectively: digestive gland and postesophagus of infected black abalone; lames 6 and 7, respectively: digestive gland and
postesophagus of infected red abalone; lane 8: negative control sample (150 ng of genomic DNA from prokaryole cultured from the gut of
ahalone); lane 9: epipodial tissue from infected black abalone displaying the 250 bp amplicon.

preparation or may lack sensitivity in detecting low numbers of
parasites. Furthermore, many parasites, including the RLP from
abalone, have not been cultured outside the host animal (Arnold: et
al. 1992, Mari et al. 1995, Sethi et al. 1996). Molecular approaches
to parasite detection such as the PCR are rapid, reproducible, and
relatively easy to conduct (Andree et al. 1998, Mauel et al. 1996,
Sethi et al. 1996). Early and accurare detection of parasites in
marine invertebrates is critical, because therapeutic approaches are
limited, and avoidance becomes a principal means of disease man-
agement and resource protection.

Withering syndrome is a fatal, infectious, bacterial disease of
both wild and cultured abalone in California (Friedman et al
1997). Diagnosis of WS, like many diseases, currently relies on
observation of gross signs of affected abalone and detection of the
RLP in target tissues by microscopic examination of stained tissue
sections. Unfortunately, inclusions of other intracellular bacteria
are frequently found in shellfish and are often morphologically
indistinguishable from the RLP associated with WS (Friedman and
Hedrick, unpubl. obs.). We have confirmed the PCR test differen-
tiates among RLPs in abalone tissues by in situ hybridization ex-
periments that utilize the PCR primers as probes (Antonio et al. in
press). The probes only hybridize to the RLPs that correlate with
the observation of disease symptoms (data not shown). The RLP

is, therefore, more easily and rapidly detected by the application of

such DNA diagnostic tests as PCR than by microscopy.

This PCR. test should prove to be a useful tool for the study of
WS, especially for epidemiological investigations of the modes of
transmission and reservoirs for the parasite in the marine habitat.
In addition, experimental exposure studies combined with this
PCR assay should help to identify naturally resistant populations

of black abalone. The PCR assay provides direct visualization of

specific bands on ethidium bromide stained gels, more rapid di
agnosis than microscopic examination of tissue sections, and ob-
viates the need for cell culture isolation of the parasite. Further-
more, we presume the PCR test will detect organisms at lower
levels of infection than microscopic examination of stained tissue
sections.

The primers designed for PCR detection of the RLP were cho-
sen after alignments showed sequences obtained from Anaplasma
marginales, Ehrlichia bovis, Wolbachia pipientis, Pisciricketisia
salmonis, Escherichia coli, and an unnamed Rickettsia-like bacte

rium from shrimp found no homologous sites for hybridization.
The lack of hydridization of the RLP primers with genomic DNA
isolated from bacterial flora cultured from the postesophagus of
abalone and from P, salmonis genomic DNA from cells grown in
tissue culture was indicated by the absence of any amplified prod-
uets following the PCR. The assay performed equally well on
RLP-infected black and red abalone. There was some nonspecific
amplification from epipodial tissues of a small number of the black
abalone tested but the product (250 bp) was clearly different in
molecular weight and sequence from the expected 160 bp ampli-
con. This 250 bp product may be the result of surface contamina-
tion of the epipedium, because it was not observed in red abalone,
or black abalone from all locations.

Some heavily infected animals gave positive test results with
epipodial tissues; however, in general, most samples of the epipo
dium were negative by PCR. The relatively weak positives among
the epipodium samples may represent cross contamination (with
more heavily infected tissues) during sampling or the adherence of
RLPs on the epipodium as shed from infected animals in crowded
tanks during transport or holding before sample collection. This
concern combined with the appearance of the 250 bp amplicon in
nonlethal epipodial biopsies discourages vus from recommending
this sampling approach for detection of the RLP. A more reliable
approach is to collect postesophagus or digestive gland tissues
from each animal, which requires sacrificing the animal (as do
current microscopic procedures),

As mentioned above, an additional application of the PCR
primers is their use for in sitw hybridization (ISH) to visualize the
parasite in various tissues or alternate hosts and to differentiate this
bacterium from other RLPs commonly observed in marine species
(Elston 1986, LeGall et al. 1988). Future work utilizing ISH may
also identify portals of entry and early developmental forms not
easily seen by standard microscopic examinations, as shown with
other parasites of aguatic hosts (Antonio et al. 1999; Antonio et al.
in press).
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