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ABSTRACT

Two distinct small-subunit ribosomal RNA genes, termed
the A gene and B gene, were detected in a clonal isolate
of the toxic dinoflagellate, Alexandrium fundyense Ba-
lech. The two sequences, which occur in roughly a I1:1 ratio
in polymerase chain reaction-amplified material, differ at
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approximately 40 positions scattered throughout the length
of the molecule. Transcripts of the B sequence were not
detected in total RNA extracts from nutrient-replete and
ammonium-starved (sexually induced) cultures or nutri-
ent-replete log-phase cultures harvested at 2-h intervals
over a complete circadian cycle. Many of the position
changes in the B gene deviate from universally and eu-
karyotic-conserved small-subunit rRNA sequences. In con-
trast, the A gene is expressed under all culture conditions
tested and does not violate any conserved sequence posi-
tions. Thus, the B sequence is not represented by stable
transcripts and is likely a pseudogene. The B gene may
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serve as a useful marker for fine-scale population and
taxonomic analyses of some Alexandrium species.

Key index words: Alexandrium fundyense; polymer-
ase chain reaction (PCR); pseudogene; Pyrrophyta; red
tide; small-subunit rRNA

Small-subunit ribosomal RNA (16S-like TRNA)
sequences are widely accepted for evaluating the
evolutionary histories of organisms (Olsen et al. 1986,
Sogin et al. 1986a, b, Field et al. 1988). These mol-
ecules have also been used as species- and even strain-
specific markers and consequently appear to have
potential in addressing both population ecology and
fine-scale taxonomic questions (e.g. Gobel et al. 1987,
McCutchan et al. 1988, Stahl et al. 1988, Amann et
al. 1990, Distel et al. 1991). While assessing the
utility of nuclear 16S-like rRNA gene sequences
(16S-like rDNA) to delineate populations of closely
related toxic dinoflagellates, we discovered signifi-
cant sequence variation between 16S-like rDNAs
from a clonal Alexandrium fundyense Balech culture.
This variation may provide a useful tool for discrim-
inating between closely related species or strains of
Alexandrium.

Toxic dinoflagellates of the genus Alexandrium are
responsible for paralytic shellfish poisoning (red
tides) along the northeastern coasts of the United
States and Canada and other temperate coastal wa-
ters throughout the world. These organisms pose
an important problem in population biology and
taxonomy as well as a serious economic and public
health concern (Anderson 1989). An alarming trend
in recent years has been the apparent natural and
human-assisted dispersal of toxic Alexandrium to
regions of the world previously free of their pres-
ence (Anderson 1989, Hallegraeff and Bolch 1991,
1992). However, techniques to unambiguously dis-
tinguish between populations of these organisms are
presently insufficient to test dispersal theories.

Alexandrium species are also the subject of an on-
going taxonomic controversy, and only recently has
an international agreement been reached on the ap-
propriate genus designation (Steidinger 1990, Stei-
dinger and Moestrup 1990). Although the confusion
over genus names appears to be over, concerns about
species assignments continues (Taylor 1985). For
example, in a recent revision of Alexandrium tax-
onomy, the closely related toxic species A. tamarense
(Lebour) Balech, A. catenella (Whedon et Kofoid)
Balech, and A. fundyense were distinguished on the
basis of fine-scale morphological features (Balech
1985, Balech and Tangen 1985). Other authorities,
however, believe these organisms (commonly re-
ferred to as the tamarensis group or tamarensis/
catenella complex) represent a single species com-
plex comprised of numerous biochemically distinct
varieties (Taylor 1985, Cembella and Taylor 1986,
Cembella et al. 1987).

The disagreement over fine-scale taxonomic in-
dicators inspired a search for additional biochemical

and genetic markers that would be useful in clari-
tying Alexandrium systematics. Detailed toxin com-
position and enzyme electrophoretic studies, in con-
Jjunction with traditional, morphologically based
taxonomic analyses, have all been applied to assess
the genetic similarity of Alexandrium isolates (Maran-
da et al. 1985, Cembella and Taylor 1986, Cembella
etal. 1987, Hayhome et al. 1989). Collectively, these
markers represent complex character states that de-
pend on the coordinated expression of multiple
genes; equitable comparisons of such characters re-
quire fastidious culturing, harvesting, preparative,
and analytical procedures. Despite such efforts, pop-
ulation and taxonomic boundaries within and be-
tween Alexandrium species have remained coarse.
Thus, at present, genetic markers specific for many
strains of Alexandrium are lacking, and there is dis-
agreement over the relative importance of morpho-
logically based taxonomic criteria. This, in turn, has
complicated efforts to understand the population
dynamics and potential dispersal of these toxic or-
ganisms.

In an attempt to identify molecular markers for
species or strains of Alexandrium, we undertook the
sequence analysis of nuclear 16S-like rDNA. This
analysis does not depend on the physiological state
of the organism nor the concomitant expression of
other genes and therefore has many advantages over
morphological and biochemical studies conducted
previously. Surprisingly, 16S-like rDNAs from a
clonal, toxic, eastern North American A. fundyense
(strain GtCA29, formerly Protogonyaulax tamarensis
Taylor; Hayhome et al. 1989) amplified using the
polymerase chain reaction (PCR; Saiki et al. 1988)
contained two distinct sequences. In contrast, the
16S-like TDNA sequence recently reported for a
nontoxic, western European A. tamarense (Destombe
et al. 1992) includes only a single class of genes.
Here, we describe the characterization of the two
classes of genes in A. fundyense, attempts to deter-
mine whether or not both are expressed, their re-
lationship to other known, functional 16S-like
rRNAs, and the implications of this finding with
regard to the use of rDNA sequences as genetic and
taxonomic markers for Alexandrium species. The use
of these genes in biogeographic studies will be pre-
sented elsewhere (Scholin and Anderson 1992,
Scholin and Anderson, unpubl.).

MATERIALS AND METHODS

A culture of Alexandrium fundyense strain GtCA29, established
from a cyst isolated from Gulf of Maine sediments ~32 km east
of Portsmouth, New Hampshire, was rendered clonal by isolation
of a single swimming cell. This culture was maintained as asex-
ually reproducing or “sexually induced” in f/2 or ammonia-en-
cystment medium, respectively, as described by Anderson et al.
(1984).

RNA isolation. All stock solutions for RNA isolation were pre-
pared with DEPC-treated (Sigma) ddH;O using baked glassware
and disposable, presterilized glass or plasticware. Where appro-
priate, solutions were filtered and autoclaved.

Approximately 2 L of a mid-late log culture (2-5000 cells-
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mL~!) was concentrated on a 20-um Nitex mesh, backwashed
with sterile sea water into a disposable 50-mL centrifuge tube,
and briefly spun to pellet the cells. The supernatant was removed
by aspiration. The cells were resuspended in ~10 mL of sterile
sea water, transferred into a disposable 15-mL centrifuge tube,
and pelleted again. Supernatant was removed as before, and the
tube was immediately immersed in liquid nitrogen where it was
stored until further processing.

The frozen cell pellet was allowed to thaw at room temperature
briefly, resuspended in 5.5—6.0 mL of freshly prepared guanidine
isothiocyanate lysis buffer (5 M guanidine isothiocyanate, 25 mM
NaCit, pH 7.0, 25 mM EDTA, 25 mM EGTA, 0.5% sarkosyl,
2.0% mercaptoethanol), placed in a nitrogen bomb (Parr Instru-
ment Co.) that was then pressurized to ~2000 psi for ~5 min,
and released to atmospheric pressure. The resulting lysate was
collected into a fresh 15-mL disposable centrifuge tube and ex-
tracted three times with phenol: chloroform (1:1; phenol equil-
ibrated with 10 mM Tris pH 8.0 and 0.1% mercaptoethanol) and
once with chloroform. Following the final extraction, the aqueous
phase was transferred to baked, Corex centrifuge tubes, and the
nucleic acids were precipitated by the addition of 2.5 volumes of
100% EtOH, %, volume of 4 M NH,OAc (pH 5.0) and chilling
at —70° C for >1 h. Precipitates were collected by centrifugation
at ~4° C for 20 min at 10,000 rpm in a Beckman model J2-21
centrifuge fitted with a JA-20 rotor. The supernatants were dis-
carded; the pellets were briefly drained and then resuspended in
2-4 mL of DEPC-treated ddH,O. Total RNA was precipitated
by adding LiCl, to a final concentration of 2 M (Ausubel et al.
1987) and leaving the samples on ice overnight. The precipitated
RNA was collected as earlier. The pellets were carefully rinsed
with chilled 2 M LiCl,, resuspended in a total volume of ~2 mL
of DEPC-treated ddH,0, and precipitated once more using LiCl,
asabove. Precipitates were collected again by centrifugation, and
the RNA pellet was resuspended in 1mL of DEPC-treated ddH,O.
An aliquot of this was used for quantification (absorbance at 260
nm), and the remainder precipitated immediately (Ausubel et al.
1987). Precipitated RNA samples were stored at —70° C until
needed for sequencing. For sequencing, an aliquot of the RNA
precipitate was transferred to a microcentrifuge tube, collected
by centrifugation, and resuspended in DEPC-treated ddH,O to
a final concentration of ~1 mg-mL~".

DNA extraction. Approximately 50 mL of a mid-log culture
(~2000-3000 cells-mL~") was briefly centrifuged to pellet the
cells. The supernatant was discarded. The cell pellet was resus-
pended in 2.0 mL of STE (10 mM NaCl, 10 mM Tris HCL, pH
7.5, 1 mM EDTA pH 8.0) and disrupted in a French pressure
cell. SDS was added to a final concentration of 1%, and the
resulting solution was extracted twice with phenol equilibrated
with STE, once with STE-saturated phenol : chloroform : isoamyl
alcohol (PCI; 24:24:1) and once with chloroform : isoamyl alcohol
(CI; 24:1). DNA was precipitated by the addition of 2 volumes
of EtOH and %, volume of 3 M NaOAc, followed by incubation
at —20° C for >2 h. The precipitate was collected by centrifu-
gation, rinsed with 80% EtOH, spun again, and resuspended in
200 pL of LT (10 mM Tris HCL, pH 7.5, 10 mM NaCL, 0.5
mM EDTA, pH 8.0). The concentration of the DNA was deter-
mined by diluting an aliquot of the resuspended material and
reading its absorbence at 260 nm (Ausubel et al. 1987).

PCR amplification of 16S-like rDNA. Universal eukaryotic prim-
ers containing polylinker restriction sites (Medlin et al. 1988)
were used to amplify full-length 16S-like rDNAs (Sogin 1990)
with 30 cycles of a Perkin-Elmer Cetus DNA Thermal Cycler set
as follows: 2-min denaturation at 94° C, 2-min ramp to 37° C,
2-min primer annealing at 37° C, 3-min ramp to 72° C; and 6-min
extension at 72° C. Three replicate 100 uL amplification reactions
were conducted in parallel using 1, 10, and 100 ng, respectively,
of A. fundyense genomic DNA. PCR products were subjected to
agarose gel electrophoresis; amplifications using 10 ng and 100
ng of genomic DNA yielded the best product. Products from
each replicate amplification were purified by extracting once with

an equal volume of STE PCI and once with CI. Afterward, they
were concentrated by EtOH precipitation and resuspended in 10
uL LT. The concentration of 16S-like rDNAs in each replicate
was determined by diluting an aliquot of the material and reading
its absorbance at 260 nm.

Cloning of 16S-like rDNA. Purified, concentrated products from
two PCR amplification reactions were mixed, digested with BamHI
and Sall (New England Biolabs), and ligated into BamHI/Sall-
cut replicative forms of M13 mp18 and M13 mp19 bacteriophage
(Messing 1983) as described by Medlin et al. (1988). Individual
clones were subsequently grown and screened by agarose gel
electrophoresis for the presence of a correctly sized insert; 22
mpl8 (coding strand) and 24 mp19 (noncoding strand) positive
(insert-containing) clones were identified.

Preparation of M13 DNA for sequencing. The population of PCR
products was sampled by infecting E. coli JM109) with a mixture
of all positive mp18 or mp19 phage. Single stranded, “pooled”
mpl8 and mpl9 templates (i.e. mixtures of all mp18 or mp19
recombinants, respectively) were isolated as described by Messing
(1983). For analysis of individual clones, templates were prepared
separately from four clones in mp18 and four clones in mp19.

Sequencing of 16S-like rDNA. All sequencing reactions were car-
ried out using modified T7 polymerase (Pharmacia or USB se-
quenase V 2.0) with deoxyadenosine triphosphate [a®*S] label
(Amersham) and dideoxy chain termination (Sanger and Coulson
1975). Coding and noncoding strands of the amplified, cloned
16S-like rDNA products were sequenced in their entirety using
a series of primers complementary to conserved sites in the mol-
ecule (Elwood et al. 1985).

Sequencing of 16S-like TRNA. Primers complementary to con-
served regions at Dictyostelium discoideum nucleotide positions 1139—
1125and 906-892 (Sogin and Gunderson 1987) were end-labeled
with adenosine triphosphate [v**S] (Amersham; Ausubel et al.
1987) and used to sequence (Lenaers et al. 1991) a portion of
the 16S-like rRNA that encompasses multiple nucleotide differ-
ences in the A and B genes.

RESULTS

PCR amplification of 16S-like rDNAs from A. fun-
dyense (GtCA29) yielded a product of approximately
1800 nucleotides. Individual 16S-like rDNA clones
were combined, and the resultant “pool” was se-
quenced, permitting assessment of genomic hetero-
geneity and potential errors introduced during early
rounds of the PCR reaction (Medlin et al. 1988).
This analysis revealed both sequence ambiguities
and length heterogeneities in the cloned 16S-like
rDNA PCR products. The length differences ob-
scured the pooled clone sequencing ladders, making
it impossible to resolve portions of the sequence.
Therefore, eight individual 16S-like rDNA clones
(four each of the coding and noncoding strands)
were sequenced separately to characterize regions
of heterogeneity. Sequences obtained from pooled
and individual clones revealed the existence of at
least 40 differences in the cloned 16S-like rDNAs.
Two distinct classes of genes were identified and
termed the A gene (1802 base pairs) and B gene
(1800 base pairs). The sequences differ by 13 tran-
sitions, 24 transversions, 2 single base-pair deletions
and 1 single base-pair insertion; 32 of these differ-
ences were unambiguously identified by the analysis
of individual 16S-like rDNA clones (positions 172—
1300). The remaining eight heterogeneities oc-
curred in regions that were not sequenced with in-
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Fic. 1. Nucleotide sequences of the A and B 16S-like rDNAs from A. fundyense (strain GtCA29). The A sequence is presented in
its entirety; substitutions in the B sequence are indicated below each line, with superscripts to indicate whether that position in the
sequence is evolutionarily variable (0) or conserved among dinoflagellates (1); dinoflagellates, apicomplexans, and ciliates (2); eukaryotes
(3); or eukaryotes and prokaryotes (universally conserved; 4). *Denotes single-base deletions in the B gene. Two alignment gaps (—)
in the A gene are necessary to accommodate the B gene’s single-base insertion (between A gene nucleotides 1114 and 1115) and
corresponding superscript. Dashed line above the sequences indicate the portion of the molecules sequenced with individual 16S-like
rDNA clones. Ambiguities identified outside this region are designated as follows: R=Gor A; Y =Cor T; K=Gor T;M=Cor A
(IUPAC ambiguity codes).

dividual clones (Fig. 1). Of the eight individual clones
sequenced, five are A genes and three are B genes.

The A gene and B gene exist as a “family” of
sequences in the PCR products, each with its own
“intrafamily”’ variations. However, sequences with-
in either the A gene family or B gene family are
nearly identical (>99% similar). For simplicity, the

terms A gene (or A sequence) and B gene (or B
sequence) are used throughout the remainder of this
article as a designation of the A gene family and B
gene family, respectively. A gene clones included
molecules that differ at six positions (four transi-
tions, two transversions); B gene clones included
molecules that also differ at six positions (four tran-
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sitions, two transversions). The substitutions within
the A and B genes are not reported in Figure 1
because they are represented by only a single 16S-
like rDNA clone and are not corroborated by other
sequence data (cf. Scholin 1992).

To determine whether or not both genes encode
stable transcripts, total RNA was isolated from mid-
log cultures that were grown under both nutrient-
replete (asexually reproducing) and ammonium-
starved (sexually induced; Anderson et al. 1984)
conditions. RNA was also extracted from a nutrient-
replete, log-phase culture at 2-h intervals over a
complete circadian cycle. Reverse transcriptase
(RTase) sequencing of a portion of the 16S-like
rRNAs known to contain multiple differences be-
tween the two genes revealed that transcripts of the
A gene were clearly present in all samples. In con-
trast, there is no evidence for the presence of B gene
transcripts (Fig. 2).

Figure 2 illustrates the identification of 16S-like
rRNAs by RTase sequencing. If transcripts of the
A and B genes were both present in cellular RNA,
a G/U ambiguity would appear at position 974 and
the single-base deletion at position 920 would cause
a single-base shift for some fraction of the sequenc-
ing ladder above the position where it occurs in the
autoradiograph. By both criteria, there is no evi-
dence for B gene transcripts; overexposing the au-
toradiograph also failed to reveal any trace amounts
of B gene 16S-like rRNAs (data not shown).

Further analysis of the A and B sequences was
undertaken by comparing them to 131 eukaryotic
and 13 prokaryotic 16S-like rRNAs (Neefs et al.
1990). Of the 32 differences that were identified by
sequencing individual A and B gene clones, the ma-
jority were at positions that are not variable in func-
tional 16S-like rRNAs: seven occurred at universally
conserved sites, three occurred at positions con-
served among all eukaryotes, four occurred at sites
conserved among dinoflagellates, apicomplexans,
and ciliates, 11 occurred at nucleotides conserved
among several dinoflagellates (Amphidinium caterae
Hulburt, Crypthecodinium cohnii (Seligo) Chatton,
Prorocentrum micans Ehrenberg), and seven occurred
at evolutionarily variable sites. Discrepancies be-
tween the A and B genes that violate evolutionarily
conserved sequence positions map exclusively to the
B gene (Fig. 1) (two of the individually sequenced
A gene clones each contain one transition at differ-
ent positions in the molecule, and both of these sub-
stitutions do deviate from universally conserved po-
sitions. Because these substitutions are represented
by single clones and not substantiated by other se-
quence data, we suspect they are PCR or cloning
artifacts [cf. Scholin 1992]).

DiscussioN

Two distinct 16S-like rRNA genes, named the A
gene and B gene (Fig. 1), were identified by se-
quencing PCR-amplified 16S-like rDNAs from a
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Fic. 2. Sequencing gel of 16S-like rRNAs from total RNA
extracts of A. fundyense (GtCA29), with a comparison to known
A and B 16S-like rDNA gene sequences. Numbers indicate nu-
cleotide positions in the A gene (Fig. 1). The complement of
specific nucleotide termination reactions are indicated above each
lane. N represents no ddNTP addition. Arrows indicate differ-
ences between the A and B genes and the identity of that position
in the expressed 16S-like rRNAs. *Indicates a single-base deletion
within the B gene. The single-base deletion (position 920) occurs
at an evolutionarily variable position. The G/T transversion (po-
sition 974) occurs at a universally conserved position (Fig. 1).
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clonal culture of A. fundyense. These two sequences
are ~97% identical. In addition, the A and B genes
were estimated to be present in an approximately
1:1 ratio in the PCR-amplified, cloned SsrDNAs.
We initially considered the possibility that A. fun-
dyense (GtCA29) was not a true clone but in fact was
a mixture of two distinct Alexandrium isolates. If this
were the case, the culture would contain both A and
B 16S-like rDNAs transcripts. However, it con-
tained only A gene transcripts (Fig. 2). Thus, it was
highly unlikely that the two, distinct 16S-like rDNAs
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cloned from A. fundyense originated from a mixed
culture. Two lines of reasoning then led us to spec-
ulate that the B gene might be expressed under
more specialized circumstances. First, the apicom-
plexan Plasmodium berghei is known to carry two 16S-
like rRNA genes that are differentially expressed
over the course of its life cycle (Gunderson et al.
1987), and dinoflagellate 16S-like rRNAs do share
a unique, common evolutionary history with api-
complexans (Gajadhar et al. 1991). We suspected
that an analogous switch in gene expression might
occur in A. fundyense as it progressed through a de-
velopmental cycle, perhaps associated with the in-
duction of sexuality. Second, because dinoflagellates
are known to exhibit strong circadian rhythms in
total RNA synthesis and translational regulation of
a gene involved with luminescence (Waltz et al. 1983,
Morse et al. 1989), we reasoned that differential
expression of the A and B genes might occur during
the light and dark phases of growth. However, B
gene transcripts do not appear in total cellular RNA
in response to sexual induction (nitrogen starvation;
Anderson et al. 1984) or over the course of a cir-
cadian cycle (data not shown). Consequently, it ap-
pears that the B gene is either transcriptionally in-
active and/or encodes an unstable product.

The probable nature of the B gene became ap-
parent when it was compared to other 16S-like rRNA
sequences. Nucleotide substitutions in the B gene,
but not the A gene, violate many highly conserved
sequences (Fig. 1) (two of the individually sequenced
A gene clones each contain one transition at differ-
ent positions in the molecule, and both of thee sub-
stitutions do deviate from universally conserved po-
sitions. Because these substitutions are represented
by single clones and not substantiated by other se-
quence data, we suspect they are PCR or cloning
artifacts [cf. Scholin 1992]). The B gene’s deviations
from evolutionarily conserved motifs are especially
significant because these sequence elements are con-
sidered essential to the basic core structure of a func-
tional ribosome (Raue et al. 1988). The fact that the
B sequence varies from these highly conserved el-
ements and that B gene transcripts are apparently
rare or absent in RNA extracts leads us to conclude
that the B sequence is a pseudogene.

Two lines of evidence suggest that the A and B
genes are present in approximately equal propor-
tions in the PCR products. First, sequence ambi-
guities (i.e. two different nucleotide terminations at
the same position in the sequencing ladder) ob-
served in the pooled clone sequences always ap-
peared with nearly equal band intensities, indicating
that templates harboring alternative nucleotides are
equally abundant. Those ambiguities characterized
by sequencing single 16S-like rDNA clones revealed
that one of two nucleotide alternatives was indeed
contiguous with either the A or B sequence. Second,
of the eight individual clones sequenced, five are A
genes and three are B genes, suggesting that the

proportions of cloned A and B sequences are rough-
ly equivalent.

The B sequence cannot result from PCR artifact
for several reasons. First, if errors were being in-
troduced randomly, both genes would be expected
to show multiple deviations from evolutionarily con-
served positions, yet the B gene alone displays this
type of variance. Second, both sequences have been
reproducibly amplified and detected by either re-
striction fragment polymorphism analysis (RFLP;
Scholin and Anderson 1992, Scholin and Anderson,
unpubl.) or direct sequencing of the PCR products
(Scholin 1992). Thus, the A and B genes must be
present in the extracted DNA from A. fundyense.
Furthermore, they consistently appear in a near 1:1
ratio (Scholin and Anderson 1992, Scholin and An-
derson, unpubl.), as predicted from sequencing
pooled and individual 16S-like rDNA clones.

If the ratio of A and B genes in PCR products
reflects their abundance in the extracted DNA, then
the two genes may be present in near equal numbers
within the A. fundyense genome. This, however, rais-
es an interesting question: Why are so many copies
of an apparent pseudogene being maintained? One
possibility is that the B gene is perpetuated simply
as a result of its linkage to other, functional rRNA
genes. Analyzing individual A and B gene rDNA
cistrons along with their respective promoter regions
would be useful in addressing this possibility. Viral
or other insertional elements in close proximity to
the B sequence should not be discounted as players
in the B gene’s transcriptional inactivity and/or
maintenance (Jakubczak et al. 1992).

Despite the fact that we cannot fully explain the
origin and apparent abundance of the B gene within
A. fundyense, it nonetheless holds promise as a bio-
geographic and taxonomic marker for this group of
organisms. If the B gene is a pseudogene and is no
longer under selective pressure, then it is likely to
be evolving rapidly. These features should make the
B gene a very sensitive marker for identifying and
distinguishing between groups of morphologically
similar, but geographically distinct, strains or species
of Alexandrium. This supposition is supported by
comparing the A and B genes to the 16S-like rDNA
sequence recently reported for a nontoxic, western
European A. tamarense (Destombe et al. 1992). The
A. tamarense 16S-like rDNA is approximately 98%
identical to the A. fundyense A gene and lacks ““B-
like”” homology. In addition, we have independently
examined PCR-amplified 16S-like rDNAs from the
western European A. tamarense using an RFLP-based
assay and find no evidence for presence of the B
gene (Scholin and Anderson 1992, Scholin and An-
derson, unpubl.). Therefore, both actively ex-
pressed 16S-like rRNA genes and the B gene appear
to be informative biogeographic and taxonomic
characters of Alexandrium species.

The finding of two small-subunit rRNA genes in
A. fundyense underscores the risk associated with us-
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ing a single clone of a multigene family as the rep-
resentative sequence of an organism’s genotype.
Multiple clones must be pooled prior to sequencing,
or individually sequenced, in order to assess the ho-
mogeneity of cloned products and reduce the pos-
sibility of obtaining artifactual data (Sogin 1990). In
this regard, the extensive 16S-like rRNA data base
is a substantial resource that should be used in con-
Jjunction with sequencing methods that utilize either
PCR-amplified 16S-like rDNAs or their correspond-
ing RNA transcripts.
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