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SUMMARY

Polymerase chain reaction conditions were established for the in vitro amplification of eukaryotic small
subunit ibosomal (16S-like) rRNA genes. Coding regions from algae, fungi, and protozoa were amplified from
nanogram quantities of genomic DNA or recombinant plasmids containing rDNA genes. Oligodeoxy-
nucleotides that are complementary to conserved regions at the 5* and 3’ termini of eukaryotic 16S-like rRNAs
were used to prime DNA synthesis in repetitive cycles of denaturation, reannealing, and DNA synthesis. The
fidelity of synthesis for the amplification products was evaluated by comparisons with sequences of previously
reported rRNA genes or with primer extension analyses of IRNAs. Fewer than one error per 2000 positions
were observed in the amplified rRNA coding region sequences. The primary structure of the 16S-like rRNA
from the marine diatom, Skeletonema costatum, was inferred from the sequence of its in vitro amplified coding
region.

INTRODUCTION et al., 1986a; Gunderson et al., 1987a; Woese, 1988).
This, in turn, has led to the development of new
rRNA-based technologies capable of detecting and
identifying small numbers of microorganisms in clini-
cal isolates (Gobel et al., 1987) or in complex natural
populations (Olsen et al., 1986). Considerable atten-
tion has been focused upon the structural analysis of
165-like TRINAs which contain sufficient evolu-
tionary information to allow the measurement of
both close and distant phylogenetic relationships
(Sogin and Gunderson, 1987). Rapid sequencing
strategies for 16S-like rRNA coding regions are
based upon the interspersion of conserved and par-

Sequence comparisons of rRNAs or their genes
have revolutionized our perspectives on molecular
and cellular evolution (Gutelt et al., 1986; Sogin
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Abbreviations: Ap, ampicillin; bp, base pair(s); kb, kilobase(s)
or 1000 bp; nt, nucicotide(s); O, Ochromonas; oligo, oligodeoxy-
nucleotide; PCR, polymerase chain reaction; PCR buffer, see

MATERIALS AND METHODS, section ¢: rRNA, ribosomal
RNA; 16S-like rRNA, small subunit ribosomal RNA; RF,
replicative form; S, Skeletonema; SDS, sodium dodecyl sulfate.

tially or non-conserved sequence regions (Elwood
et al., 1985), Synthetic oligos complementary to con-
served regions can be used to initiate DNA synthesis
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in dideoxynucieotide chain-termination sequencing
protocols (Sanger and Coulson, 1975), thus eliminat-
ing the requirement for constructing a nested set of
overlapping fragments in the MI13 cloning and
sequencing system. For studies of rRNA primary
structure, the time-limiting factor is that required to
construct genomic libraries and identify recombinant
ciones containing rRNA coding regions.

In the case of the marine diatom, Skeletonema
costatum, our initial efforts to clone rDNA genes
were unsuccessful because of difficulties in obtaining
sufficient quantities of high molecular weight nuclear
DNA to construct a genomic library. S. costatum is
an important component of coastal phytoplankton
communities. In some areas it comprises 90%, of the
biomass and it is a valuable mariculture organism for
invertebrate feeding. Because of its importance to
marine life sciences, S. costatum has been the subject
of a wide range of physiological studies but its phylo-
genetic relation to other eukaryotic algae has not
been established.

The cloning steps for characterization of 16S-like
rRNAs from species such as S. costatum can be
circumvented by using bulk RNA as a template for
reverse transcriptase-mediated sequencing reactions
(Qu et al, 1983; Lane et al,, 1985). Direct sequence
analysis of 165-like TRNAs is extremely rapid and
the characterization of functional RNAs (as opposed
to non-expressed or pseudo rRNA genes) is assured.
Unfortunately, the rapidity of the direct rRNA
analysis is compromised by the loss of information
at approximately 1-2% of the sequence positions.
Ambiguities at these positions result from band com-
pressions or universal terminations caused by modi-
fied bases or tight secondary structures in the rRNA
template. Furthermore, only a single strand is availa-
ble for analysis which eliminates the redundant
accuracy check inherent when two strands of a DNA
sequence are determined.

The speed of rRNA primer extension analyses and
the accuracy afforded by double-strand sequencing
determinations might be coupled if PCR methods
{Mullis and Faloona, 1987; Saiki et al,, 1988) were
used to amplify rRNA genes for sequence analyses.
We have explored the use of PCR protocols to
amplify 16S-like rRNA coding regions from previ-
ously characterized cloned rRNA genes and from ng
quantities of genomic DNA isolated from the marine
diatom, S. costatum and the ascomycete, Kluvero-

myces lactis. Oligos complementary to conserved 5’
and 3’ proximal regions in eukaryotic 16S-like
rRNA genes were used to initiate DNA synthesis in
the amplification step. The resulting product could
be sequenced directly or subcloned into the single-
stranded DNA phage M13. As judged by identity to
previously characterized rRNA coding regions or to
partial rRNA sequences determined by the direct
rRNA methods, the amplified coding regions appear
to represent faithful transcripts. The sequence of the
165-like rRNA amplified coding region from
S. costatum was used to establish its relationship to
other eukaryotes.

MATERIALS AND METHODS
{a) Algal cultures and isolation of RNA/DNA

Clones of S. costatum (Pacifica, isolated from the
Straits of Georgia, British Columbia, by Rosemary
Walters, University of British Columbia Culture No.
18/C) were grown in artificial sea water with 50 g
Ap/liter at 24°C under continuous light and stirred
manually on a daily basis. Cells were harvested by
filtration, washed in extraction buffer (100 mM Tris,
pH 8.5, 100 mM NaCl, 50 mM EDTA), and dis-
rupted by vortex treatment in the presence of 2%,
SDS and glass beads. Bulk nucleic acids were
extracted with phenol—chloroform—iscamyl alcohol
(50:48:2) and concentrated by ethanol precipita-
tion. The DNA was purified by CsCl equilibrium
gradient centrifugation (Maniatis et al., 1982). Band-
ing of DNA preparations in CsCl was necessary for
consistent results in the amplification procedures.

{b) Primers for amplifying 16S-like rRNA coding
regions

Comparison of 45 eukaryotic 168S-like rRNA
sequences reveals that there are conserved sequence
elements proximal to the 5* and 3’ termini which can
be used as start points in PCR experiments. Se-
quences between the conserved elements can be
exponentially amplified by repetitive cycles of dena-
turing duplex DNA, annealing primers comple-
mentary to the conserved sequence elements, and
then primer extension using DNA polymerase. The




products of the primer extension as well as the
original duplex DNA can serve as templates in suc-
cessive amplification cycles. Amplification primers
for the 16S-like rRNA genes were designed with
polylinkers at their 5 termini to facilitate the cloning
of the PCR amplification products into the single-
stranded phage, MI3. The synthetic oligos for
amplifying eukaryotic 16S-like rRNA coding regions
are presented in Fig. 1. The sequence of primer ‘A’
is complementary to 21 nt in the coding strand at the
5 terminus of eukaryotic 16S-like rRNAs and
contains restriction sites for EcoRI and Sail. Primer
‘B’ is complementary to 24 nt in the non-coding
stand at the 3° terminus of eukaryotic 16S-like
rRNAs and includes restriction sites for Smal,
BamHI, Hindll, and Ps,

{c) DNA amplification

A modification of the PCR methods previously
reported (Mullis and Faloona, 1987; Saiki et al.,
1988) was used to amplify the 16S-like rRNA coding
regions from genomic DNA or from recombinant
plasmids known to harbor rDNA. coding regions.
Incubations were carried out in 1.5-ml eppendorf
tubes, Reaction mixtures containing 10 ng of DNA
in 100 uf of 1 x PCR buffer (10 mM Tris- HCl, pH
8.4, 50 mM KCl, 2mM MgCl,, 200 M in dATP,
dTTP, dCTP, and dGTP, and 0.1 mg/ml gelatin)
weremade 1 uM in each of the amplification primers.

PRIMER A

Polylinker
[ ]
5
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The samples were layered with 200 ul of mineral oil
to minimize evaporation. After heating the reactions
at 95°C for 5 min to denature the DNA, 0.1 units of
the heat-stable Tag DNA polymerase (New England
Biolabs) were added. The samples were transferred
between three incubations: {1) primer annealing to
the DNA template at room temperature for
4.25 min; {(2) primer extension at 65-68°C for
7.5min; and (3) denaturation at 90-92% for
2.5 min. The sequential incubations were repeated
between 40 and 90 cycles using a Shandon Elliott
Duplex Processor retrofitted with a 15-s interval/l h
timer to move the samples between temperature
baths. -

{d) M13 cloning and sequence analysis

The PCR products were extracted with phenol
and concentrated by precipitation with ethanol
{(Maniatis et al., 1983). The samples were suspended
in 20l of REact 3 buffer (Bethesda Research
Laboratories} and digested with appropriate restric-
tion enzymes. The digested samples were re-
extracted with phenol, concentrated by ethanol
precipitation, and then ligated into the RF of
M13mpl8 or M13mpl9 (Messing, 1983). Single-
stranded templates for directing DNA synthesis in
sequencing protocols were prepared from recombi-
nant M13mpl8 and MI13mpl9 phages containing
amplified 168-like rRNA coding regions. Synthetic

3!
CCGAATTCGTITCGACAACCTGGTTGATCCTGCCAGT
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PRIMER B

Polylinker
f |

*

3
CCCGGGATCCAAGCTTGATCCTIPCTGCAGGEGTTCACCTAC

R | S|
Sma 1 Hind IIX
I |
BamH T

I |
Pst I

Fig. 1. Synthetic oligos used for in vitro amplification of eukaryotic 165-like rRNA coding regions. Primer ‘A’ contains a polylinker plus
a conserved 21-nt sequence which is complementary to the coding strand at the ' terminus of eukaryotic 16S-like rRNAs. Primer ‘B’
contains a polylinker plus a conserved sequence that is complementary to 24 nt in the noncoding strand at the 3’ terminus of eukaryotic

168-like rRNAS.
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oligo primers that are well conserved in eukaryotic
16S-like tRNA genes (Elwood et al., 1985) were
used to initiate DNA synthesis in the dideoxynucie-
otide chain-termination  sequencing protocols
{Sanger and Coulson, 1973). Reverse transcriptase-
mediated primer extension sequencing protocols
were used to directly characterize the S. costatum
16S-like rRNA (Lane et al., 1985). Primers comple-
mentary to conserved regions at Dictyostelivm dis-
coidewm nt positions 377-393, 892--906, and
15041519 {(Sogin and Gunderseon, 1987) were used
to initiate the reverse transcription reactions.

S. costatum (Pacifica isolate)
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RESULTS AND DISCUSSION

(a) Polymerase chain reaction of 16S-like rRNA
coding regions

DNA samples from in vitro amplification of
168-like rRNA coding regions were electrophoreti-
cally fractionated in 2%, agarose gels. The mobilities
of DNA fragments that were amplificd using 10 ng
of genomic DNA from S. costatum (lane 2) and
K. lactis (lane 3) are shown in Fig. 2. The prominent
reaction products are represented by single bands
with chain lengths of 1.8 kb. Direct sequence analysis
{see RESULTS AND DISCUSSION, section b} demon-
strated that both are 1798 nt in length. Lanes 4 and
5 of Fig. 2 display PCR products whose synthesis
was directed by recombinant DNA templates
containing rDNA genes from Tetrahymena tropicalis
(Sogin et al, 1986b) or Plasmodium falciparum
(McCutchan etal., 1988). We have previously
reporied chain lengths of 1753 and 2091 nt for the
16S-like rRNAs of T. tropicalis and P. falciparum,
which is consistent with the electrophoretic mobili-
ties of the PCR products. The yields from the in vitro
amplification reactions varied with cloned rRNA
genes from different organisms. For example, despite
nearly perfect complementarity between the
P. faleiparum coding region and the amplification
primers, the PCR yields were substantially less than

Fig. 2. Agarose gel clectrophoresis of amplified small subunit
rRNA coding regions. Polymerase chain reactions directed by
genomic DNA or cloned rRNA templates were primed with
oliges complementary to conserved sequences in eukaryotic
165-like  rTRNAs as described in MATERIALS AND
METHODS, part ¢. Aliquets (1-5 j1) from each of the reactions
were mixed with 10 gl LT buffer (10 mM Tris, pH 7.2, [0 mM
NaCl, and 0.5 mM EDTA, pH 7.2} plus 5 ul stop sotution (2535
Ficol, 0.05% bromphenol blue, 40 mM Tris, pi 8.3, and 20 mM
EDTA, pH 8.0). The samples were electrophoresed for 2h at 7
Viem in 2% agarose gels built in E  buffer (40 mM
Tris/CH,COOH, pH 7.0, 1 mM EDTA). The bands were located
by staining with 29, ethidium bromide. Lane 1 is a I-kb BRL
(Bethesda Rescarch Laboratories) ladder. Products from 90
amplification cycles using 10 ng of genomic DNA from
S. costatum are shown in lane 2, and 40 amplification cycles using
10 ng of genomic DNA from Kluverompees lactis are shown in
lane 3. Lanes 4 and 3 show the product of 40 amplification cycles
using 10 ng of cloned rDNA genes from Plasmodium falciparum
{McCutchan et al., 1988) and Tetrahymena tropicalis (Sogin et al.,
19846), respectively.




with any other tested clone. The reason for this
variability was not systematically examined. In most
cases, with as little as 1 ng of genomic DNA, the yield
for 40 PCR cycles was in the order of 5 ug of total
nucleotides. No attempts were made to amplify
rDNA genes from less than 1 ng of genomic DNA.
Increasing the number of cycles bevond 40 does not
significantly improve the yield and can affect the
quality of the product. The S.costatum PCR
products appear more heterogeneous (as judged by
higher backgrounds) than the K. lacis PCR pro-
ducts. The S. costarum reaction cycle was repeated
90 times which compares to only 40 cycles for
K. lactis and P. falciparum. A lower number of cycles
significantly reduces the background level in the
S. costaturn  amplification reactions (data not
shown).

PCR amplification for FDNA structure analyses
compares favorably with the primer extension
methods employed in direct analyses of rRNAs.
Microgram quantities of 16S-like rRNA coding
regions can be produced from as little as | ng of
genomic DNA even in the presence of high concen-
trations of mitochondrial and/or chloroplast DNA.
Complementarity of the primers to regions that are
conserved in all eukaryotic 16S-like coding regions
assures their specific amplification. (Sequences that
are conserved in prokaryotic fRNA genes may be
usefil for specifically amplifying mitochondrial or
chloroplast 16S-like rRNA coding regions against a
background of nuclear DNA). With the PCR
methods, the number of cells required for charac-
terizing rRNA coding regions is remarkably low, For
example, reverse transcriptase-mediated primer ex-
tension analyses require approximately 3-4 ug of
RNA for each sequencing reaction. This corre-
sponds to a minimum of 10° cells for a typical
etkaryotic microorganism such as D. discoideum
(Ashworth and Watts, 1970). The PCR amplifica-
tion of a 165-like rRNA coding region from a typicat
eukaryotic microorganism with a genome complexity
of 1 x 10® bp may reguire fewer than 100 cells to
produce 0.5 pg of product. Thus the analysis of
rDNA genes from organisms that are difficult or
impossible to propagate in the laboratory, including
obligate parasites and symbionts, is now possibie.

In addition 1o facilitating structural studies of
rRNAs, the potential impact of this technology upon
the analysis of natural microbial populations is con-
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siderable. Measurements of molecular diversity, e.g.,
using tTRNA or its coding region, can be used to
estimate the number of different species in a given
population (Olsen et al., 1986). Unfortunately, the
reverse transcriptase-mediated primer extension
technique is not directly applicable to sequencing
mixed populations of RNAs (without first fractionat-
ing the RNAs, which is difficult, at best, for 168-like
rRNAs). Similarly, molecular diversity studies based
upon isolation of rTRNA genes are subject to poten-
tial bias from variant cloning efficiencies. {(In our
survey of protists we have found that some rDNA
genes are much easier to clone than others. Esti-
mates of numbers of TDNA genes for a given species
requires re-probing of the original, unfractionated
DNA population with probes/clones specific to
individual population members.) These problems are
readily solved by the amplification methods. The
rDNA genes from different organisms can be simul-
taneously amplified from complex DNA popula-
tions, and the products, which vary in size (as dem-
onstrated by distinct electrophoretic mobilities for
amplification products from P. falciparum, T. tropi-
calis, and S. costatum) can be resolved by gel electro-
phoresis. The number of products displaying variant
electrophoretic mobilities can be taken as an estimate
of the organismal diversity in the natural population.

(b) Sequence analysis of the polymerase chain
reaction products

The capability of rapidly analyzing rRINA genes in
complex DNA populations must be weighed against
the potential for artifacts introduced during PCR
amplification, The fidelity of synthesis was evaluated
by comparing the primary structures of the amplifi-
cation products with previously reported 168-like
rRNA gene sequences or with partial rRNA se-
quences determined by reverse transcriptase medi-
ated primer extension methods. For each of the
amplification products, the coding and non-coding
strands of the rRNA genes were characterized. The
PCR products for T. tropicalis and S. costatum were
digested with BamHI + EcoRI and BamHI + Sail,
respectively. The P, falciparum amplification product
was digested with Xbal + HindIl{ (restriction sites
for ‘these enzymes are separated by 384 nt in the
P. falciparum IRNA gene). Polylinker sites were used
to clone the amplified DNA segments into double-
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Mi3mpl9 DNA phage. Single-stranded templates (nt positions 127, 677, and 800) display sequence

were prepared from representative M3 recombi- variation between the coding and non-coding

nants (one M13 template for the coding and another strands. In all three cases the ambiguities are

containing the non-coding strand) and sequenced by between cytosine and thymidine, Redundant

the dideoxynucleotide methods (see MATERIALS AND analyses in these regions suggest that the disagree-

METHODS, section d). Sequences were determined ments are not because of sequencing errors. The

for the entire T fropicalis amplification product and discrepancies could reflect errors in the amplification

for a 384-nt region in the amplified 168-like rRNA process or micro-heterogeneity in the rRNA genes of

coding region of P, Jalciparum. No differences were S. costatum. The nt positions 127 and 677 reside in

detected when the sequence of the T. rropicalis regions which may tolerate variation withig the same !

amplification product was compared to that of the species because these domains are poorly conserved

previously reported coding region (Sogin et al., (because of minimal functional constraints) in i

1986b). The M 13 clone containing the coding strand eukaryotic 168-like tRNAs, In contrast, nt position

of P. falciparum gene was identical to the published 800 is located in a region that is conserved in most

sequence (McCutchan et al, 1988); however, the eukaryotic 16S-like rRNAs. Except for position 800

M13 clone containing the non-coding strand differed which was determined to be a cytosine in the RNA

from the published Sequence at a single position. The analysis, differences could not be demonstrated

disparity in the non-coding sequence does not repre- between the sequence of the S. costarmm PCR pro-

Seat a sequencing error (six well-resolved, over- duct and a partial sequence of its TRNA (approx. 750

lqmmgwmmmmdammMMmthMSmmmuﬁme m)daammaimfmwmeummumMmﬂmmmw

non-coding strand were identical with each other), primer extension methods. The nt positions 127 and

The difference between the published sequence and 677, which differed in comparisons of sequences for

our representative M13 clone containing the non- the coding and noncoding strands, also appeared as .

coding strand must reflect an error which occurred ambiguous positions in the direct rRNA sequence. ‘

during the amplification procedure. We interpret this as representing micro-hetérogeneity '
The sequence (determined on both the coding and in the coding regions for the S, costatum 16S-like ;

non-coding strand) of the PCR amplification pro- rRNAs rather than errors introduced during PCR

laaceugguug duccugccag UAGUCAUACG CUCGUCUCAA AGAUURAGEC AUGCAUGUSU AAGUAUAAGA UACUUYAUCG AAACUGCGGA CGGCUCAUDA 3
10 yaucacuuay AGUUUAGUUG AUAAUCYCDC ACUACUUGGA URACCGUAGU AAUUCUAGAG CUAAUAUAUG CAUCAAAGCG GAACUCUCGG GRACCGCCGU %
201guyuanuagy AVDAAACCUU CACUCUUCSS AGUUGAUUUG GUGAGUCAUA AUAACCUUYC GARUUGCAYG CACAUGUUGC SGCARAUGGAU CAUUCAAGUY !
3% lyeuscecuny CAGCULGGGA UGGUAGUGUA UUGGACUACE AUGGCUUUAA CGGGUAACGA AUUGUUAGGS CAAGAUUCCG GAGAGGGAGC CUGAGAGACG
0%gcuaccacay coanGoaRGs CAGCAGGCGC GUAAAUUACC CAAUCCUGAC ACAGGGAGGY AGUGACAAUA AAUARCARUS CCGRGCCUUY ACAGGUCUGE
S0LCARUUGEARY GAGAACAAUY UAARDCCCUU AUCGAGUAUC AAUUGSAGGG CAMGUCUGGU GGCAGCAGCE GCGGUAAUUC CAGCUCCAAY AGCGUALAUY
01 aaacuuGUUG CAGUUAAMAA GCUCGUAGUU GGAUYGCUGG CAGGAGUGAC CGGCCACACA CACUGUGCGY GAGUUGYGUC ALUCUGGCER UCCUUGGUGA
70l ngecucuny GGCAUUAAGU UGUCGGGCAG GGGAUAACCA UCGUUUACUG UGAAAAAAUY AGAGUGUUDA AAGCAGGCUY AUGCCGUUGA AUAUAUUAGY
801 puGcAAGAAY ARGAUAGGAC UUUGAGUCUA UUUUGUUGGY UUGCGAGHCA AAGUARUGAU UAAUAGGGAC AGUUGGGGGY AUUCGUAULY CAUUGUCAGA
$91cgusanaguc UUGGRUUUCY GAARGACGAA CUACUGCGAA AGCAYUUACC AAGGAUGUUY UCAUUAAUCA AGAACGARAG BUAGGGGAUC GAAGAUGADY
1901 pgauaceave GUAGUCUUAR CCAUARACUA UGCCGACUCA GGAUUGGCSE UUGUUUULUG ACUCCGUEAG UACUGUAUGA GARAUCAAAG UCOUUGGEUY
HOleegoesang UAUGGUCGCA AGGCUGAAAC GUARAGAAAL UGACGGAAGG GCACCACCAG GAGUGGAACT UGCGGCUUAA UUUGACUCAA CACGGGAAAR
120cyuaccagau CCAGACAUAG UGAGGAUUGA CAGAUUGAGA GUUCBUUCUY GAUUCUAUGG GUGGUGGUGC AUGGCCGUUC UUAGUUGGUG GAGUGAUUUG
1300ycuccuunat UecoUuARCE AACGAGACCG CCGCCUGCUA ARUAGACCCG CGAAUAGCUU UUUADYGGCS AGGUCUUCUY AGAGGGACGU UCAUUCUACA
Y40 acaucancea AGRUGGCGET AAUAACAGGY CUGUGAUGCE CUUAGAUSUC CUGGGCCGCA CELGLGUUAC ACUGAUGCAC UCAACGAGCA UAUAACCUUG
501gccancasae CUGGGUAAUC UUGUUAACUU GCAUCGUGAU AGGGAUAGAY UAUUGCAAUY AUUAADCUUG AACGAGGAAU UCCUAGUAAD CGCAGUUCAY
L60icaancuccan UGAUUACGUC CCUGCCTUUY GUAGACACCG CCEGUCGCAC CUACCGAUUS AAUGGUCCGG UGAGGAGUCG AGAUUGUGGEA YUAGCUCCUY
L701yau5500cy VAUCCGCGAG AACCUCUCCA AACCUUAUCA UUUAGAGGAA GGUGAAGUCG UAACAAGGUY UCCquaggug aaccugcaga aggaucaa

i
i

Fig. 3. Sequence of a 16S-like TRNA region amplified from . costatum genomic DNA. The lower case letters indicate positions that
correspond to the amplification primers and therefore cannot be interpreted ag being present in the §. costatum 165-like rRNA coding
region. Ambiguities at nt positions 127, 677, and 800 are indicated in the figure by the letter Y



amplification. Similar heterogeneity has been dem-
onstrated in the rRNA coding regions of other
organisms including Escherichia coli (Sogin etal,
1972), P. falciparum (McCutchan et al., 1988) and
Plasmodium berghei, where structurally distinct
16S-like rRNAs appear to be differentially expressed
during various stages of its life cycle (Gunderson
et al., 1987b),

There are two strategies for guarding against
potential errors in the amplification process. The
first is to sequence the products of the amplification
reaction directly using procedures for analyzing
double-stranded DNA (Wrischnik et al, 1987).
Positions which are incorrectly copied during early
rounds of amplification will appear to be ambiguous
in the DNA sequencing gels while errors in late
rounds will not contribute to the sequence inter-
pretation. The products can be sequenced directly if
the amplification primers are dialyzed away or
removed by chromatography prior to initiating DNA
synthesis in the DNA sequencing reactions (data not
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shown). As an alternative, single-stranded templates
can be prepared from mixtures of 30 or 40 recombi-
niant M 13 clones. This provides a sampling of varia-
ticn in the amplification products. As above, errors
which occur early in the amplification procedure will
be reflected by ambiguous positions in the M13
sequence analysis. We have successfully used this
strategy in the sequence analysis of K. lactis (M.L.S.,
unpublished data). Regardless of which method is
employed, the error rate appears to be sufficiently
low to not confuse interpretations of phylogenetic
relationships based upon sequence comparisons of
PCR amplification products.

{c) Phylogenetic status of Skeletonema costatum

The S. costatum 16S-like rRNA sequence was
aligned with a collection of 13 other eukaryotic
16S-like TRNA. sequences as previously described
{Elwood et al., 1985). Pairwise comparisons of the
sequences (only those position which could be

———— Homo sapiens

L Xenopus laevis

Artemia saling
Chlamydormongs reinhardti
Qnvza sativa

Zarmic pumilig

Acanthamoeba castellani

Saccharomyees cerevisige

Neurosporg crassa
QOchromonas danica

Achlva bisexualis

Skeletonemg costatum

Baramecium tetrqurelia

01

Dictyostelium discoideum

Fig. 4. Eukaryotic phylogeny inferred from 165-like rRNA sequence similarities. A phylogenetic tree was inferred using structural
distance data as previousty described (Eiwood et al, 1985). The evolutionary distances between nodes of the tree are represented by
the horizontal component of their separation. The distance which corresponds to ten changes per 100 nt positions is indicated,
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unambiguously aligned were incorporated into the
analysis) were used to compute structural similarities
and these were converted into the phylogenetic tree
shown in Fig. 4 by the distance matrix method (Fitch
and Margoliash, 1976). In this analysis, the diatom
S. costatum is a member of an assemblage which
includes the oomycete Achlya bisexualis and the
chrysophyte, Ochromonas danica. The relationship
between chrysophytes and oomycetes is consistent
with other analyses based upon ultrastructure simi-
larities of their flagellar apparatus (Gunderson et al.,
1987a}. The inclusion of diatoms in the group agrees
with Cavalier-Smith's 1986 proposal for the kingdom
Chromista which embraces brown algae and all pro-
tozoans having either tubular ciliary mastigonemes
or chloroplast endoplasmic reticulum,

(d} Conclusions

High quality sequences on both DNA strands can
be generated from amplified rDNA coding regions.
The number of cells required for the analysis is much
less than that necessary for primer extension analysis
of rIRNAs or for constructing genomic libraries, The
specific amplification of nuclear rRNA genes is pos-
sible using complex DNA populations containing
rRNA genes from mitochondria and/or chloroplast
genomes. Using the PCR methods, the 16S-like
rRNA coding region from S. costatum was amplified
and found to be most similar to those of 4. bisexualis
and Q. danica.
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