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Abstract

The Polymerase Chain Reaction (PCR) has facilitated the detection of unculturable
microorganisms in virtually any environmental source and has thus been used extensively in the
assessment of environmental microbial diversity. This technique relies on the assumption that the
gene sequences present in the environment are complementary to the "universal”" primers used in
their amplification. The recent discovery of new taxa with 16S rDNA sequences not
complementary to standard universal primers suggests that current 16S rDNA libraries are not
representative of true prokaryotic biodiversity. Here we re-assess the specificity of commonly
used 16S rRNA gene primers and present these data in tabular form designed as a tool to aid
simple analysis, selection and implementation. In addition, we present two new primer pairs
specifically designed for effective 'universal' Archaeal 16S tDNA sequence amplification. These
primers are found to amplify sequences from Crenarchacote and Euryarchaeote type strains and
environmental DNA.
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1. Introduction

16S rRNA sequence analysis has been used to clarify the taxonomic affinities of a wide range
of taxa (e.g., Baker et al., 1999; Mclnnery et al., 1995) and as a powerful tool for assessing the
genetic diversity of environmental samples (e.g., Baker et al., 2001; Groflkopf et al., 1998; van
Waasbergen et al., 2000; Whitehead and Cotta, 1999). PCR amplification of 16§ rDNA from
organisms which are as yet unculturable has provided an invaluable insight into our understanding
of community structure, especially of communities inhabiting extreme environments, where
growth conditions may be difficult to mimic in the laboratory. Over the past 25 years, a large
number of primer sequences for amplification and sequencing of ssu rRNA genes have been
published (e.g., DasSarma and Fleischmann, 1995; Elwood et al., 1985; Kolganova et al., 2002;
Wata-nabe et al., 2001). Some of these primers have been designed as taxa specific, whilst others
have been designed to amplify all prokaryotic ssu-tRNA genes and are referred to as 'universal'.
As the database of 16S rRNA gene sequences has grown, new taxo-nomic groups have been
discovered (Barns et al., 1994; Hugenholtz et al., 1998; Mclnnery et al., 1995; Nielsen et al., 1999).
In particular, two novel sub-divisions of the domain Archaea, the Korarch-aecota (Barns et al.,
1994, 1996) and Nanoarchaeota (Huber et al., 2002), have been discovered in the past decade.
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These sub-divisions are based mainly on environmental DNA sequences from thermophilic
ecotypes (Barns et al., 1994; Marteinsson et al.,, 2001; Hohn et al., 2002). Burggraf et al. (1997)
have successfully cultivated a Korarchaeote in a mixed laboratory culture at 85 °C. The cells,
identified by fluorescence hybridisation, are rods of 5 — 10 Am in length. The Nanoarchaea
exhibit uncharacteristically small cell size and were first documented as exosymbionts of the
Crenarchaeote, Ignicoccus at 70—98 °C (Huber et al, 2002). Both the Korarchacota and
Nanoarch-aeota are positioned near the base of the Archaeal branch of the universal phylogenetic
tree (Barns et al., 1994; Kim et al., 2000; Huber et al., 2003), suggesting that these are relatively
archaic lineages. Due to culturing constraints and the general perception that Archaea are limited
to extreme environments, it is likely that representatives from these groups may well have been
overlooked elsewhere. It is notable that phylotypic signals identified as low temperature
Crenarchaeotes are almost ubiquitous in terrestrial and marine environments (DelLong et al.,
1994; Jurgens et al., 1997; MacGregor et al., 1997; Schleper et al., 1998) but no examples of this
group have yet been cultured.

Primers designed to be complementary to the conserved regions of the groups present in the
original universal phylogenetic tree are not necessarily complementary to all those that exist in the
database today. In fact, it has been demonstrated that Nanoarchaeum does not amplify using
standard "universal archaeal primers" (Huber et al., 2002). New primers are thus required that are
both universal and specific. Ideally, they must be specific to the domain in question, whilst
complementary to sequences in all taxa within that domain. Lists of 16S tRNA primers have been
published  (e.g., DasSarma and  Fleischmann, 1995; Rey-senbach and  Pace,
1995)thatarealludedtoas wuniversal or domain-specific, but little empirical evidence
supporting these specificities is available.

The European Ribosomal RNA database (http:// www.silk.uia.ac.be) provides excellent

secondary structure variability maps for 16S and 23S rRNAs and shows the superposition of
primers on the 16S and 23S genes of Escherichia coli. Unfortunately, however, this resource is not
readily available for the Archaea.

The objectives of this review are to summarise and critically review the information available on
16S tRNA primers, to provide an easy-to-use framework with which to examine the applicability
of oligonu-cleotides on the basis of their specificities to various taxonomic groups and to offer
up-to-date domain-specific primer sets. Previous papers (e.g., Wintzin-gerode et al., 1997) have
discussed in general terms the pitfalls of PCR-based technologies, but here we focus on primer
specificity and problems associated with primer-template mismatch.

2. Bacterial primer specificity

Regions of differing variability in the 16S rRNA variability map (Fig. 1) are colour-coded to
facilitate the analysis of primer variability: totally conserved positions (2, = 0), brown; highly
conserved positions (, =10"""*-10""**), red; variable positions (v; > 10+ *), blue and
nucleotides present in E. w/ butabsentin>75%ofother bacterialsequences, green;
nucleotide positions with variability ranging from 2, = 10" "** to », = 10+"°", black. According to
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this variability map, over 10% of bases in the 16S rRNA gene are totally conserved (within a
sample of 500 bacterial sequences).

KEY: totally conserved conserved variable highly variable > 75% variable

variable regions priming sites l:l

140 20 30 40 50 (=14

ARATTGAAGAGTTTGATCATGGCTCAGATTGAACGCTGGCGGCAGGCCTAACACATGCAAGTCGAACGGT

E&F E9F
80 100 110 120 130

AACAGGAAGAAGCTTGCTTCTTTGCTGACGAGTGGCGGACGGGTGAGTAATGTCTGGGAAACTGCCTGAT

150 Y1 180 174 180 180 200

GGAGGGGGATAACTACTGGAAACGGTAGCTAATACCGCATAACGTCGCARAGACCAARGAGGGGGACCTTC

220 230 2440 AVi] 250 260 27

GGGCCTCTTGCCATCGGATGTGCCCAGATGGGATTAGCTAGTAGGTGGGETARCGGCTCACCTAGGCGAC

290 300 310 320 330 340
GATCCCTAGCTGGTCTGAGAGGATGACCAGCCACACTGGAACTGAGACACGGTCCAGACTCCTACGGGAC

360 370 380 350 400 f-'_'l E33441F

GCAGCAGTGGGGAATATTGCACAATGGGCGCAAGCCTGATGCAGCCATGCCGCGTGTATGAAGAAGGCCT

430 440 4540 460 470 4840

TCGEGTTECTAAAGTACTTTCAGCGGGGAGGAAGGGAGTAARGTTAATACCTTTGCTCATTGACGTTACCC

500 510 520 530 V3 540 550

GCAGAAGRAGCACCGGCTAACTCCGTGCCAGCAGCCGCEETAATACGGAGGGTGCAAGCGTTAATCGGAR
U529/34/E533R H US15/519F ‘ .

570 610 E20

TTACTGGGCGTAAAGCGCACGCAGGUGGTTTGTTAAGTCAGATGTGARATCCCCGGGCTCAACCTGGGAR

640 650 E60 670 3] [-1:1i]

Vid

CTGCATCTGATACTGGCAMAGCTTGACGTCTCETAGAGCGEGETAGAATTCCAGGTCGTAGCGETGAAATGCE

710 720 T30 T40 T50 Ted

TAGAGATCTGGAGGAATACCGGTGGUCGAAGGCGGUCCCCTGGACGAAGACTGACGUTCAGGTGCGARAAGT

TBO 780 aod 310 azo a3

GTGGGGAGCAARCAGGATTAGATACCCTGGTAGTCCACGCCGTARACGATGTCGACT TGGAGGTTGETGCC

) E786F
850 870 280 280 800 5

CTTGAGGCGTGGCTTCCGGAGCTAACGCGTTAAGTCGACCGCCTGGGGAGTACGGCCGCAAGGTTAAAAC

520 530 540 950 %60 S70

TCAAATGAATTGACGGEGEGCCCGCACAAGCGGTEEAGCATGTGETTTAATTCGATGCAACGCGAAGAACC

E926R/U926R/ES39R
1000 10L0 1020 1030 1040
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TTACCTGGTCTTGACATCCACGGARGTTTTCAGAGATGAGAATGTGCCTTCGGGARCCGTGAGACAGGTG

1080 1070 1080 VA 10%0 1140 1110

CTGCATGGCTGTCGTCAGCTCGTGTTGTGAAATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTTATCC

U1053F UL115RMATI098F
1130 1140 1150 1180

TTTGTTGCCAGCGGTCCGGCCGEGAACT CAAAGGAGACTGCCAGTGATAAACTGGAGGAAGGTGGGGATG

1200 V7 1210 1220 1230 1240 1250

ACGTCAAGTCATCATGGCCCTTACGACCAGGGCTACACACGTGCTACAATGGCGCATACAAAGAGANGCG

1270 1280 1250 1200 1310 1320

ACCTCGCGAGAGCAAGCGGACCTCATAAAGTCGCGTCGTAGT CCGGATTGGAGTCTGCAACTCGACTCCAT

1340 VE 1350 1360 1370 1380 13580

GAAGTCGGAATCGCTAGTAATCGTGGATCAGAATGCCACGGTGAATACGTTCCCGGGCCTTGTACACALCC

5
1410 1420 1430 1440 1450 1480 406/15

GCCCGTCACACCATGGGAGTGGGTTGCARARAGAAGTAGGTAGCTTAACCTTCGGGAGGGCGCTTACCACT

1480 1430 1500 1510 Vo 1529 1530

TTGTGATTCATGACTGGGGTGAAGTCGTAACAAGGTAACCGTAGGGGAACCTGCGGTTGGATCACCTCCT

UlI510R E154iR

TA
Tblel ) 1). The
Bacteria specific 168 rRNA gene sequence/PCR primers retal
Code Sequence 5'-3 N Ta B A E Matches Ref.
E8F AGAGTTTGATCCTGGCTCAG 20 55 +++4 4 — 2424 Reysenbach and Pace, 1995; Martinez-Murcia
et al., 1995; Reysenbach et al., 1994
E9F GAGTTTGATCCTGGCTCAG 19 53 ++44+ 4 + 4 2741  Mclnnery et al., 1995; Hansen et al., 1998; 1 no
Farelly et al., 1995 \ases
E334F CCAGACTCCTACGGGAGGCAGC 21 65 ++4  — — 13,172 Rudi et al., 1997
E341F CCTACGGGIGGCIGCA 16 51 +++ 4 - 16,685  Watanabe et al., 2001 3 are
E786F  GATTAGATACCCTGGTAG I8 47 ++4+ 4 — 12,616  Cologhoun, 1997 .
E533R TIACCGIICTICTGGCAC 19 56 +++ 4 ++ 18,724  Watanabe et al., 2001 1s a
E926R  CCGICIATTHTTTIAGTTT 20 50 ++4 4+ 4+ 44 19950 Watanabe et al., 2001 1ote,
E939R  CTTGTGCGGGCCCCCGTCAATTC 23 71 ++4  — — 8620  Rudi et al., 1997
EIIISR AGGGTTGCGCTCGTTG 16 47 +4++ — — 9052  Reysenbach and Pace, 1995 map
EI54]R  AAGGAGGTGATCCANCCRCA 20 57 +++ + — 1355  Suzuki and Giovanni, 1996 The

Primers described as bacteria-specific were submitted to the ‘check probe’ facility of the Ribosomal Database Project (http:/ .
www.rdp.cme.msu.edu’) to check for bactenal specificity. The total number of matches are given, and matches for Bacteria (B), Archaea -Clty’
(A) and Eukarya (E) are represented as follows: ( —, no matches; +, <25 matches; ++, 25— 100 matches; +++, <100 matches). Primer
numbering relates to E. coli position complementary to the 5' end of the primer. Last letter denotes direction: Forward and Reverse.
Ta=4 = (G+C)+ 2= (A+T)) -5 M=AorC;R=Aor G W=Aor T, 5=CorG; Y=Cor T, K=GorT; N=AorGorCorT.

3. Archaeal primer specificity

The Archaeal alignment shows substantial mismatch between primers that are designed to be
generally Archaea-specific or universally prokaryotic and the published sequences of some
Archaeal taxa, especially the Korarchaeotes and Nanoarchaeum. Several of the Archaea-specific
primers (e.g., EK4F, M704) are homologous to one taxonomic group within the Archaea or have
a Euryarchaeota or Cren-archaeota bias. Of the 51 primers described only 18 are 100%
complementary to Korarchaeote sequences and only 11 are complementary to Nanoarchacum
(Table 2, see after References).
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Table 3 shows examples of the specificity differences of some 'taxa-specific' primers. For instance
A1F to EKA4F are all designed to anneal to the same part of the gene, but differ in sequence and
specificity. All of these primers, except N3F, are said to be Archaea-specific, but EK4F has a very
high specificity for methanogens-specific sequences and does not match 100% with any other
Archaeal group. A2Fa has a more general specificity to Archaeal sequences. Similarly, Eb787F
and Ab787F, which are both described as universal primers, differ by only one base (5 nt from
the 3' end), but have entirely different specificities. Of the primers described as universal, many
have poor specificity for the Crenarchaeotes (529R, 1053F, 515F), some have poor Euryarchaeota
specificity (519F, 534R) and others have poor Ar-chaea-specificity over-all (926R).

4. Primer specificity

Universal primer design is a compromise between universal complementarity and other primer
attributes, such as primer—primer complementarity, annealing temperature and G/C ratio
(McPherson et al., 1995). Ideal annealing temperatures and lack of self-complementation are often
sacrificed in 16S rRNA gene primer design in order to obtain optimal specificity across whole
domains.

In Tables 1 and 3, primer specificity has been judged on the basis of 100% complementarity of
primer to template. In reality, in the case of amplification from pure cultures, 70% identity to
target sequence is sufficient for successful annealing and amplification (Stern and Holland, 1993).
However, poor complementarity of "universal" primers, especially at the 3 ' end, to particular taxa
in environmental samples will lead to under-representation of these genotypes within 16S rRNA
gene libraries.

Primers that include multiple nucleotides at degenerate positions have been used to provide
"universal specificity", but such primers are reported to have biased template-to-product ratios
(Polz and Cava-naugh, 1998) and excessive degeneracies can lead to amplification of non-target
genes or domains. Wata-nabe et al. (2001) reviewed the use bacteria-specific primers containing
inosine residues and concluded that these primers are useful in the detection of diverse
environmental populations. In our analysis, primers containing inosine residues had broader
specificity, but excessive use can lead to amplification of non-target groups. Practically, inosine
residues are considerably more expensive than standard bases.

5. New universal Archaeal primers

The majority of Archaea-specific primers were designed prior to the identification of the
Korarch-aeote and Nanoarchaeote sub-divisions and thus Ar-chaea-specific primers need to be
reassessed in the light of the discovery of these taxonomic groups. Specific primers have been
designed to be effective for Korarchacote and Nanoarchaeote identification (Brunk and Eis,
1998; Huber et al., 2002), but for total Archaeal community analysis, a set of primers specific to
all Archaea would be essential. On the basis of our 1300 bp Archaeal 16S rRNA gene sequence
alignment, there are clearly regions of conservation common to all four sub-divisions ofArchaea
that have not previously been utilised.
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6. Primer design

New primers have been designed on the basis of the Archaeal alignhment (Fig. 2, see after
References) by manual searching for areas of sequence conservation across all four Archaeal sub-
divisions. Given that no regions of sufficient length with 100% complementarity to all Archaeal
sub-divisions exist in the alignment, primers were designed to maximise complementarity at the
3" end. Where mismatches occurred degenerate bases were added. Where there were three
different bases in a specific position, an inosine residue was added. No more than 25% total
degeneracy, and less than 10% inosine residues were allowed per primer. Primers were designed
with annealing temperatures of between 50 and 60 °C

7. Laboratory assessment of new primers

New primers (A571F/UA1204R and A751F/ UA1406R) were assessed in the laboratory in
comparison to a published primer pair (A2Fa/U1510R), which are frequently used for
amplification of Archaea ssu tDNA from environmental samples (Hugenholtz et al, 1998;
Reysenbach and Pace, 1995; Lopez-Garciaet al., 2002; Martinez-Murcia et al., 1995; Jurgens et al.,
2000). Primer pairs were tested against DNA extracted from two Crenarchacote and two
Euryarchaeote type-strains, E. co/i and two hydrothermal sediment samples from the Tokaanu

and Waiotapu thermal region in New Zealand. DNA extraction was conducted using the
modified Zhou method (Stach et al., 2001).

PCR was conducted using 0.5 AM primer, 0.2 mM dNTPs, 1.5 mM Mg+, and Roche Tag
polymerase (1 unit) under the following conditions: Initial Dena-turation-2 min at 94 °C; 30
cycles-1 min at 94 °C, 1 minat55 °C (A571F/UA1204RandA751/UA1406R) or 1 min at 50 °C
(A2Fa/U1510R), 1 min at 72 °C; Extension-10 min at 72 °C.

The two new primer pairs were used successfully in amplifying DNA from Swu/folobus solfataricus, S.
shibatii, Pyrococcus woesii (data not shown) and Thermococcus litoralis and did not amplify E. coli DNA.
Both the new primer sets and the published set, A2Fa/U1510R, also amplified DNA extracted
from Waiotapu hydrothermal sediment samples, NZ, and the amplicon yield using the new
primers was higher than that with the published set. The new primer sets were also effective in
amplifying a product from environmental DNA extracted from the Tokaanu hy-drothermal
region, NZ, where the published primer set failed (Fig. 3). The PCR product amplified using
A571 and A1204R was cloned into pGEM-T Easy System 1 (Promega) and transformed into
MC1061 competent E. co/i. colonies containing different Hinf1 restriction fragment patterns were
sequenced using M13 primers. Unique partial 16S rRNA Archaeal sequences were obtained
which clustered within the sub-division Crenarchaeota.
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Fig. 3. One percent agarose TBE gel showing PCR products run against a E Pst 1 digest. Primers—Lanes 2-5: A2Fa/U1510R; 6-9: A571/ UA1204R; 10-13:
AT751/UA1406R. Templates—Lanes 2, 6, 10: E. coli; 3,7,11: T. litoralis; 4, 8, 12: Waiotapu environmental sample; 5, 9, 13: Tokaanu environmental sample.

8. Conclusions

PCR has been used to great effect to identify organisms that are as yet unculturable in vitro
(e.g.,Hill et al., 2000; Polz and Cavanaugh, 1998; Theron and Cloete, 2000; Ward et al., 1990). Bias
in phylogenetic analysis is introduced through differential amplification caused by differences in
the efficiency of primer binding, interference by sequences flanking primer regions (Hansen et al.,
1998) and differences in the kinetics of the PCR reaction. (e.g., Brunk and Eis, 1998; Reysenbach
and Pace, 1995; Suzuki and Giovanni, 1996). As a consequence, many, if not all, 16S tDNA
libraries will not be totally representative of microbial communities, especially on a quantitative
level (Farelly et al., 1995; Reysenbach et al., 1992).

None of the primers in current use are truly "universal" and no single set of primers can be
recommended that are guaranteed to amplify all prokaryotes. We have designed two primer pairs
that potentially amplify representatives from all Archaeal groups and may access a greater
Archaeal diversity than is possible with previously published primers. In addition, we provide data
in Figs. 1 and 2 and their associated tables as a tool to aid the choice of the most appropriate
primers for specific objectives. We also emphasise, as have others (Polz and Cavanaugh, 1998;
Suzuki and Giovanni, 1996; Wintzingerode et al., 1997), that the pooling of several PCR reactions
utilising slightly different primers may significantly reduce bias and provide a more accurate
understanding of microbial community structure.
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Table 1

Bacteria specific 165 tRNA gene sequencePCR primers

Code Sequence §-3 N Ta B A E Matches  Ref

EEF AGAGTTTGATCCTGGUTCAG 20 +++ + - 2424 Reysenbach and Pace, 1995; Martinez-Murmia
et al, 1995; Reysenbach et al., 1994

ES9F GAGTTTGATOCTGGUTCAG 19 +++ + ++ 741 Mclmnery o al, 1995; Hansen ot al., 1998;
Farelly ot al, 1995

E3MF  CCAGACTCCTACGGGAGGUAGC 21 65 —=+  — - 13,172 Budi et al., 1997

E341F CCTACGGGIGGC HGUA 6 51 +++ =+ — 16,685 ‘Whatanabe et al., 2001

E7B6F GATTAGATACCCTGGTAG I8 47 +++ = — 12,616 Cologhoumn, 1997

E533R TIACOGHK TICTGGCAC 19 5 +++ =+ ++  1E7TH Watanabe et al., 2001

E926R  CCGICIATTITTTIAGTTT N O +++ +++ =+ 195950 ‘Watanabe et al., 2001

E93R CTTGTGOGGGOCCCOGTCAATTC 23 71 —=+ — - B620 Budi et al., 1997

EIl53R  AGGGTTGOGCTOGTTG 6 47 =+ - - 52 Reysenbach and Pace, 1995

ElMIRE AAGGAGGTGATCCANCCRCA N 5 +++ + - 1355 Swruki and Giovanmi, 1996

Primems described as bacteria-specific weme submitted to the ‘check probe” facility of the Ribosomal Datmbase Project (hitp:!/

www.rdp.ome. mawedn) to check for hacterial specificity. The total number of matches are given, and matches for Bacteria (B), Archaea
(A) and Eukarya (E) are represemted as follows: { —, no matches; +, <25 matches; +—, 25-100 matches; ——, < 100 matches). Primer
numbermg relates to £ coli positon complementary @ the ¥ end of the pimer. Last letter denotes direction: Forward and Revemse.
TaeAd x (GO 42 2 (A+TN-5M=Aor C,R=A ar G, W=A o T.5=Cor G ¥Y=Cor . K=Goa T, N=AaGorCa T.

Table 2

List of published amhacal 165 sequences used to represent the

major AXInOmie groups

Crenarchasotes
Sulfolobales; Sulfolabus solfatariois (X03235)

Thermoproteales; Thermoprotews fenar (M35966)
Desulfuracoccales; Desulfirococcus mobiis (M36474)

Uneclassified Crenarchacotes; Cenarchaanm symbiosum (U51469)

Ewryarchasotes

Archaeaglobhales; Archaeagbbus fulgidus (X05567)

Halobacteniales; Haloareula argentinensiz (DS0849)

Methanocoocales; Methanococons jannasschii (M591 26)

Thermococcalkes; Perocooows firiosus (L20163)

Kararchasotes
Uncultured Korarchacote pBAS (AF1T6347)
Unidentified Korarchasote pJP27 (L25852)

Nanoarchaaota
Nanoarchaeum equitans (AJ318041)
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Table 3

“Universal™ and Amchaca-specific 165 rRMA gene sequence/PCR primers

Code Pub spec.  Sequence o3 M Tm Matches EK1 EKZ? EEK3 EK4 TC NTC REF

AlF A= ATTCOGGTTGATOCTGE 17 49 B9 + — ++ + + — Tajima et al, 2001

AlFa A= TTCOGGTTGATCCY GOOGGA 20 60 215 + + +++ + ++ ++ Reysenbach and Pace, 1995;
Martinez-Murcia ot al., 1995;
Jurgens o al., 2000

A2Fh A= TTCCGGTTGATCCTGOOGGA 20 61 189 + + ++ + ++ 4+ Lopes-Carca o al, 2002

AdFa TCOGGTTGATCCY GO O 18 56 265 + + +++ + ++ #++ Mclnnery et al., 1995

AlFb TCYGETTGATCCY GSCRGAG 20 6l 263 + ++ +++ + + — Lopez{iarcia o al., 2001

M3F N+ TCCCGTTGATOCTGOG 16 52 1 — — — — — — Huber et al., 2002

EK4F CTGGETTGATCC TGOCAG 17 49 1453 - - ++ - - - Vietriani ot al., 1999

AlRFE ACKGCTCAGTAACACGT 17 46 512 + +++ +++ ++ + ++ Whitehead and Cotta, 1999

Kh228F E/A GAGGOCCCAGGRTGGGACCG . 20 66 B + — — — + — Brunk and Eis, 1998

Eh246F A+B+ AGCTAGTTGGTGGGET 16 45 30z1 - - - - - - DasSamma and Fleischmann, 1995

A333F A= TOCAGGOUCTAC GGG 15 51 4495 + +++ +++ ++ + + Reysenbach and Pace, 1995

Ad4DF A= COCTACGGGGY GUASCAG 18 60 Tisky + +H+ 44+ 44+ 4 + Vetran et al, 1999

L341F CCTACGGGRSGCAGCAG 17 34 16776 + +++ +4++ ++ 4+ O+ Hansen et al., 19495

AJHF A= ACGGGGTGCAGCAGGUGOGA . 20 68 T + +++ +++ ++ + + Casamayor ot al., 2002

Khin6F E/A CTCOGCAATROGOGM AAG 18 53 24 + + — + + + Brunk and Eis, 1908

U515F A+B~=- GTGOCAGCMGC OGOGGTAA 19 60 18695 + +++ +4++ + + + Reysenbach and Pace, 1995;
Reysenbach et al., 1992

L5 19F CAGCMGOOGUGGTAATWE 18 54 18018 + + +++ ++ 44+ £+ Surukd and Giovanmd, 1996

ASTIF GCYTAAAGSRICCGTAGC 18 52 675 + ++ +++ 4+ 44 44 This revim

Bl F E/A GTTAAATCCGOCTGAAGACA 20 53 2 - - - - - - Brunk and Eis, 1998

ATSIF COGACGGTGAGRGRY GAA 18 54 456 + + +++ ++ 44+ £+ This review

AhTTOF AK GUCRAASSGGATTAGATACCC 20 56 1635 + +HH+ 4+ 4+ 4 Brunk and Eis, 1998

EhTRTF A+B+ ATTAGATACCCTGGTA 16 39 12682 - - + - - - DasSamma and Fleischmann, 1995

AbTRTF A+B+ ATTAGATACCOGGHTA 16 41 1304 + +++ +++ ++ ++ 4+ DasSamma and Fleischmann, 1995

AhTROF TAGATACCCSSGTAGTCC 18 51 2035 + +HH+ 4+ 4+ 4 Barns et al., 1994

AhO0AF A= GAAACTTAAAKGAATTG 17 38 S070 + +++ F4++ 4+ 4 4 Reysenbach and Pace, 1995

AlOF A= GAGAGOWGGTGC ATGGECC 18 55 [ + +++ +++ ++  +++ 4+ Reysenbach and Pace, 1995

U1053F A+ +B+ GCATGGOYOYCOGTCAG 16 49 QUER + +HH+ 4+ 4+ + + Das%amma and Fleischmann, 1995

AlBEF A+B~=- GGCAACGAGOGMGACCC 17 54 437 + +++ +4++ + +++ + Reysenbach and Pace, 1995
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Mh1225F
AbI2TR
AL4ER
ERS10R
TC5 18R
LUs2R
LI534R
KAZ4R
MTME
AbBIYR
L26R
AhY2TR
AVMR
ARTHR
AlllSR
EKh1242R
LAT2R
LA T406R
NI 406
LT 406E

Eh1415R
NI 510K
UL510R

A+B+

A_
A_

N_
A+-B~+

N_
A+B+

ACACGOGTGCTACAAT
CCACGTGTTACTSAGE
COCOGTAGGGOCYGG
CTTGCCCRGOCCTT

ACACCAGRCT TGOCCCOOGOTT

ACCGOGGCRGCTGGE
GWATTACCGOGGURGCTG

TGTCTTCAGGUGGATT TAAC

TTACAGGATTTCACT

TTTCAGY CTTGOGROCGTAC
COGTCAATTCCTTTRAGTTT
COCGOCAATTCC T TAAGTTTC
GTGCTCOOCOGECAATTCCT
YOOGGOGTTGAMTOC AATT

GOGGTCTOGC TOGT TG
CCATTGTAGCSCGOGTG
TIMGGGGCATRCIKACCT
ACGOGOGGTGWETRCAA
ACGOLGOGGTGAGTGCAA
GACGGGOGGTETGTRCA

ACGOOGOTUTGTRC

ACGGCTACCTTGTGTOGACTT

GUTTACCTTGTTACGACTT

16
15
14
22
15
18
20
15
20
20
22
20
149
15
17
18
17

17

14

1%

B O BoEsUZ2RERUEEESZAS

£
p=)

73
570

19143
18018

166s

1939
14 386

17237

16814

950

[DasSarmma and Fleischmann,
[DasSamma and Fleischmanm,
Barns ot al., 1994
[DasSarmma and Fleischmann,
Barns ot al., 1904
[DasSarma and Fleischmann,
[DasSarmma and Fleischmann,
Brunk and Eis, 1998
[DasSarma and Fleischmann,
Hrunk and Eis, 1998
Reysenbach and Pace, 1995
Jurgens o al, 2000
[DasSarmma and Fleischmann,
Reysenbach and Pace, 1995
Reysenbach and Pace, 1995
[DasSarma and Fleischmann,
This revies

This review

Huber et al., 2002
Reysenbach and Pace, 1995;
Hansen ot al., 1998

Lee et al., 1996

Huber et al., 2002
Reysenbach and Pace, 1995;
Tajima ot al, 2001;
Lopez-(iarcia ot al,, 2001

19495
19495

19495

19495
19495

19495

19495

19495

Primers described as archacal-specific were submitted to the *check probe” facility of the Ribosomal Database Project (hitp:/ s rdp cme.msu edu/) to check for anchacal speaficty.
All forwand primers wene submitted as “target sequence” and reverse primers were submitted as pmbes. The seanch was based on a 100% match. The annealing temperature, number
of matches to the database and specificity to major taxonomic groups ane listed. Pimers have ben re-named acconding to their specificity as judged by resuls of the Probe Match and
complementarity to the 1300 bp archacal alignment. The number of total matches & noted as a geneml measure of primer specificity, accepting that this measure is totally dependent
on the bias of sequences present in the database. Primers specific to either ends of the gene have a low number of matches, because these aneas are less often sequenced, with the
majority of sequence information being available for the V2— V6 regions. Centain taxa, such as the Korarchacotes and Manoarchaea have a low hit mte as there are comrently very few
mpresentatives from these @xa i the database. Column headings: EK1 = Methanococcales; EK2 = Methanobactermles;, EK3=Methanomicrobacteria and relatives;
EK4=Themococcales and Methanopyrales; TC=Themophilic Crenarchaeotes; MTC=MNon-thermophilic crenarchasotes; K =Kommhaeotes; N =Mancarchaza; B = Bacteria;

E=FEukaryotes, Ribosomal RNA database matches: —=mno matches; +=<25 matches; ++=25-100 matches; ——=>100 maiches.
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ACES 05 ALGAF

CORS AB1Z2TR
X01215 CEGACGECTEAET TEECTAACCTACCCT OGEEACEGEEA TARC OO OGEaARAC TEEGEAT AR TOCCOGA TAGEEARGEAET COTGEARTEETTOC T TC OO TARREGECTATA
M3sLT4 GG TOAG T AR RO TGO TARC T AT COEaAGEGEAA T AR LA OGEaARAC TOE TOCTAR TOC OO AT AGEGEAGGARG O TERAAGEOT T O T O EAARGGE -TOETA
M3ISEEER A GG T AGTAACA G TACC CAAC CTAR L CT O G AR AT AR C O O EGRAR T e TEA T O O A T A GG EAA G E O E O TG ERAGEC OO CTTOC TC CARRGGERTOGE
US1465 CAEACGEC T AGTARCACGTASTCAATCTARCCTAT EAACEGEGATARC CTOGEGAAAC TEACGAATAR TATCOGA TAGECCACTATSC S TEEAATESTTIGTEECCCARA - —— —— - ——
X053567 CEGACGECTCAGTAACACG TGEACAACC TGO CCT OGEE TEHEEEATARC OO OGEERAMC TEEEECTARTCCC O CATAGEEEATEGETRCTGEAART FTOCCATCT COEARMG OG- - - CT
DEOB4S CATATAGCTCAGTARCACETEECCAA O TACCCTACAGAC COCEATARC CTOGEAAMMC TARGEC AR TAGCEARTATARCTC TCRGEC TAGRAETE - - - - - - - —COEAGASTTA- - —-
M53126 A G T AT AR A e TR TAAC O T A LT O Re TR R AT AR LT O R R AR S T A T AR T D O A T A SR AR T T TR RRAT G AT C O T D OO EARAD (= - = =
U20163 CEEACGECTCAGTAACACG TG TAACCTACCCT OGEEAGEGEEATARC COOGEGAAMC TEGEEC TAA TCCC O A TG CTGEGETRC TEEARGET CC CCARGCCEARAGGEAGICE
AF1T76347 RGO CETRATACACGET CAAC C TG T CCT B EGAC CBEGATARCCT OB EGRAAC TEAGGCTAR TACCRGATAGEFGEETGEATT o TEEAAT FEETCCACCCC TRARAG TAGROGE
La5452 A GO T CETAR TACACGE T AR C TG T o CT oA S OB EGATARC CT OGEGAAA  TEAGEC CAR TR S EGA T AGEEETEEATT OO TG EARTEGET CCACC OO TARAS TRGEOEE
AJILE04L CECACGECTEAGTAACACG TG TAACCTACCCT OGEEACGEEGATARC COOGEGAMMC TEGEEC TAATCCC OGA TAGEEEATEGETEC TEEARGEC CC CATC OO EAGAGGEE-CTA
GAG GUCCCRGERTREGACCE EDIZ2EF AGCTAGTTGETGGEET EbDI46F
X03235 G=CCTATTT OO TT TOTA= GO S O SR G A TG R TA LG R O A T O R G T IO T oSG TG TARA GG C O CAC D S AR CCTATAR CER G TAGEG RO COT RO RAGIRR=CRGCCTCCR
M3c474 EoAGEGETTAACACT G TACAC G OO EAGEA TG TACGEC CCA TTAGET TG TTEE UGG TAAC CACC OGO ARG O CEA TAR TEEETAGEGEC OB TRACAC I EE-GRGOC OO
Mi5566 GEGCEATCTCOOAC m G0 T wm = OO COEAGEE TEEEEE TACGEC COA T CAGE T TH T TEACGEEG T AR GACCOACC ARG C CEAMGRC EOETAGEGECGETEAGRGE O TAAGCC COGA
51465 mmmmm e m e me e TR TT TA TG OO TR AT RO A TRORS T CTAT CAGCT TO TTO R TOAGE TART RO D CAC ARG U TATARCRGAT AN DGR T TRAGAR A= ARG CC DGERA
XOe587T mEmm s ee e e A e e A A T G G T TG OGO G GA T TR T T T N G GA T G T AR GG O AT CAAG DO AACA T COR TACGORG AT AGAG TR =CAGC DOGG
D5084% - -GARACGTTCOOG- —GoG-- —CTGET - - - AGEATG TGEC TG OGEC CEA TTRGETAGA TG TEEEE TAR RGO CCAC T AT o CEATART OGETACAGET TG TRAGAGCRA - GRGCCTERR
MEO12E TECCOEANNATGEGEEC TEOGEOEEA TTAGETAG TTEE TEEGETARC EECOCACCARECCT ACGA T COET RCEGECOCTEACAEGEG-GAGCC OGER
U2a1E3 mmm e e T ARG G OO RAGEA T OGECEECGHC DA TTAGET AGT TG TGEGE TAAC AT CACC ARG CAARGAT COETACGGOC COTEAGRGT RO = GAGITDEGER
AF17E8347 GOEGAACEECCOOACTEAE -- —— G O CAGGE TEEaACCETGEC CTAT CAGG T ARG TAGA TAEGE T AR BACCCACC TAGC CTAMIRC BAETACEGEC T TEAGA RO - AAGOCCGEER
L25452 GEEGROGGCCCOGCTRAG=m ma =50 O O G RS TR EGAC G TR CTATCAGCTAG TAGG TR TAR RO CCAC T TR CTAR GRS GGG TAC RGO T TRAGARGRG=GRGCC CEGR
AJILED4A] GOOOTACT T OO = R AR GEGOCROGEC OCATCAGETAGTTGGD G AAT RO ARG O ARG AT AT AR OO T RAGART G- R AR O DT TR,
I A233F
GEYCCEEFEATGOCCC  AJ4ER CTCOGCRATROGCEMARE  KbI66F
X03235 GT GGG O T RA R AR G O ARG DT R S G G G A A R R S O R A T O AR T O R AAR T R AR O R TR OO AG TOC = CT OO CARG G = me B= GCTTTTC
M36474 GATGEGCACTEAGACAACGECOCAGGCCCTAC R OGCACCAGECEOGAARC CT O Do AR TE OO EARAMCCETEACGEEEC CACCOOGAG TG C -COCCTTADGEG - ——G-GCTTTTC
M35556 GATGEOCACTEAGACAAGAECCCAGGCOCTACGAGA TACAGCAGECECAAA TACT CCGCARTO G GCARCCECEACGEGECCACCOOIAGE TAC - COGEGERRGAACC OG- GCTTTTE
US1465 GATGGGTACTGAGA TR RGO A GG e O TR TR R G A S A R A A R A CT T TR AR T TR RARR GO RO A CAR GG TTRATCOGAG TG TT TTC=TRC TARRGA=A=ATCTTTT
XOD555T GATGGACCCTGAGACACEAET O AGEC O TAC AR C A RGO CaARACCT OO CARTACGGOARARCCECOACGGEGET CAGCCEAAATACT CODGCAT O 0a0 0= =00 TET IO
B50845% GAOGETATCTGAGRCRAGA TACC GGG O TA TG EGOGCA G T ARG CGRARCCT TTACAC TG CACGACART GLGA TREGEEERC TCOGAG TG TEAGEHECATATRGOCCTOGCTTTTE
MEO126 GATGEACACTEAGAC A EEET ORGSO OO T A CEEG G C A AGEOEOGAARC CT OO GO AR TE CE L EARREC EOEA CGEEEEEAC OO OGAG TECC CADGOC C TEOGTE- G- GCTTTTC
UZ2ale3 GATGGACACTGAGACACEOET O AGGC DT TAC DGR A RGO CaARACCT OO CARTADGG GARARCCECOACGGEGEGGAC O CCATAC = DO TAD T T TEOCACG=G0TTTTC
AF178347 GATOOOCACTEAGAC AAGOECOCAGECOCTACGOGO A CASCAGECE AR TT O CCARTO G CGCARGCETEASGEAG TEAGCOOIAGE TAC - COCCOGC TEAGEA0E-GCTETTC
L2852 GATGGGCACTGAGA AR RGO AGG OO TR LG EGENGCA ARG GO AR CTT o O AR TG LG L GO AR GO ETRAGGEAG TR RGO COGAG TR C = DR OO CGEE TRRGRECG=GCTETTC
AJILED4] GATCOGOCACTGAGACAREOECCOAGEC DT TACDAEGOICACCAGGOI CaARACCT UG AR TACGGEAARCCETGACGEGOOGACEGAGAITAC =GOlaT TATACT CTOCGGCTTTTA

Fig. 2. Alignment of representative taxa from each of major Archaeal subdivisions. Tabulated Clustal alignment of 1300 bp (from base 106 —1406; £. coli numbering) of archazal 165
HMA gene sequences. Row 1 =Crenarchasotes; Row 2= Euryarchacotes; Row 3= Korarchacotes; Row 4=MNanoarchaeotes (see Table 2). Sequence data from base numbers 0— 105
and 1407 was not available for all 11 taxa, so has been omitted from the table. The sequence & mnotated with “universal™ and Archaca-specfic pnmer positions, Bases not
complementary to the primers are highlighted in blue (where ter: were several variants of one primer the non-consensus hases are highlighted).
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TTCCCGRCCCGTTC EK510R TTCGCCCCCCGTTCR-GACCACA TC518R
GTGCCAGCMGCCGCGGTAA U515F A571F GCYTAAAGSRICCGTAGC CAGCMGCCGCGGTAATWC U519F CAGCCGCCGCGGGAACAC N519F CGGTCGKCGGCGCCA U529R
GTCGKCGGCGCCATTAWG US34R

X03235 M36474
M35966 U51469

CCCGCTCTAAAAAGGCGGGGG-AATAAGCGGGGGGCAAGT-CTGGTGTCAGCCGCCGCGGTAATACCAGCTCCGCGAGTGGTCGGGGTGATTACTGGGCCTAAAGCGCCTGTAGCCGG
CCCGCTGTAGGAAGGCGGGGG-AATAAGCGGGGGGCAAGT-CTGGTGTCAGCCGCCGCGGTAATACCAGCCCCGCGAGTGGTCGGGACGATTATTGGGCCTAAAGCGCCCGTAGCCGG
CCCGGTGTAAGGAGCCGGGCG-AATAAGCGGGGGGTAAGT-CTGGTGTCAGCCGCCGCGGTAATACCAGCCCCGCGAGTGGTCAGGGTGATTACTGGGCTTAAAGCGCCCGTAGCCGG
ACCGGTCTTAAAACCACCGGCGAATAAGGGGTGGGCAAGTTCTGGTGTCAGCCGCCGCGGTAAAACCAGCACCTCAAGTGGTCAGM

X05567 D50849
M59126 U20163

GGGTGCCTAAAAAGCACCCCACAGCAAGGGCCGGGCAAGG-CCGGTGGCAGCCGCCGCGGTAATACCGGCGGCCCGAGTGGCGGCCACTTTTATTGGGCCTAAAGCGTCCGTAGCCGG
TGTACCGTAAGGTGGTACAGG-AACAAGGACTGGGCAAGA-CCGGTGCCAGCCGCCGCGGTAATACCGGCAGTCCAAGTGATGGCCGATATTATTGGGCCTAAAGCGTCCGTAGCTTG CGGAGTGTAAACAGC -
TCCGGGAATAAGGGCTGGGCAAGT - CCGGTGCCAGCAGCCGCGGTAATACCGGCGGCCCAAGTGGTGGCCTACTGTTATTGGGCCTAAAGCGTCCGTAGCCGG CGGAGTGTAAAAAGC-
TCCGGGAATAAGGGCTGGGCAAGG-CCGGTG CAGC GCCGCGGTAATACCGGCGGCCCGAGTGGTGGCCACTATTATTGGGCCTAAAGCGGCCGTAGCCGG

AF176347 L25B52

CCCTGTGTAAAAAGCAGGGGGTAGGAAGGGGAGGGTAAGG-CTGGTGCCAGCCGCCGCGGTAAAACCTAGCTCCCCGAGGGGTTCCCTACGCATACTGGGCCTAAAGCGTCCGTAGCTGG
CCCTGTGTAAAAAGCAGGGGGTAGGAAGGGGAGGGTAAGG-CTGGTGCCAGCCGCCGCGGTAAAACCAGCTCCCCGAGGGGTTCCCACGCATACTGGGCCTAAAGCGTCCGTAGCCGG

AJ318041

GGGAGTGTAAGTAGCTCCCCG-AATAAG G GGGCAAGA-GGGGTGGCAGCCGCCGCGGGAACACCCCCACCGCGAGCGGTGGCCGTGATTATTGGGCCTAAAGGGGCCGTAGCCGG

GTTAAATCCGCCTGAA GACA KG04F
CAATTTAGGCGGACTT CTGT  K624R M704R TCACTTTAGGACATT

X03235 M36474
M35966 U51469

CCCACCAAGTCGCCCCTTAAAGTCCCCGGCTCAACCGGGGAACTGG-GGGCGATACTGGTGGGCTAGGGGGCGGGAGAGGCGGGGGGTACTCCCGGAGTAGGGGCGAAATCCTTAGAT
CCCGGCAAGTCCCCTCCTAAATTCCCGGGCTCAACCCGGGGACTGG-AGGGGATACTGCCGGGCTAGGGGGTGGGAGAGGCCGAGGGTACTCCCGGGGTAGGGGCGAAATCCTATAAT
CCCGGCAAGTCGCTCCTGAAATCCCCAGGCTCAACCTGGGGGCAGG-GGGCGATACTGCCGGGCTAGGGGGCGGGAGAGGCCGCCGGTACTCCGGGGGTAGGGGCGAAATCCTATAAT
CCGTGTAAGTTTTCGGTTAAATCTATGCGCTCAACGCATAGGCTGCC-GGAAATACTGCACGGCTAGGGAGTGGGAGAGGTAGACGGTACTCGGTAGGAAGGGGTAAAATCCTTTGAT

X05567 D50849
M59126 U20163

GCTGGTAAGTCCTCCGGGAAATCTGGCGGCTTAACCGTCAGACTGCCGGAGGATACTGCCAGCCTAGGGACCGGGAGAGGCCGGGGGTATTCCCGGAGTAGGGGTGAAATCCTGTAAT
CTGTGTAAGTCCIATTGGGAAATCGACCIAGCTCIAACTGGTCGGCGTCCGGTGGAAACTACACAGCTTGGGGCCGAGAGACTCAACGGGTACGTCCGGGGTAGGAGTGAAATCCTGTAAT
CCCNGTAAGTCTCTGCTTAAATCGTGCGGCTCAACCGCAGGGCTGC- -AGAGATACTGCCNNNNTTGGNACCGGGAGAGGCCNGGGGTACCCCAGGGGTAGCGGTGAAATGCGTTGAT
GCCCGTAAGTCCCTGGCGAAATCCCACGGCTCAACCGTGGGGCTCGCTGGGGATACTGCGGGCCTTGGGACCGGGAGAGGCCGGGGGTACCCCCGGGGTAGGGGTGAAATCCTATAAT

AF176347 25852

CCCCGTAAGTCCTCGGTTAAATCCGCCTGAA-GACAGGCGGACCGC-CGAGGATACTGCGGGGCTAGGGAGCGGGAGGGGCCGAGGGTATTCCGGGGGGAGCGGTAAAATGCGTAGAT
CCCCGTAAGTCCTCGGTTAAATCCGCCTGAA-GACAGGCGGACCGC-CGAGGATACTGCGGGGCTAGGGAGCGGGAGGGGCCGAGGGTATTCCGGGGGGAGCGGTAAAATGCGTAGAT

AJ318041

GCCGGTGTGGCTCCGGTGAAATCCTCGGGCTCAACCCGAGGGCGCGCCGGAGCTACTACCGGCCTAGGGACCGGGAGGGGCCGACCGTACTCCCGGGGGAGCGGTGAAATGCTGTAAT

CCGACGGTGAGRGRYGAA AT751F ATTAGATACCCTGGTA EDb787F
ATTAGATACCCGGGTA Ab787F
TAGATACCCSSGTAGTCC Ab789F GCRAASSGGATTAGATACCC Ab779F

X03235 M36474
M35966 U51469

ACCGGGAGGACCACCAGTGGCGGAAGCGCCCCGCTAGAACGCGCCCGACGGTGAGAGGCGAAAGCCGGGGCAGCAAACGGGATTAGATACCCCGGTAGTCCCGGCTGTAAACGATGCG
CCCGGGAGGACCACCAGTGGCGAAGGCGCTCGGCTGGAACACGCCCGACGGTGAGGGGCGAAAGCCGGGGGAGCGAACCGGATTAGATACCCGGGTAGTCCCGGCTGTAAACGATGCG
CCCCGGAGGACCACCAGTGGCGAAAGCGGGCGGCCAGAACGCGCCCGACGGTGAGGGGCGAAAGCCGGGGGAGCAAAGGGGATTAGATACCCCTGTAGTCCCGGCCGTAAACGATGCG
CTATCGATGACCCCCTGTGGCGAAGGCGGTCTACTAGAACACGTCCGACGGTGAGGGATGAAAGCTGGGGGAGCAAACCGGATTAGATACCCGGGTAGTCCCAGCTGTAAACAATGCA

X05567 D50849
M59126 U20163

CCCGGGAGGACCACCTGTGGCGAAGGCGCCCGGCTGGAACGGGTCCGACGGTGAGGGACGAAGGCCAGGGGAGCGAACCGGATTAGATACCCGGGTAGTCCTGGCTGTAAACGATGCG
CCTGGACGGACCACCAATGGGGAAACCACGTTGAGAGACCGGACCCGACAGTGAGGGACGAAAGCCAGGGTCTCGAACCGGATTAGATACCCGGGTAGTCCTGGCTGTAAACAATGCT
CCCTGGGGGACCACCTGTGGCGAAGGCGCCCGGCTGGAACGGGTCCGACGGTGAGGGACGAAGGCCAGGGGAGCAAACCGGATTAGATACCCGGGTAGTCCTGGCTGTAAACTCTGCG
CCCGGGGGGACCGCCAGTGGCGAAGGCGCCCGGCTGGAACGGGTCCGACGGTGAGCGCGGAAGGCCAGGGGAGCGAACCGGATTAGATACCCGGGTAGTCCTGGCTGTAAAGGATGCG

AF176347 25852

CCCCGGAGGACCACCAGTGGCGAAGGCGCTCGGCTGGAACGCGTCCGACGGTGAGGGACGAAAGCTGGGGGAGCAAACCGGATTAGATACCCGGGTAGTCCCAGCCGTAAACGATGCC
CCCCGGAGGACCACCAGTGGCGAAGGCGCTCGGCTGGAACGCGTCCGACGGTGAGGGACGAAAGCTGGGGGAGCAAACCGGATTAGATACCCGGGTAGTCCCAGCCGTAAACGATGCC

AJ318041

CCCGGGAGGACGACCCGTGGCGAAAGCGGTCGGCCAGAACGGGTCCGACGGTGAGGG CGAAGGCCGGGGGC GAACGGGATTAGAACCC GTATCCCGGCTGTCAACGCTGCG

Fig. 2 (continued).
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GAAACTTAAAKGBAATT6 AbI06F CATGCCRGCGTTCYGACTTT Ab909R
CTTTGAATTTCCTTAACCGCCC Ab927R TTTGARTTTMCTTAACTGCC U926R A934R  TCCTTAACCGCCCCCTCGTG

X03235 M36474
M35966 US51469

GGCTAGGTGTCGAGTA-GGCTTAGAGCCTACTCGGTGCCGCAGGGAAGCCGTTAAGCCCGCCGCCTGGG<"AGTACGGTCGCAAGACTGAAACTTAAAGGAATTGGCGGGGGAGCACCA
GGCTAGGTGTTGGGTG-GGCTTAGAGCCCACCCAGTGCCGCAGGGAAGCCGTTAAGCCCGCCGCCTGGGGAGTACGGCCGCAAGGCTGAAACTCAAAGGAATTGGCGGGGGAGCACCA
GGCTAGCTGTCGGCCG-GGCTTAGGGCCCGGCCGGTGGCGTAGGGAAACCGTTAAGCCCGCCGCCTGGGGAGTACGGCCGCAAGGCTGAAACTTAAAGGAATTG CGGGGGGGCACCA
AACTCAGTGATGCATTGGTGTAAGAGCCAGTGCAGTGCCGCAGGGAAGCCGTTAAGTTTGCCGCCTGGGAAGTACGTACGCAAGTATGAAACTTAAAGGAATTGGCGGGGGAGCACCA

X05567 D50849
M59126 U20163

GACTAGGTGTCACCGAAG-CTACGAGCTTCGGTGGTGCCGGAGGGAAGCCGTTAAGTCCGCCGCCTGGGGAGTACGGCCGCAAGGCTGAAACT TAAAGGAATTGGCGGGGGAGCACTA CGCTAGGTAT-
GTCACGCGCCATGAGCACGTGATGTGCCGTAGTGAAGACGATAAGCGAGCCGCCTGGGAAGTACGTCCGCAAGGATGAAACTTAAAGGAATTGGCGGGGGAGCACCA GACTAGGTGTCGCGTCGG-
CTTCGGGCNGACGCGGTGCCGAAGGGAAGCCGTTAAGTCCGCCGCCTGGGGAGTACGGTCGCAAGACTGAAACTTAAAGGAATTGGCGGGGGAGCACTA GGCTAGGTGTCGGGCGAG-
CTTCGAGCTCGCCCGGTGCCGTAGGGAAGCCGTTAAGCCCGCCGCCTGGGGAGTACGGCCGCAAGGCTGAAACTTAAAGGAATTGGCGGGGGAGCACTA

AF176347 L25852

GGCTAGGTGCCGGCTGAGGTTTCGGCCTCAGCCGGTGTCGAAGCGAAGGCATTAAGCCGGCCGCCTGAGGAGTACAGCCGCAAGGCCGAAACTTAAAGGAATTGACGGGGGGGCACCA
GGCTAGGTGCCGGCTGAGGTTTCGGCCTCAGCCGGTGTCGAAGCGAAGGCATTAAGCCGGCCGCCTGAGGAGTACAGCCGCAAGGCCGAAACTTAAAGGAATTGACGGGGGGGCACCA

AJ318041

GGCTACCTGCTGGGCG-GGCTACGAGCCCGCCCAGTGGGGTAGGGAAGCCGTTAAGCCCGCCGCCTGGGGAGTACGGCCGCAAGGCTGAAACTTAAAGGAATAGGCGGGGGAGCAC-A

GAGAGGWGGTGCATG
TTAACCTMAGTTGCGGCCY A976R GCATG

X03235 M36474
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CAAGGGGTGGA-ACCTGCGGCTCAATTGGAGTCAACGCCTGGAATCTTACCGGGGGAGACCGC-AGTATGACGGCCAGGCTAACGACCTTGCCTGACTC-GCGGAGAGGAGGTGCATG CAAGGGGTGGA-
GCCTGCGGTTCAATTGGAGTCAACGCCGGGAATCTCACCGGGGGAGACAGC-AGGATGACGGCCAGGTTAAAGGCCTTGCCTGACGC-GCTGAGAGGAGGTGCATG CAAGGGGTGAA-
GCTTGCGGCTTAATTGGAGTCAACGCCGGAAACCTTACCCGGGGCGACAGC-AGGATGAAGGCCAGGCTAACGACCTTGCCGGACGA-GCTGAGAGGAGGTGCATG CAAGGGGTGAA- -
GCTGCGGTTCAATTGGAGTCAAGGCNAGAAATCTTACCCGGAGAGACAGCCAGTGTGAAGGTCAAGGTGAAGACTTTACCAGACAA-GCTGAGAGGTGGTGCATG

X05567 D50849
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CAACGGGTGGA-GCCTGCGGTTTAATTGGATTCAACGCCGGGAAGCTTACCGGGGGAGACAGC-GGGATGAAGGTCGGGCTGAAGACCTTACCAGACTA-GCTGAGAGGTGGTGCATG CAACCGGAGGA-
GCCTGCGGTTTAATTGGACTCAACGCCGGACATCTCACCGGTCCCGACAGTAGTAATGACAGTCAGGTTGACGACTTTACTCGACGCTACTGAGAGGAGGTGCATG CAACGGGTGGN-
NACCGCGGTTTAATTGGATTCAACGCCGGGCATCTTACCAGGGGCGACGGC-AGGATGAAGGCCAGGTTGACGACCTTGCCAGACGC-GCCGAGAGGTGGTGCATG CAAGGGGTGGA-
GCGTGCGGTTTAATTGGATTCAACGCCGGGAACCTCACCGGGGGCGACGGC-AGGATGAAGGCCAGGCTGAAGGTCTTGCCGGACGC-GCCGAGAGGAGGTGCATG

AF176347 L.25852

CAAGGGGTGAATGCCTGCGGCTCAATTGGACTCAACGCCGGGAATCTTACCGGGGGCGACAGC-AGGATGAAGGTCAGGCTGAAGACCTTACCTGACGC-GCTGAGGGGTGGTGCATG
CAAGGGGTGAATGCCTGCGGCTCAATTGGACTCAACGCCGGGAATCTTACCGGGGGCGACAGC-AGGATGAAGGTCAGGCTGAAGACCTTACCTGACGC-GCTGAGGGGTGGTGCATG

AJ318041

CAAGAGGTGGG-GTGCGCGG AATTGGATTC ACGCCGGGAACCTCACCGGGGCTGACAGC-ACAATGATGGTCGGCCTGAAGGGCCTACCGGAGGC-GCTGAGAGGAGGTGCATG

GCC A1040F
GCYGYCGTCAG U1053F Al115R GTTGCTCGCTCTGGG
Al1098F GGCAACGAGCGMGACCC
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GCCGTCGCCAGCTCGTGTTGTGAAATGTCCGGTTAAGTCCGGCAACGAGCGAGACCCCCACCCCTAGTTGG - TTTCTGGACT - C - CGGTCCAGAAC - CACACTAGGGGGACTGCCGGC
GCCGTCGCCAGCTCGTGCTGTGAAGTGTCCGGTTAAGTCCGGAAACGAGCGAGACCCCCACCCCTAGTTGCTACCCGGGGCT-A-CGGCTCCGGGG-CACACTAGGGGGACTGCCGCC
GCCGTCGTCAGCTCGTGCCGTGAGGTGTCCGGTTAAGTCCGGCAACGAGCGAGACCCCCACCCCTAGTTGCTACCCCGCTCT-T-CGGGGCGGGGGGCACACTAGGGGGACTGCCGGC
NCCGTCGCCAGCTCGTGCCGTGAGATGTCCTGTTAAGTCAGGTAACGAGCGAGATCCTTGCCTCTAGTTGCCACCATTGCTCTCCGGAGCAGTGGGGCGAATTAGCGGGACCGCCG-C

X05567 D50849
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GCCGCCGTCAGTTCGTACTGTGAAGCATCCTGTTAAGTCAGGCAACGAGCGAGACCCGCGCCCCCAGTTGCCAGCGGTTCCCTTCGGGGAAGCCGGGCACACTGGGGGGACTGCCGGC
GCCGCCGTCAGCTCGTACCGTGAGGCGTCCTGTTAAGTCAGGCAACGAGCGAGACCCACACTTCTAGTTGCCAGCAACACCCCTGCGG-TGGTTGGGTACACTAGGAGGACTGCCATT
GCCGTCGTCAGCTCGTACCGTGAGGCGTCCTGTTAAGTCAGGTAACGAGCGAGACCCGTGCCCCATGTTGCTA-CCTCCTCCGNCCGGGAGGA-GNGCACTCATGGGGNACCGNCGGC
GCCGCCGTCAGCTCGTACCGTGAGGCGTCCACTTAAGTGTGGTAACGAGCGAGACCCGCGCCCCCAGTTGCCAGTCCCTCCCGCTCGGGAGG--AGGCACTCTGGGGGGACTGCCGGC

AF176347 25852

GCCGTCGCCAGCTCGTGCCGTGAGGTGTCCTGTTAAGTCAGGCAACGAGCGAGACCCCCGCCCTCAGTTGCCAGCGGGGCCT-TACGGCT- -CCGGGCAAACTGGGGGGACTGCCGGC
GCCGTCGCCAGCTCGTGCCGTGAGGTGTCCTGTTAAGTCAGGCAACGAGCGAGACCCCCGCCCTCAGTTGCCAGCGGGGCCT-TACGGCTGGCCGGGCAAACTGGGGGGACTGCCGGC

AJ318041

GCCGCCGTCAGCCTGTGCCGTGAGGTGCCCTGTTAAGTCAGGAAACAGGCGAGACCCGCGCCCGCAGTTGCGA-------- CGGCCGAAAGGCCG - GCACACTGCGGGGACTGCCGGG
ACACGCGTGCTACAAT MbI225F DA1204R  TCCAKICRTACGGGGMTT GTGCGCSCGATGTTACC EKbI242R

Fig. 2 (continued).
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X03235 M36474

-GT-AAGCCGGAGGAAGGAGGGGGCCACGGCAGGTCAGCATGCCCCGAAACTCCCGGGCCGCACGCGGGTTACAATGGCAGGGACAACGGGATGCTACCTCGAAAGGGGGAGCCAATC

M35966 U51469 GTTTAAGGCGGAGGAAGGAGGGGGCCACGGCAGGTCAGCATGCCCCGAACCCCCCGGGCTACACGCGGGCTACAATGGCGGGGACAGCGGGATCCGACCCCGAAAGGGGGAGGCAATC -GT-
AAGCCGGAGGAAGGAGGGGGCGACGGCAGGTCAGTATGCCCCGAAACCCCGGGGCTGCACGCGAGCTGCAATGGCGGGGACAGCGGGATCCGACCCCGAAAGGGGGAGGCAATC
AGTTAATGCGGAGAAAGGAAAGGGCCACGGCAGGTCAGTATGCCCCGAAACTCTGGGGCCACACGCGGGCTGCAATGGTAGTGACAATGGGTTCCATATCCGAANGGAGGAGGTAATC

X05567 D50849 GC-TAAGCCGGAGGAAGGTGCGGGCAACGGCAGGTCCGTATGCCCCGAATCCCCCGGGCTACACGCGGGCTACAATGGCCGGGACAATGGGTACCGACCCCGAAAGGGGTAGGTAATC GC-

M59126 U20163 TAAAATGGAGGAAGGAATGGGCAACGGTAGGTCAGTATGCCCCGAATGGACCGGGCAACACGCGGGCTACAATGGCTATGACAGTGGGACGCAACGCCGAGAGGCGAAGCTAATC GC-

TAAGCCGGAGGAAGGTGCGGGCAACGACAGGTCCGCATGCCGCGAATCCCCTGGGCTACACGCGGGGTACAATGGCCGGGACAATGGGACGGGACCGCGAAAGGGGGAGCGAATC GA-
TAAGCCGGAGGAAGGGGCGGGCGACGGTAGGTCAGTATGCCCCGAAACCCCCGGGCTACACGCGCGCTACAATGGGCGGGACAATGGGACCCGACCTCGAAAGGGGAAGGGAATC

AF176347 L25852

GAA-GAGCCGGAGGAAGGAGGGGGCTACGGCAGGTCAGTATGCCCCTAATCCCCCGGGCCGCACGCGGGCTGCAATGGGCGGGACAGCGGGATGCGACCCCGAGAGGGGGAGCTAATC GAA-
GAGCCGGAGGAAGGAGGGGGCTACGGCAGGTCAGTATGCCCCTAATCCCCCGGGCCGCACGCGGGCTGCAATGGGCGGGACAGCGGGATGCGACCCCGAGAGGGGGAGCAAGTC

AJ318041

GA--AACCCGGAGGAAGGTGCGGGCGACGGCAGGTATGCATGCCCCGAATGCCCCGGGC TACACGCGCGCATCAATGGGCGGGACAGGGGGCCGCGACCCCGAAAGGGGGAGCAAATC

U1406R CGGAACATGTGTGGCGGGCAG UA1406R AACRTGWGTGGCGGGCA N1406R  AACGTGAGTGGCGGGCA

X03235 M36474
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CTT-AAACCCTGCCGCAGTTGGGATCGAGGGCTGAAACCCGCCCTCGTGAACGAGGAATCCCTAGTAACCGCGGGTCAACAACCCGCGGTGAATACGTCCCTGCTCCTTGCACACACCGCCCGTC
CCTCAAACCCCGCCGTGGTTGGGATCGAGGGCTGCAACTCGCCCTCGTGAACGAGGAATCCCTAGTAACCGCGCGTCAACATCGCGCGGTGAATACGTCCCTGCTCCTTGCACACACCGCCCGTC
CCGTAAACCCCGCCCCAGTAGGGATCGAGGGCTGCAACTCGCCCTCGTGAACGTGGAATCCCTAGTAACCGCGTGTCACCAACGCGCGGTGAATACGTCCCTGCCCCTTGCACACACCGCCCGTC CCC-
AAACGCTACCACAGTTATGACTGAGGGCTGCAACTCGCCCTCACGAATCTGGAATCCCTAGTAACCGCGCGTCATTACCGCGCAGTGAATACTGCCCTGCTCCTTGCACACACCGCCCGTC

X05567 D50849
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CCCTAAACCCGGTCTAACCTGGGATCGAGGGCTGCAACTCGCCCTCGTGAACCTGGAATCCGTAGTAATCGCGCCTCAAAATGGCGCGGTGAATACGTCCCTGCTCCTTGCACACACCGCCCGTC TCC-
AAACGTAGTCGTAGTTCGGATTGCGGGCTGAAACCCGCCCGCATGAAGCTGGATTCGGTAGTAATCGCGTGTCAGAAGCGCGCGGTGAATACGTCCCTGCTCCTTGCACACACCGCCCGTC
CCCTAAACCGGGTCGTAGTCCGGATCGAGGGCTGTAACTCGCCCTCGTGAAGCCGGAATCCGTAGTAATCGCGCCTCACCATGGCGCGGTGAATGCGTCCCTGCTCCTTGCACACACCGCCCGTC
CCCTAAACCCGCCCTCAGTTCGGATCGCGGGCTGCAACTCGCCCGCGTGAAGCTGGAATCCCTAGTACCCGCGTGTCATCATCGCGCGGCGAATACGTCCCTGCTCCTTGCACACACCGCCCGTC

AF176347 25852

CCTGAAACCCGCCCGTGGTTGGGATCGAGGGTTGCAACTCGCCCTCGTGAACCCGGAATCCCTAGTAACCGCGGTTCTCCATACCGCGGTGAATACGTCCCTGCCCCTTGTACACACCGCCCGTC
CCTGAAACCCGCCCGTGGTTGGGATCGAGGGTTGCAACTCGCCCTCGTGAACCCGGAATCCCTAGTAACCGCGGTTCTCCATACCGCGGTGAATACGTCCCTGCCCCT

AJ318041

CCC-AAACCCGCTCTCAGTCCAGATCGAGGGCTGCAACTCGCCCTCGTGACGGCGGAATCTCTAGTAGTCGGACGTCACCAGCGTCCGGCGAATACGTCCCTGCTCCTTGCACTCACCGCCCGTC

Fig. 2 (continued)
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