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Abstract. The sequences of the adenylate kinase gene 
(adk) and the RecA gene (recA) were determined from 
the same isolates of Neisseria gonorrhoeae, N. menin- 
gitidis, N. lactamica, N. polysaccharea, IV. cinerea, N. 
mucosa, N. pharyngis var. flava, N. flavescens, and N. 
animalis. The patterns of sequence divergence observed 
at adk and recA were very different. Dendrograms con- 
structed from the recA data using two different algo- 
rithms were statistically robust and were congruent with 
each other and with the relationships between the species 
previously proposed using other data. In contrast, the 
dendrograms derived from the adk data were noncongru- 
ent with each other, and with those from the recA data, 
and were statistically poorly supported. These results, 
along with the uniform distribution of pairwise sequence 
divergences between the species at adk, suggest there has 
been a history of interspecies recombination within the 
adk gene of the human Neisseria species which has ob- 
scured the phylogenetic relationships between the spe- 
cies. This view was supported by Sawyer's runs test, and 
the Index of Association (IA) between codons, which 
provided significant evidence for interspeeies recombi- 
nation between the adk genes from the human Neisseria 
species, but no evidence of interspecies recombination 
between the recA sequences. 
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Introduction 

The true Neisseria are members of the beta subclass of 
Proteobacteria and are Gram-negative diplococci. Sev- 
eral Neisseria species are opportunistic pathogens of ani- 
mals, although most of the species which colonize hu- 
mans are harmless commensals (Knapp 1988). There are 
two species which are important human pathogens: N. 
gonorrhoeae (the gonococcus) and N. meningitidis (the 
meningococcus) are the causative agents of gonorrhoea 
and meningococcal meningitis, respectively. N. menin- 
gitidis and the human commensal Neisseria species nor- 
mally reside in the nasopharynx, although meningococci 
occasionally gain access to the blood and cerebrospinal 
fluid to cause septicemia and meningitis (Knapp 1988). 
N. gonorrhoeae is normally isolated from the urinogeni- 
tal tract of humans, although the sexual activity of the 
host means that it is also commonly isolated from the 
rectum or nasopharynx. 

Meningococci and gonococci are naturally transform- 
able and this mechanism of genetic exchange has the 
potential to promote localized recombination between 
chromosomal segments (Maynard Smith et al. 1991; 
Maiden 1993; Spratt et al. 1995). The extent of recom- 
bination in nature is the subject of current debate and 
appears to vary widely between bacterial species (Istock 
et al. 1992; Maynard Smith et al. 1993; Boyd et al. 1994; 
Guttman and Dykhuizen 1994). In some species recom- 
bination appears to be very rare, such that their popula- 
tion biology is characterized by largely isolated clonal 
lineages. In these species phylogenetic relationships be- 
tween isolates, whether inferred from the sequences of 
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different housekeeping genes or from isoenzyme studies, 
should be broadly congruent (Boyd et al. 1994). Simi- 
larly, the phylogenies of highly clonal bacterial species 
reconstructed from the sequences of  housekeeping genes 
are unlikely to be distorted significantly by interspecies 
recombination (Dykhtfizen and Green 1991). In other 
bacteria the frequency of recombination appears to be 
much greater, such that the alleles in the population are 
at, or close to, linkage equilibrium (Maynard Smith et al. 
1993). In these nonclonal species, recombination renders 
any attempt to reconstruct the phylogenetic relationships 
between isolates from the sequences of housekeeping 
genes meaningless. Furthermore, the extent of recombi- 
nation between closely related species may be much 
greater in certain bacterial genera than in others, and a 
history of repeated interspecies recombinational events 
may similarly compromise the validity of  inferred spe- 
cies phylogenies. 

The frequency of recombination appears to be high in 
meningococci and gonococci compared to that in most 
other bacteria. Thus alleles of  housekeeping loci appear 
to be c lose  to l inkage  equ i l ib r ium in gonococc i  
(O'Rourke and Stevens 1993; Vfizquez et al. 1993) and 
in serogroup B and C meningococci (Maynard Smith et 
al. 1993; Spratt et al. 1995), although sampling problems 
arising from the overrepresentation of disease-causing 
isolates can obscure the underlying nonclonal nature of  
the meningococcal population (Maynard Smith et al. 
1993). Serogroup A meningococci have a very different 
epidemiology from serogroup B and C meningococci 
and appear to represent a clonal subpopulation (Olyhoek 
et al. 1987; Achtman 1994; Spratt et al. 1995). Evidence 
for intraspecies recombination is difficult to obtain for 
gonococci by nucleotide sequencing as housekeeping 
genes from this species are extremely uniform (Vfizquez 
et al. 1993; E.F. and B.G.S., unpublished). However,  
sequencing of housekeeping genes from meningococci 
has supported the idea of frequent recombination as the 
phylogenies derived from different housekeeping genes 
are noncongruent (Zhou and Spratt 1992; Fell et al. 
1995). 

Interspecies recombination between gonococci and 
meningococci, and between the pathogenic and commen- 
sal species, has been reported in genes under strong di- 
rectional selection (e.g., the penicillin-binding protein 2 
gene of penicillin-resistant N. gonorrhoeae and N. me- 

ningitidis; Spratt et al. 1992) and under diversifying se- 
lection (e.g., in the por and opa genes that encode outer 
membrane proteins; Ward et al. 1992; Hobbs et al. 1994; 
V~izquez et al. 1995). However, interspecies recombina- 
tion has been inferred from the sequences of  genes under 
strong selection even in highly clonal species (Nelson 
and Selander 1994), presumably since very rare recom- 
binational events may be observed if there is strong se- 
lection for the recombinant phenotype. Meningococci 
appear to differ from highly clonal species, as evidence 

for interspecies recombination with commensat  Neisse- 

ria species has been found in most housekeeping genes 
that have been examined. Thus, interspecies recombina- 
tion has been inferred from the sequences of  the adk, 

recA, glnA, and argF genes from small samples of  me- 
ningococci (Zhou and Spratt 1992; Spratt and Zhou 
1994; Feil et al. 1995; J.Z. and B.G.S., unpunished).  

Recombination between gonococci and the other hu- 
man Neisseria species appears to be much less common 
than recombination between meningococci and the latter 
species, and there are no known examples within house- 
keeping genes. This presumably reflects the ecological 
isolation of gonococci from meningococci and the hu- 
man commensal  Neisseria species (V~_zquez et al. 1993). 

In this work we have examined the consistency of 
phylogenetic trees of  the human Neisseria species recon- 
structed using sequence data from two housekeeping 
genes, recA and adk, which encode the RecA recombi- 
nase and adenylate kinase (ADK), respectively. Our re- 
sults show a noncongmence of trees and suggest that a 
history of frequent interspecies recombination, presum- 
ably mediated by genetic transformation, has distorted 
the phylogeny of species inferred from the adk sequence 
data. I~ contrast, the recA sequences examined here do 
not provide any evidence of interspecies recombination. 

Materials and Methods 

Bacterial Strains. The following strains were used: N. gonorrhoeae 
CH95, N. meningitidis $3446, N. polysaccharea NCTC11858, N. lac- 
tamica NCTC10617, N. cinerea LNP1646, N. flavescens LNP444, N. 
mucosa LNP405, N. pharyngis var. tiara NCTC4590, and N. animalis 
NCTC10212. Strains designated NCTC were obtained from the Na- 
tional Collection of Type Cultures (Colindale, UK); LNP strains were 
kindly provided by Dr. J.-Y. Riou from the collection of the Labora- 
toire Neisseria de l'Institut Pasteur. The bacteria were grown on GC 
Base Agar (Difco) plus supplements at 37°C in an atmosphere of 95% 
air/5% CO 2 and ctu-omosomal DNA was prepared as desc~bed (Bowler 
et al. 1994). 

Generation of Sequence Data. The cloning and sequencing of the 
adk gene of N. gonorrhoeae and N. meningitidis has been described 
(Feil et al. 1995). The primers used previously to amplify the whole adk 
coding region from the pathogenic Neisseria species did not amplify 
the gene from several of the commensal Neisseria species. Degenerate 
primers based on sequences within the gonococcal adk gene (5'- 
GGCGCCGGCAAAGGNACNCAA/GGC-3' nucleotides 28-50, and 
5'-TTCGGCT'[nYCACNGCT/CTCNAC-3', nucleotides 604-624) 
were therefore used to amply an internal fragment from all of the 
Neisseria species. The degenerate primers described previously (Zhou 
and Spratt 1992) were used to generate a 877-bp fragment of the recA 
coding region. Sequencing of a 522-bp region of adk, and a 822-bp 
region of recA, was carried out for all nine species on both strands, 
directly from the PCR products, using the k-exonuclease method 
(Higuchi and Ochman I989). The sequences of the adk and recA genes 
have been submitted to EMBL/GenBank under the access numbers 
L36471, L47158, U57708-U57713, U57901-U57910. 

Phylogenetic Analysis. Sequences were aligned (no gaps were re- 
quired) and phylogenetic reconstructions from sequence data were car- 
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N. gonorrhoeae 
N.mucosa 
N.polysaccharea 
N, lactamica 
N, cinerea 
N. flavescens 
N.meningitidis 
N, pharyngis 
N.animalis 

Fig. 1. Polymorphic sites within the adk gene of the Neisseria spe- 
cies. The adk sequence of N. gonorrhoeae is used as the master se- 
quence and only those nucteotides in the adk genes of the other Neis- 
seria species that differ from the N. gonorrhoeae sequence are 

••••••••••••••••••••••••2222222222222222222333333333333333344444444444444455555555555555555 

6666•77888999•••••2222333445566••7899••••344456666•88999•••••333367•899•••••222223566•9••••••3333555566• 
~369245l4~3958~47~369l23~76928~4~32~4~69~395~4~8358~4~525~346658736236~4~34562625~2~246~8~2~926781~3 
CCCGCG~GACTCCCTC~T~ACGCCTGGCCT~TGGCTCCACGCTCCTGTATGGGG~CGCGCCATCCGTCTTCGACTT~CCCTTGCGTCTCTATTTAGGAA~CG 
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.T ....... TC.T.CT..A.T,.GC ........... T ........ C.CGCA..T.CTA..T..C ...... C ..... C,GT .... AT.C ..... GCC.A ..... T 

..TTTAT.,TC,,.CT..A..T.GC...T..C .... T ....... TC,CGCA..T,.TATCGT.CT ..... C ....... GT..C.,.CC...G ..... A .... TT 

.TTA...T .... T.CTCCA..T,GC.A.T.T..ATC.TGTC..,T.AC..ACAT..TATCG..C ............ CGGT ....... C ..... GCC.A...T.T 

.............. C ............. T.,C ............ T..C..A..T.,.ATA.TGCT .......... CC.GTT ...... C ....... C.A ..... T 

.,T ...... TC.T.CT..A .... GC...TC.CA..C.G ...... T..CGCA..T,..ATCG..C.TTC.CC ..... C.GT ...... CC...G,GCC ........ 

T ..... T.GTCA.G.G..ACT..GC..TTC.C..,CT...C,CTT..CGC .... G,TATCGTGC...C..CTAG..G.GTG..C...CTGAGC-C.CGAACC... 

~3333~3333333333333333231333333333333333333333333z3333333233333z33333332~3333~333~333~3~3z~33~3 

shown. The position of each of these polymorphic sites is shown above 
in venicalformag and the position of the site within a codon is shown 
betow. The numbering of the sequence is th~ of Feit et al. (t995). 

fled out using the Molecular Evolutionary Genetics Analysis (MEGA) 
stfite of programs (Kumar et al. 1993). 

Statistical Analysis. Sequence data were subjected to two types of 
statistical analysis--Sawyer's runs test and the Index of Association 
between codons. Sawyer's runs test was performed foJ]owing the 
method described previously (Sawyer 1989) using Multicomp (Reeves 
et at. 1994). The Index of Association (IA) between codons is essen- 
tially the same test as that used previously for calculating the amount 
of linkage disequilibrium between etectrophoretic allozymes (Brown et 
at. 1980; Maynard Smith et al. 1993), except that allozymes ale equated 
with polymorphic codons, and the use of standard errors to estimate 
significance is replaced by simulation, as the published standard error 
estimation (Brown et al. 1980) is erroneous. Essentially, the I A test 
looks at the distribution of the genetic differences between all pairs of 
strains. If there is an association between the alleles present at different 
loci in a given strain, then some pairs of strains will be very similar and 
other pairs will be very different. In other words, the variance of the 
between-strain differences will be higher than expected by chance. To 
apply the test to sequence data, the sequences are aligned and, for each 
polymorphic codon, the different codons are assigned a number--0, 1, 
2, etc. Monomorphic codons are ignored. The observed variance (Ve) 
can then be calculated in basically the same way as for MLF2E data with 
the electrophoretic parameters (in inverted commzvs) replaced with the 
sequence parameters (in parentheses). 

Suppose there are r "loci" (polymorphic codons) within the 
"population" (set of n sequences) and P~i is the frequency within the 
population of the ith "allele" (codon variant) at thejth locus. If k~j = 
the total number of the ith allele at thejth locus (such that Pu = kin) 
the probability that two individuals will be the same at the jth locus is 
given by: 

~]i P/j (k~ - 1)/(n - t) (1) 

The probability that two random individuals will be different at the jth 
locus is therefore given by: 

pd = 1 - •i Po (klj - 1)/(n - 1) (2) 

V~ can then be calculated from the following equation: 

V E = "~pd (1 - pc/) (3) 

and file Index of Association can then be calculated as: 

I A = Vo/VE- 1 (4) 

If the data are in linkage equilibrium, the expected value of I A is 
zero. An estimate of the statistical significance of I A is made by cal- 

culating V o from 1,000 random data sets. In each random set, the 
numbers of each kind of allele, at each locus, were the same as in the 
real data, but the alleles were assigned randomly to strains. If the data 
is in strong linkage disequilibrium (i.e., P < 0.001), then none of the 
values of V o obtained from the random data sets should exceed that 
obtained with the real data. 

Results 

Patterns o f  Divergence Between Species 

All  the species included in this invest igat ion were  iso- 

lated f rom humans,  with the except ion  o f  N. animalis, 

which  was isolated f rom a guinea  pig nasopharynx (Bar- 

rett and Sheath 1994). This  species was  inc luded on the 

assumpt ion  that  it has r ema ined  eco log ica l ly  isolated 

f rom the human Neisseria species, making  it unl ikely 

that it would  have  been able to r ecombine  with  them. The 

inclusion o f  this species therefore  provides  a nega t ive  

control  for interspecies recombina t ion  and an outgroup 

for the construct ion o f  dendrograms.  Both  D N A - D N A  

hybridizat ion data (Guibourdenche  et al. 1986) and the 

phenotypic  analysis carr ied out by Barrett  and Sneath 

(1994) have  consistent ly p laced N. animalis as dist inct  

f rom the human  species inc luded in this study. 

The  po lymorph ic  sites within the adk and recA genes  

o f  the nine Neisseria species are shown in Figs.  1 and 2, 

respect ively.  There  were  241 po lymorph ic  sites wi thin  

the 822 bp of  recA that were  sequenced  in all nine spe- 

cies,  and 104 po lymorph ic  sites wi thin  the 522 bp o f  adk 

sequenced in the same n ine  species.  A visual  inspect ion 

o f  these f igures reveals  no clear  recombina t iona l  event  

be tween  the species for ei ther gene.  Figure  3 shows the 

po lymorph ic  residues amongs t  the der ived amino  acid 

sequences  f rom adk and recA. It is c lear  f rom both genes 

that the mos t  dist inct  species, as expected,  is N. animalis. 

N. gonorrhoeae, N. polysaccharea, N. Iactamica, and N. 

meningitidis share ident ical  R e c A  amino  acid sequences.  

Ident ical  A D K  amino acid sequences  are shared by N. 

mucosa, N. lactamica, N. meningitidis, and N. pharyngis 

var. flava. (The amino  acid sequences  o f  A D K  found in 

N. poIysaccharea, N. cinerea, and N. flavescens each  
exhibi t  a s ingle unique  substitution.) 
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N.gonorrhoeae 
N.mucosa 
N,polysaccharea 
N, lactamica 
N. cinerea 
N, flavescens 
N.meningitldis 
N.pharyngis 
N, animalis 
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~2233334444556666777777888899~l233~4~5666666777788889999~i22223~3~4~5~66777888899~0~2222333~444~56667777 

2~3989~248~3~9251~i~i36~92~5~7392358~3692~4~7~3679~25~48906792~89i~7~36925647~3958~7~36928~7862568~473469~8~9~367 

GGACGCGGAACCACTCA~CCATACCCCCCACCC~CCCCCACCCA~CCC~AGCGC~AC~AACCGGCCTGCTCAC~TCC~CA~GCGCTCA~C~TACC~ACAC 

T ..... A .... TC.C.C. • .CGG.TGA.AC.T. CT~G ...... TG..T ..... AT ....... TAC.. ~ATC ..... CGA .... TA.AC,C.A.CA ....... GACT~C~3CT.TC..GC. 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  T . . . . .  C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  T . . . . . . . . . . . . . . . . . . . . . . . .  A . . . . . . . . . . . . . .  C .  . . 
• . . T  . . . . . . . . . . . . . . . . . . . . . .  A . . . . . . . . . . . .  T . . . . .  C . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  A . . . . . . . . . . . . . . . . . . . . .  A . . . . . . . . . . . . . . . . . . . . . .  
T ......... T ..... TATGT.G..GA..T...CT .... TC~3G.TC .... ~G.G,.AGTAG ..... ~..AT.G.T ..... G.G.TA..C.T ........ TT..TACCTGG.G..C~C,C. 

T...A ...... TTT~CC.,CGT.TGA..CTTCC.GGTT.G...~...T .... AAT,..A..T~AC~ACA,..G~TTCGA.T .... GACTC.AG,..A~,TCTGACTT.C.CT.C ..... 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  T . . . . . . . . . . . . .  C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  T . . . . . . . . . . . . . . . . . . . . . . . .  A . . . . . . . . . . . . . . . . . .  
T ..... A .... TC.CTC,..CGG.°GA,,C.T.CTG .... G...TG.,T.T...AT..T..C..AC..CA.C ............ TA.AC.TAA.C...C .... GACC,GGCCT ..... C. 

TAC.CA.CGGT,,TC,C...C.GTTG,TGT.T.TT~.TT.G.AATCTATTG.T.A .... A-.-T--T..AT.G..T..GAA..G.A.A..T..G..GAC.TCTGACC.C43CGAGC.T,CT 
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N.gonorrhoeae 
N,mucosa 
N.polysaccharea 
N. lactamica 
N. cinerea 
N. flavescens 
N,meningitidis 
N. pharyngi s 
N.animalis 
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CCCA~TGCCAGGGCTGTTCACGCACAAAATGCTGCAGCAAGTCCCGGCCGCGTTTCCCACATCCCCAAGATGCCCGCCCCCCGTGAGTCCCCAACTAATCCACCGAACACACACCGCGCGG 

.A...AC.TC,AC.C.C.,G.T.C,.CGCCA.CC.TA,G ...... AC..C.CCGC ...... CAA.TCC.TAC..AAA.*AG,.CACACT..GCGAC..C..CT.C.T,GTGA.A.A .... C 

. . . . . . .  T . . . . . .  C . . . . . . .  TG . . . . .  C ,  . . . .  G . . . . . . . . .  AC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  G . . . . . . . . . . . . . . . . . . . . . . .  A 

. . . . . .  C . . . . . . . . . . . . . . . . . . . . . .  C . . . . .  G . . . . . . . . .  AC . . . . . . . .  A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

.... TCCT..TT.G ..... G .......... C.CA,C..G .... T.AC .... C .... TT.GTCAGT.G..TACT .... TTT ...... AC.TTGCGA..G,TT.A.,G ...... G.ACT,~.. 

TGTG.AC,.C,AC.CAC.T .... C.,CGC.AT.TTTA.G .... TTAAT.;.CCGC,.T..TCAGT.TC,TATT.AAA..TGTA.ACACTT,TC..C ..... TG.T.C~GTGA,.TA .... A 

. . . . . . .  T . . . . . .  C . . . . . . . . . . . . . .  C . . . . .  G . . . . . . . . .  AC . . . . . . . . . . . . . . . . . . . .  G . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

.G.,TAC..T,ACTCAC ...... CT,CGCCA.CC.~A,G...T.TACTTC.CCGC.T .... CAA..CC.TAC..AAA..GGT.CACACTT.ACGAC.,C.,C..C.T.GTGA,A.A..TTC 

GAG.*AT~C~A~.CACCA~TA.C~GCGTC~.GA~CAT~GAAT.GATT~AT~G~TTTGC~CAA.TT~AT~A`T~AA~T~G~CA~A~TT~TT~CGGC . . . .  T..C...G..A.A.ATAA 

33333333333333333•33•33333l2333•3333333l3233333333•33•3333•33•233333•3•333•233333333333333•33l3323•33•3333•3l3•33333323•3 

Fig. 2. Polymorphic sites within the recA gene of the Neisseria species. See legend to Fig. 1. The numbering of the sequence is that of Fyfe and 
Davies (1990). 

A) 
Iiiiiiiii 

249013346788 
546225629306 

N. gonorrhoeae GPMGSVTTAEDE 

N. mucosa ...DP..V .... 

N. polysaccharea .L.DP..V .... 

N. lactamica ...DP..V .... 

N. cinerea D..DP..v .... 

N. flavescens .. IDP..V .... 

N. meningitidis ...DP..V .... 

N. pharyngis , ..DP..V .... 

N. animalis ... DPIAVDGGT 

B) 
1111122222222222222222 

2223333346788890356800123333346788899 
4672346871906932887423980567838714556 

N. gonorrhoeae A~KQQENEL IAVNVIrVI DQKNFSTS EEVLRI ININGA 

Ig. mucosa S ...... DW. I. IIIVE,R..A.QDD. IKVLYVE.. 

N. polysaccharea ..................................... 
N. lactamica 

N. cinerea S [  [ [ [ [ [ [ [ [ [ [ D [ ' ~ [ V [ H [  [ [ [ [ Q [  [ [ ' ) [ ' v ' [  [ [ [ [ [ 
N. flavescens S ...... DVV. I. III. E.R..A. QDD. IK. LHVE.. 
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Fig. 3. Polymorphic amino acid residues in adenylate kinase and 
RecA protein. The sequence of N. gonorrhoeae is used as the master 
sequence. Only those residues that differ from the N. gonorrfmeae 
sequence are shown. The position of each of these polymorphic amino 
acid residues is shown above in vertical format. A Adenylate kinase. B 
RecA protein. 

Tables 1 and 2 give the pairwise comparisons between 
all nine species, given as the number of nucleotide sub- 
stitutions (upper right) and the percentage of  nucleotide 
divergence (lower left) at both adk and recA. Figure 4 
plots the distribution of these pairwise comparisons and 
shows the very striking differences between the recA and 
adk genes. The pairwise comparisons at recA fall into 
two distinct groups. There are six comparisons which are 
<1.9% and these represent all the comparisons between 
the four species, N. gonorrhoeae, N. meningitidis, N. 
polysaccharea, and N. lactamica, which are known to be 
closely related. Barring the comparison between 17. mu- 
cosa and N. pharyngis vat. flava (5.6%), all of  the other 

29 pairwise comparisons are >11%. N. animalis is the 
most diverged species with five out of  the six pairwise 
comparisons >/18% involving this species. 

In contrast to the recA data, where only a single pair- 
wise comparison (2.8% of all comparisons) felt between 
5% and 7.9% sequence divergence, 67% of all pairwise 
comparisons at adk fell within this range. Eight out of the 
nine comparisons of  adk above 8% correspond to com- 
parisons with IV. animaIis, the one exception being the 
9% divergence found between N. flavescens and N. gon- 
orrhoeae. At the other extreme, the three pairwise com- 
parisons at adk under 4.9% correspond to N. mucosa 
compared with N. pharyngis var. tiara and IV. lactamica 
(2.7% and 3.8% diverged, respectively) and N. gonor- 
rhoeae compared with N. meningitidis (4.4% diverged). 

The ratio of  synonymous to nonsynonymous substi- 
tutions (ds/dN) was calculated for adk and recA by the 
method of Nei and Gojobori (1986) using the two most 
divergent sequences (N. animaIis and N. fiavescens for 
adk and N. animalis and N. cinerea for recA ). The ds/d N 
ratio was twice as high for adk (18.8:1) as for recA 
(9.5:1). 

Phylogenetic Analysis of adk and recA from the 
Neisseria Species 

The MEGA suite of programs (Kumar et al. 1993) was 
used to construct phylogenetic trees from both the recA 
and adk sequences. The trees given in Fig. 5 were con- 
structed using the neighbor-joining method (Saitou and 
Nei 1987) and the UPGMA algorithm, both with the 
Jukes/Cantor correction for synonymous changes (Jukes 
and Cantor 1969). The dendrograms for recA are highly 
consistent with each other and clearly show the grouping 
of the four species N. gonorrhoeae, N. lactamica, N. 
polysaccharea, and N. meningitidis, This grouping is sta- 
tistically very significant as it was supported by 100% of  
500 bootstrap replicates, irrespective of  which algorithm 
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NGON NMUC NPOL NLAC NCIN NFLA NMEN NPHA NANI 

NGON - -  35 39 34 41 47 23 40 58 
NMUC 6.7% - -  33 20 28 38 32 14 48 
NPOL 7.5% 6.3% --- 28 28 38 29 33 53 
NLAC 6.5% 3.8% 5.4% - -  28 36 31 27 50 
NCIN 7.6% 5.4% 5.4% 5.4% - -  41 29 27 46 
NFLA 9.0% 7.3% 7.3% 6.9% 7.9% - -  37 36 64 
NMEN 4.4% 6.1% 5.6% 5.9% 5.6% 7.1% - -  32 50 
NPHA 7.7% 2.7% 6.3% 5.2% 5.2% 6.9% 6.1% - -  45 
NANI 11.1% 9.2% 10.2% 9.6% 8.8% 12.3% 9.6% 8.6% - -  

a NGON, N. gonorrhoeae; NMUC, N. mucosa; NPOL, N. polysaccharea; NLAC, N. lactamica; NCIN, N. cinerea; NFLA, N. fiavescens; NMEN, 
N. meningitidis; NPHA, N. pharyngis varflava; NANI, N. animalis. Upper right, number of nucleotide substitutions; lower left, % nucleotide 
divergence 

Table 2. Pairwise comparisons between the recA genes of the Neisseria species a 

NGON NMUC NPOL NLAC NCIN NTLA NMEN NPHA NANI 

NGON - -  119 15 12 103 136 11 124 152 
NMUC 14.5% - -  122 119 132 93 117 46 126 
NPOL 1.8% 14.9% - -  15 105 139 8 127 150 
NLAC 1.5% 14.5% 1.8% - -  102 137 13 124 151 
NCIN 12.5% 16.1% 12.8% 12.4% - -  148 105 128 155 
NFLA 16.6% 11.3% 16.9% 16.7% 18.0% - -  135 95 137 
NMEN 1.3% 14.2% 1.0% 1.6% 12.8% 16.4% - -  122 148 
NPHA 15.1% 5.6% 15.5% 15.1% 15.6% 11.6% 14.8% - -  128 
NANI 18.5% 15.3% 18.2% 18.4% 18.9% 16.7% 18.0% 15.6% - -  

a NGON, N. gonorrlvoeae; NMUC, N. mucosa; NPOL, N. potysaccharea; NLAC, N. lactamica; NCIN, N. cinerea; NFLA, N. flavescens; NMEN, 
N. meningitidis; NPHA, N. pharyngis vat flava; NANI, N. animalis. Upper right, number of nucleotide substitutions; Iower left, % nucleotide 
divergence 

was used to construct the tree. Furthermore, in both den- 

drograms N. polysaccharea appears to be most closely 
related to N. meningitidis, whereas N. gonorrhoeae is 

closer to N. lactamica. However, these groupings are not 

so statistically significant as there is little nucleotide 
variation amongst these four sequences. N. cinerea is the 

next most closely related species to this group at recA, a 
node supported by 100% of bootstrap trees using the 

neighbor-joining method and 99% using the UPGMA 
algorithm. The grouping of N. mucosa with N. pharyngis 
var. f lava was also strongly supported (100% of boot- 
strap trees irrespective of which algorithm is used). N. 

flavescens is also significantly grouped with these two 
species irrespective of which algorithm is used. The den- 
drograms for these nine species at reeA are therefore 

statistically very robust, which suggests that they reflect 
a true phylogeny. 

In contrast, the trees derived from the adk sequences 

using the neighbor-joining method and the UPGMA al- 
gorithm are inconsistent with each other and with the 
trees derived from the recA sequences. There are two 
significant groupings, N. mucosa with N. pharyngis var. 
f lava (which is supported by 86% of bootstrap trees 
using the neighbor-joining method and 92% using the 
UPGMA algorithm), and N. gonorrhoeae with N. men- 
ingitidis (which is supported by 78% of bootstrap trees 

using the UPGMA algorithm and 96% of trees using the 

neighbor-joining method). The other nodes varied ac- 
cording to which algorithm was used but all exhibited 

very low bootstrap scores. For example, using the neigh- 

bor-joining method, N. flavescens appeared to group 
with N. polysaccharea and the pathogenic species, but 

this node has a very low bootstrap score (31%), and is 

not supported by the tree calculated using the UPGMA 
method or the trees derived from recA. Similarly, N. 

lactamica groups with N. pharyngis var. flava and N. 
mueosa using the UPGMA method applied to the adk 
data, whereas it clusters with the pathogenic species us- 
ing the recA data. 

Statistical Analysis o f  the adk and recA Sequences 
f rom the Neisseria Species 

Two statistical tests were used to examine the recombi- 
national histories of recA and adk--Sawyer ' s  runs test 
(Sawyer 1989) and the Index of Association (IA), which 
is normally used for the analysis of linkage disequilib- 
rium in isoenzyme data (Maynard Smith et al. 1993). 

Sawyer's runs test was performed on the total data 
sets for all nine species for both recA and adk. Tests were 
carried out using all silent polymorphic sites, and only 
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Fig. 4. Distribution of pairwise nucleotide sequence comparisons be- 
tween the adk (A) and recA (B) genes of the Neisseria species. 

informative silent sites. The results for the recA data 
were not significant, irrespective of whether all silent 
polymorphic sites or only informative polymorphic sites 
were included in the analysis. However, the same test on 
the adk data was highly significant when only informa- 
tive silent sites were included in the analysis [P = 0.006, 
based on the sums of squares of condensed fragments 
(SSCF); Sawyer 1989]. Although not evident from a vi- 
sual inspection of the data, this result argues that the 
sequences contain a much higher number of "runs" of 
identical polymorphic sites than would be expected by 
chance, which suggests a history of frequent recombina- 
tion between the adk genes of these species. When the 
noninformative polymorphic sites were included in the 
analysis, the P value of the adk data set rose to 0.04. The 
apparent homogenization of the adk sequences, as re- 
vealed by phylogenetic analysis and an examination of 
the pairwise distances, argues that recombination has pri- 
marily occurred inclusively to the data set, i.e., between 
the species analyzed. Noninformative polymorphisms 
(i.e., those unique to a single sequence), which probably 
represent point mutations, or possibly rare recombina- 
tional replacements from species exclusive to the data 
set, will therefore weaken the significance of the data by 
interrupting runs. 

If the process which has been influencing the diver- 
gence of a sequence most profoundly is stochastic mu- 
tation, rather than recombination, then one should expect 
very high levels of linkage disequilibrium between poly- 
morphic codons. However, if sequences have encoun- 
tered an evolutiolaary history most profoundly influenced 
by recombination, then codons will be more randomly 
assorted between the sequences and the level of linkage 
between codons will decrease. The I A test was carried 
out on the recA sequences and, unsurprisingly, this re- 
vealed highly significant levels of linkage (0/1,000 simu- 
lations resulted in a V o greater than observed with the 
real data). The same was also found with the adk data 
when taken as a whole. 

When the adk sequence from N. animalis was re- 
moved from the analysis, I A decreased from 3.47 (a 
greater variance was observed in (3/1,000 simulations) to 
1.389 (where 65/1,000 simulations resulted in a greater 
variance than the real data), implying relatively low lev- 
els of linkage disequilibrium between codons for the hu- 
man Neisseria species. Conversely, the recA data was 
still in highly significant linkage disequilibrium, even 
after the exclusion of the sequence from N. animalis. 
This result supports the suggestion of a high rate of in- 
terspecific recombination between the human Neisseria 
species at adk but not recA. Furthermore, this test pro- 
vides circumstantial evidence that the nonhuman com- 
mensal, N. animalis, which is assumed to have been eco- 
logically isolated, has, at least in relatively recent times, 
been recombining less frequently at adk with the human 
Neisseria species. 

The analysis was taken further by dividing the 96 
polymorphic codons within the complete adk data set 
into four regions, each of 24 polymorphic codons. I A was 
then calculated for each of the four regions in turn. The 
N. animaIis sequence was then removed from the analy- 
sis and the remaining 79 polymorphic codons were di- 
vided into three regions of 20 potymorphic codons, and 
one of 19 polymorphic codons. I A w a s  then calculated 
for all of these regions. There are a total of 197 poly- 
morphic codons within the recA data set. V e increases 
with r and so, in order to make an appropriate compari- 
son with the adk data set, I A was calculated from four 
regions of the recA data, each of 20 polymorphic codons, 
rather than by dividing the entire data set of recA into 
four regions, as was done for adk. 

Figure 6 shows the I A values for the four regions of 
the adk and recA sequence data sets (with and without 
the sequence from N. animaIis). The I A values for the adk 
data (without N. animaIis) show a decline moving from 
the promoter-proximal to the promoter-distal part of the 
adk coding region, reflecting lower levels of linkage be- 
tween codons. The final 20 polymorphic codons of the 
adk sequence (which represent a total of 54 codons) give 
an I A value of -0.04, which suggests that there is no 
linkage between the polymorphic codons in this region, 
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Fig. 5. Dendrograms constructed from the adk and recA sequences using the neighbor-joining and UPGMA methods. The values at the nodes are 
the percentages of the 500 bootstrap resamplings in which the species to the right of the node were separated from the other species. 
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Fig. 6. Linkage between polymorphic codons within the adk and 
recA genes. The values of  I A were determined for four regions of the 
adk and recA genes from the Neisseria species. O, adk genes from all 
species; <~, adk genes without N. animalis; El, recA genes from all 
species; X, recA genes without iV. animalis. 

i.e., they are randomly assorted. However, with the in- 
clusion of the sequence from N. animalis, the level of 
linkage is raised, to give an I A value of 1.05. The differ- 
ence in linkage disequilibrium is reflected in the simu- 
lation results for this region at 43/1,000 trials gave a 
greater variance than the real data when the N. animalis 
sequence was included compared to 484/1,000 trials 
when it was omitted. These results therefore argue that 
while the polymorphic codons in this region of adk are 
randomly assorted between the species isolated from hu- 
man hosts, the polymorphic codons within the adk se- 
quence from iV. animalis are linked within this species. 
The inclusion of the data from N. animalis also increased 
the level of linkage within the first region of the adk gene 
(as well as the gene as a whole), but did not increase 
linkage within the second and third regions of the gene. 

The adk data thus show evidence of recombination 
between the human Neisseria species, particularly within 
the downstream region of the gene. Conversely, the data 
for recA provides evidence for very high levels of link- 
age disequilibrium, within each of the four sample re- 
gions of the gene, as well as in the gene as a whole, 
irrespective of whether N. animalis is included in the 
analysis or not (Fig. 6). 

Discussion 

This paper provides evidence which suggests that the 
patterns of sequence divergence between the same Neis- 
seria species are very different at recA and adk, despite 
the fact that both of these genes encode housekeeping 
proteins, and would therefore be expected to be subject 
to similar selection pressures. The sequence divergence 
between the nine species at recA showed no great 
anomalies. The dendrograms produced using the recA 
data appeared to be robust and did not change signifi- 
cantly when different algorithms were used. The phylog- 
eny was also highly consistent with that obtained from 
previous studies. For example, the grouping of the patho- 
genic species N. gonorrhoeae and N. meningitidis with 
N. Iactamica and N. potysaccharea is congruent with the 
results from DNA-DNA hybridization experiments (Gui- 
bourdenche et al. 1986) and sequence analysis of the 
argF and penA genes (Zhou and Spratt 1992; Bowler et 
al. 1994). This grouping is also supported by Barrett and 
Sneath's (1994) phenotypic analysis, which placed all 
these species within "Area A"  of the dendrogram. N. 
cinerea was also within Area A and was the next most 
closely related species using the recA data. The grouping 
of N. mucosa with N. pharyngis var. flava is also sup- 
ported by Barrett and Sneath's study (both are placed in 
Area B characterized by pharyngeal strains). N. flave- 
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scens and N. animalis are both placed in the more het- 
erogeneous Area C. 

The adk data showed several anomalies. Firstly, most 
of the pairwise distances between the adk sequences fall 
within a narrow range. Secondly, the dendrograms de- 
rived from the adk data using two different algorithms 
were grossly noncongruent with each other and with the 
dendrograms derived from the recA data. The low boot- 
strap values for the nodes using the adk data indicate that 
a consistent phylogeny could not be obtained for these 
nine species. Finally, although the ds/d~ ratios suggest 
that adk is evolving more slowly than recA, the nucleo- 
tide sequence divergence between the two pathogenic 
Neisseria species at adk was over three times that ob- 
served for recA, and over twice that found in any other 
housekeeping gene that has been studied. 

One explanation for these anomalies is that the ex- 
pected patterns of sequence divergence between the 
Neisseria species have been obscured by a history of 
frequent recombination at adk but not at recA. Frequent 
recombination would act both to homogenize the adk 
sequences, resulting in the unimodal distribution of pair- 
wise sequence comparisons and the unusually large di- 
vergence between the pathogenic Neisseria species, and 
would engender severe phylogenetic distortion. The as- 
sumption of a history of interspecies recombination at 
adk but not at recA is supported by statistical analysis of 
the sequences. Sawyer's runs test was significant for the 
adk data set, but not for the recA data set. The I a values 
also revealed much lower levels of linkage between 
codons within the adk data set than in the recA data set 
(particularly within the promoter-distal region of the 
gene). Interestingly, inter- and intraspecies recombina- 
tion at adk has recently been proposed to have produced 
the minor electrophoretic variants of ADK found in some 
N. meningitidis strains (Feil et al. 1995). The reason for 
the higher rate of interspecies recombination at adk com- 
pared to recA is unclear. The adk gene is not under 
diversifying selection, and is unlikely to have been in- 
fluenced by hitchhiking at a neighboring locus under 
diversifying selection, as the average diversity among the 
meningococcal adk gene (excepting the rare strains ex- 
pressing electrophoretic variants) was only 1.1% (Feil et 
al. 1995), and no polymorphisms have been found in the 
adk genes of ten gonococci that have been examined 
(E.F. and B.G.S., unpublished). 

There is also evidence from the I A values that the 
ecologically isolated N. animalis has been recombining 
to a lesser degree with the human species as the inclusion 
of the data from N. animalis appeared to increase the 
level of linkage in the first and final region of adk but not 
in the middle two regions. These differences may reflect 
effectively random influences resulting from the distri- 
bution of polymorphisms within the adk sequences or 
differences in the selective constraint along the length of 
the coding region. However, the results from the I a test 

were not highly significant regarding the absence, or re- 
duced level, of recombination between N. animalis and 
the human species, and Sawyer's runs test was unable to 
provide any support, so this evidence is not decisive. 

The adk gene is more highly conserved between the 
Neisseria species than recA. For example, the highest 
level of nucleotide divergence between the nine species 
at adk is 12.3%, but there are 28 pairwise comparisons at 
recA (78%) which exceed this value. The reduced varia- 
tion at adk may be due in part to the homogenizing effect 
of recombination, but also to stronger selection against 
nonsynonymous substitutions as the ds/d N ratio at adk 
was twice that at recA. The constraints against nonsyn- 
onymous substitutions and the homogenizing effect of 
recombination may be causally linked, as it is well docu- 
mented from work on Neisseria sp. (Frosch and Meyer 
1992), and from work on Bacillus sp. (Roberts and Co- 
ban 1993), that the efficiency of transformation in the 
laboratory decreases as the degree of sequence diver- 
gence between the parental molecules increases. A gene 
which is under unusually high stabilizing selection will 
be more homogenous than one under less constraint, 
making it likely to encounter intragenic recombinational 
replacements at a higher frequency. Recombination will 
in turn act to homogenize the sequences, tempering the 
divergence between them, and so making subsequent re- 
combination even more likely. This process will obscure 
the divergence of species through stochastic mutation 
and wilt render meaningless the use of the gene to de- 
termine the phylogenetic relationships between species. 
It is possible that such a process may be affecting the 
evolution of adk between the eight species isolated from 
humans, but not N. animalis, because it is ecologically 
isolated. Presumably, the relatively relaxed selection at 
recA allowed the sequences to obtain the threshold level 
of divergence necessary to escape from this process, thus 
allowing divergence to saturation. However, variation in 
the rates of evolution of different genes is likely to be 
only one factor in the observed differences in the extent 
of interspecies recombination in Neisseria genes. Varia- 
tions in the absolute rates of recombination within genes 
(for example, due to the location of uptake sequences; 
Graves et al. t982) and in the strength of selection for or 
against the recombinants are also likely to contribute. 

The surprising finding of a high level of interspecies 
recombination within adk but not recA has important 
implications for the microbial species concept. Dykhui- 
zen and Green (1991) have suggested a method by which 
microbial species can be defined, and the premise of this 
method rests on the biological species concept. They 
suggest that if recombination is frequent within a single 
species then the phylogenies of different strains within 
the species will be discordant because of the effects of 
recombination. However, the gene pool within a species 
should still represent a distinct phylogenetic cluster when 
compared to other species if recombination is very rare 
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or absent  be tween  species.  Thus  the phylogenies  of  

single genes from individuals  of  different species should 

not  be  signif icantly different, This  def ini t ion therefore 

categorizes species as recombina t iona l ly  isolated enti-  

ties, al though recombina t ion  wi thin  a species may  be 

frequent.  
R e g a r d i n g  this  de f in i t ion ,  D y k h u i z e n  and  G r e e n  

(1991) wrote: " a  possible  diff iculty is seen with the vari- 
ous Neisseria species ,"  not ing  that wi thin  this genus,  

recombinat ion  can occur be tween  relat ively distantly re- 

lated individuals .  The present  work is s ignif icant  because 
it implies  that recombina t ion  can have a profound effect 

on the divergence of  a part icular  locus even  when  it is not  

be l ieved to be under  strong divers i fying selection pres- 

sures, and because it suggests that recombinat ion  rates 

wi thin  such genes can vary widely  wi thin  a single ge- 
nome.  Cohan  (1995) has argued that because bacterial  

recombina t ion  is a much  less cohesive force than eukary-  

otic sex (as it occurs less frequently and has more  local- 
ized effects), sexual isolat ion is not  necessari ly a prereq- 

u i s i te  for  p e r m a n e n t  s e q u e n c e  d i v e r g e n c e  b e t w e e n  

bacteria. Sequence data has been generated for both adk 

and recA within  populat ions  of  both N. gonorrhoeae and 

N. meningit idis  (Zhou and Spratt 1992; Feil  et al. 1995; 
E.F. and B.G.S.,  unpubl ished) ,  and this has revealed that 

the level of  diversity wi thin  these named  species is much  

less than the degree of  d ivergence be tween  the named  

species revealed by  the present  work. It therefore seems 

likely that the sequences  reported here represent  dist inct  
sequence clusters despite the fact that recombina t ion  be-  

tween the species may  be very f requent  at adk. Although 
the Neisseria species invest igated in this work do not  

cor respond to dis t inct  species  unde r  D y k h u i z e n  and  

G reen ' s  def ini t ion (at least at adk), they are therefore 
l ikely to correspond to dist inct  species according to the 

defini t ion suggested by Cohan  (1995) that species rep- 

resent pe rmanen t  sequence clusters. However,  more  de- 

tailed studies of  other housekeeping genes are required to 

establish the extent  to which  interspecies recombina t ion  
distorts the phylogeny  of the h u m a n  Neisseria species. 
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