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A multilocus enzyme electrophoresis analysis of 96 strains of the salmonellae distinguished 80 electro-
phoretic types (ETs) and placed them in eight groups, seven of which correspond precisely to the seven
taxonomic groups (I, I, IIla, IIIb, IV, V, and VI) previously defined on the basis of biotype and genomic DNA
hybridization. In addition, multilocus enzyme electrophoresis identified an eighth distinctive group (designat-
ed VII) composed of five strains that had been assigned to group IV on the basis of biotype. An analysis of
variation in the combined nucleotide sequences of five housekeeping genes among 16 strains representing all
eight groups yielded estimates of overall genetic relationships that are fully consistent with those indicated by
DNA hybridization. However, the nucleotide sequences of seven invasion genes (inv/spa) in the strains of group
VII were closely similar to those of strains of group IV. These findings are interpreted as evidence that group
VII represents an old, differentiated lineage to which one or more large parts of the chromosomal genome of
the group IV lineage, including the 40-kb segment on which the invasion genes are located, have been
horizontally transferred. All lines of molecular genetic evidence indicate that group V is very strongly differ-
entiated from all other groups, thus supporting its current taxonomic treatment as a species, Salmonella
bongori, separate from S. enterica. The Salmonella Reference Collection C, composed of the 16 strains used in

DNA sequence studies, has been established for research on variation in natural populations.

Under current taxonomic treatment, strains of the 2,324
serovars of the salmonellae are assigned to seven groups de-
fined on the basis of variation in biotype and the results of a
limited number of genomic DNA hybridization experiments (7,
13, 25). In accordance with the long-standing view that all of
the salmonellae are members of a single species, designated
Salmonella enterica (14), the seven groups, numbered I, II, I11a,
IIIb, IV, V, and VI, have generally been considered subspecies
(7, 12), but group V was recently elevated to species status, as
S. bongori, by Reeves et al. (26), a revision endorsed by Bren-
ner (5) and Popoff and Le Minor (25). Groups I, II, and IV
correspond to the subgenera of the same designation in Kauff-
mann’s classification (10), and groups Illa and IIIb include,
respectively, the monophasic and diphasic strains of Kauft-
mann’s subgenus III, also known as Arizona (7). Group V was
recognized in 1982 (16), and group VI was distinguished in
1986 (15).

In the past decade, a considerable volume of data on genetic
variation in natural populations of the salmonellae has been
accumulating, initially through application of multilocus en-
zyme electrophoresis (MLEE) (1) and, more recently, by nu-
cleotide sequencing of chromosomal genes encoding enzymes
and proteins of several other functional types (32). These mo-
lecular genetic analyses have confirmed the division of Salmo-
nella into seven distinctive groups and, in addition, have iden-
tified an eighth group composed of several strains that were
previously assigned to group IV on the basis of biotype.

The objective of this report is to consider the implications of
the molecular population genetic data for the taxonomic struc-
ture of the salmonellae at the species and subspecies levels.
This analysis has provided background for the designation of a
reference collection of genetically characterized strains (Sal-
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monella Reference Collection C [SARC]) that are representa-
tive of the salmonellae as a whole and will be of use to micro-
biologists and molecular biologists who are concerned with
various aspects of genetic and phenotypic variation and evolu-
tion in natural populations.

MATERIALS AND METHODS

Bacterial isolates. This study is based on a collection of 96 strains, including 91
isolates representing all seven of the currently recognized groups of Salmonella
serovars and 5 isolates that form an eighth group, designated VII. The distribu-
tion of the isolates among the groups is as follows: I, 11; 11, 21; IIa, 4; I1Ib, 5; IV,
28; V, 13; VI, 9; and VII, 5. The isolates were obtained from the collections of
the Centers for Disease Control and Prevention, Atlanta, Ga., and the Institut
Pasteur, Paris, France.

SARC. Two representative strains of each of the eight groups were selected to
form SARC (Table 1). These strains are the core sample used in a series of
comparative DNA sequence analyses in our laboratory, initiated by Nelson et al.
(23).

MLEE. All 96 isolates were assayed for electrophoretic variation in the 24
enzymes listed by Selander et al. (28, 29), according to the methods of Selander
et al. (30). The five strains of group VII and seven representative strains of group
IV were assayed for electrophoretic variation in an additional 11 enzymes: acid
phosphatase-3, acid phosphatase-4, alkaline phosphatase-1, alkaline phospha-
tase-2, citrate synthase, esterase-1, fumarase, glyceraldehyde-3-phosphate dehy-
drogenase, malic enzyme, glycine-glycine peptidase, and nucleoside phosphory-
lase-2.

Electromorphs (allozymes) of each enzyme were equated with alleles at the
corresponding structural gene locus, and an absence of enzyme activity was
attributed to a null allele. Distinctive combinations of alleles (multilocus enzyme
genotypes) were designated ETs (electrophoretic types).

Statistical analysis. Genetic diversity at an enzyme locus among ETs was
calculated from allele frequencies as h = (1 — 3x;?)(n/n — 1), where x; is the
frequency of the ith allele and 7 is the number of ETs. Mean genetic diversity (H)
is the arithmetic average of /4 over all loci assayed.

For multilocus enzyme data, a neighbor-joining dendrogram (11, 27) was
generated from a matrix of Nei’s standard genetic distance between pairs of ETs
(19) on the basis of the proportion of loci at which dissimilar alleles occur
(proportion of mismatches). For nucleotide sequence data, neighbor-joining
dendrograms were constructed with the program MEGA (Molecular Evolution-
ary Genetic Analysis; version 1.0) from matrices of genetic distance between
pairs of strains estimated from the number of substitutions per site (9, 20).

Nucleotide i bers. The nucleotide sequences of the 12
genes on which dendrograms are based have been deposited in the GenBank
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TABLE 1. Properties of the 16 SARC strains
SARC no. RKS no. Original no.” Antigenic formula® Source Locality Date
Group 1
1 s4194¢ S 6623 1,4,[5],12:1:1,2 Human England 1958
2 $3333¢ IP E.88.374 9,12,[Vi]:d:[Zgs) Dakar 1988
Group 11
3 $2985 CDC 151-85 58:d:z Human Massachusetts 1985
4 s2993 CDC 3472-64 42:f:g,t:- 1964
Group IIla
5 $2980 CDC 346-86 62:2,4,2,5:- Cornsnake Oregon 1986
6 $2983 CDC 409-85 62:734:- Human California 1985
Group IIIb
7 $2978 CDC 156-87 50, 55kiz Human Oregon 1987
8 $2979 CDC 678-94 38[k]:z35:- Human California 1984
Group IV
9 s3015 CDC 2584-68 45a,b:g,z5,:- Animal Canal Zone 1968
10 s3027 CDC 287-86 16:24,25,:- Human Illinois 1986
Group V (8. bongori)
11 s3041 CDC 750-72 66:2,,:- Frog 1972
12 s3044 CDC 2703-76 48:24,:- Parakeet United States 1976
Group VI
13 $2995 CDC 1363-65 45:a:e,n,x India 1965
14 s3057 CDC 347-78 11:b:e,nx 1978
Group VII
15 s3013 CDC 2439-64 1,40:g,25,:- Tonga-T1 1964
16 s3014 CDC 5039-68 40:24,2,4:- Human Florida 1968
¢ Abbreviations: CDC, Centers for Disease Control and Prevention (Atlanta, Ga.); IP, Institut Pasteur (Paris, France).
b The antigenic formula indicates the O:H1:H2 factors; see reference 12 for explanation.
¢ Serovar S. enterica Typhimurium. The strain was obtained from D. C. Old.
@ Serovar S. enterica Typhi.
database under the following accession numbers: gapA, M66853 and M66882; MLEE (24 |OCi) !
putP, 101132 to L01159; gnd, U14423 to U14509; mdh, U04742 to U04784 and
U04786; aceK, U43344 to U43359; spaO, spaP, and spaO, U29345 to U29365;
spaM and spaN, U43300 to U43315; and invA and invE, U43237 to U43274. V (8. bongori) $3041
L ;83044
RESULTS 14

Multilocus enzyme genotypes. Among the 96 isolates exam-
ined, all 24 enzyme loci were polymorphic, and a comparison
of allele profiles identified 80 distinctive ETs. The estimated
genetic relationships among the ETs are indicated in the
neighbor-joining dendrogram shown in Fig. 1. All but four of
the ETs fall into seven discrete clusters that correspond pre-
cisely to groups I, II, IIIa, IIIb, IV, V, and VI, as previously
defined on the basis of biotype and genomic DNA hybridiza-
tion (6, 15, 16, 33). However, ETs 56 to 59, represented by five
isolates, form a distinctive eighth group (labeled VII).

The isolates of ETs in cluster VII had been identified as
members of group IV on the basis of biotype, but in multilocus
enzyme genotype they differ from strains of group IV in alleles
at 15 of the 24 loci assayed. To better estimate genetic distance,
we examined variation at an additional 11 enzyme loci among
the five isolates of group VII and single isolates of seven ETs
representing the major branches of the group IV cluster. The
strains of groups IV and VII differed at 7 of these 11 loci. Thus,
in total, ETs of group VII could be distinguished from those of
group I'V by the occurrence of distinctive alleles at 22 (63%) of
the total of 35 loci assayed (Table 2).

In agreement with evidence from genomic DNA hybridiza-
tion (and multiple gene sequences; see below), MLEE analysis
indicated that strains of group V (S. bongori) are the most
divergent forms of the salmonellae (Fig. 1). But for the other
groups (S. enterica), a statistical analysis of 1,000 computer-
generated dendrograms (bootstrapping) revealed that their
evolutionary relationships are not reliably indexed by the to-
pology of the MLEE dendrogram (Fig. 1), the branches of

25 2983
28
1Ib 29
—= 52978 2979
Vi 3352995
53057
— (S. enterica) 41
$2985
I 2993
_ | 55
L'E 56 53014
] 59 s3013

IV — 60 53007

0.10
[I—

Genetic distance

80 s3015

FIG. 1. Neighbor-joining dendrogram for 80 ETs of the eight groups of the
genus Salmonella, based on the proportion of 24 enzyme loci at which dissimilar
alleles (electromorphs) occur (mismatches). The eight groups are designated by
roman numerals, and strain numbers (e.g., s3041) are indicated for the 16 strains
that constitute SARC.
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TABLE 2. Allele profiles for 22 polymorphic enzyme loci in strains of groups IV and VII

Allele at indicated enzyme locus®

Strain
APl NP1 PLP IPO SHK ESI CST AP3 AP4 NP2 G3P FUM THD IDH ACO CAK PGI LGl GDH PGM GLU MPI
Group IV
s3029 19 55 15 3 7 0 3 3 3 3 1 3 3 2 25 3 5 6 3 2 3 4
s3012 19 82 15 3 7 0 3 3 3 3 1 3 3 2 25 3 5 6 3 2 3 4
s3037 19 55 15 3 7 0 3 3 3 3 1 3 3 2 25 3 5 6 3 2 3 4
s3021 1.9 55 29 3 7 0 3 3 3 3 1 3 3 3 2.5 3 5 6 3 2 3 4
53034 19 55 29 3 7 0 3 3 3 3 1 0 3 1 25 3 5 6 3 5 36
s3015 19 55 15 3 7 0 4 3.0 3 1 3 3 2 0 3 5 6 3 5 325
s3016 19 5 29 3 7 0 3 3 3 3 1 3 3 2 25 3 5 5 3 2 3 4
Group VII
s3013 9 6 8 5 2 3 1 2 1 0 5 5 1 3 3 5 6 2 4 6 2 5
s3014 8 6 8 5 2 3 1 2 2 0 5 5 1 3 3 5 6 3 4 3 2 8
s3801 8 6 8 5 2 3 1 2 2 0 5 5 1 3 3 5 6 3 4 3 2 8
s3803 9 6 8 5 2 3 1 2 1 0 5 5 1 3 3 5 6 2 0 6 2 5
s3804 9 6 7 5 0 0 1 2 08 0 4 5 1 3 4 5 5 4 0 6 2 8

“ Abbreviations: AP1, AP3, and AP4, acid phosphatase-1, -3, and -4; NP1, nucleoside phosphorylase-1; PLP, phenylalanyl-leucine peptidase; IPO, indophenol
oxidase; SHK, shikimate dehydrogenase; ES1, esterase-1; CST, citrate synthase; NP2, nucleoside phosphorylase-2; G3P, glyceraldehyde-3-phosphate dehydrogenase;
FUM, fumarase; THD, threonine dehydrogenase; IDH, isocitrate dehydrogenase; ACO, aconitase; CAK, carbamylate kinase; PGI, phosphoglucose isomerase; LG1,
leucylglycyl-glycine peptidase-1; GDH, glucose dehydrogenase; PGM, phosphoglucomutase; GLU, glutamate dehydrogenase; MPI, mannose phosphate isomerase.

® Isolate s3801, which was obtained from the Institut Pasteur (original number IP498/88), may represent the same strain as s3014, which was obtained from the
Centers for Disease Control and Prevention (original number CDC 5039-68); they have the same serotype and are identical in multilocus enzyme genotype.

which diverge from one another within a narrow range of
genetic distance values. At the relatively deep level of diver-

gence of these groups, most of the enzyme loci assayed are A. Five Housekeeping Genes (6,294 bp)
polymorphic for multiple alleles (electromorphs) and the ETs

of each group have unique alleles at many loci, with the con- 0 01 s4194 I (1,367)
sequence that the order of branching of the groups is deter- Genetic distance 5322295

mined by variation at only a few loci. The accuracy of estimates <3057 VI (10

. . . . e 99
of genetic distance is further limited by the occurrence of

multiple amino acid substitutions in individual proteins and the
frequent convergence of electromorphs resulting from differ-

100 52985

_I:szggs I (464)
100 = $2978

— o b (309)

ent amino acid substitutions that produce similar effects on o

electrophoretic mobility (3, 22). _E1°° s 50
For the 80 ETs shown (in Fig). 1, mean total genetic diversity 100 100 ss027 v

per locus (H;), calculated from allele frequencies at the 24 —100[222112 VII (4

enzyme loci assayed, was 0.627, which may be compared with a 100 — 52980

value of 0.343 reported (31) for 62 ETs of the ECOR collection — sogs3 1la  (93)

of Escherichia coli (8, 24). Mean diversity per locus within [ 53041

groups (subsamples) (Hg) was 0.271, and the amount of the Lsaoas V 1

total diversity apportioned among groups (Ggy), calculated as

(H;~Hg)/H, was 0.568, or slightly more than twice that within

groups. B. Seven Invasion Genes (6,375 bp)
Housekeeping gene sequences. For the 16 SARC strains, the 100 — 54194

nucleotide sequences of five housekeeping genes, glyceraldehyde- Lo 0 — agas |

3-phosphate dehydrogenase (gapA) (23), proline permease (putP) Genetic distance 100y 52985

(21), malate dehydrogenase (mdh) (3), 6-phosphogluconate de- 100 L s2903 I

hydrogenase (gnd) (22), and isocitrate dehydrogenase kinase/ 100 1005 S2995 L

phosphatase (aceK) (20a), are available. Estimates of the over- [s3057

all genetic relationships among the 16 strains, as indexed by 100 100ES2976 b

variation in the combined (concatenated) nucleotide se- $2079

quences of the five genes, are shown in Fig. 2A. The topology 027 o

of the dendrogram is fully consistent with evidence from DNA 100 533%112

hybridization experiments and may, therefore, be considered s s:m . Vi

broadly indicative of the actual evolutionary relationships of 100 [~ 52980

the groups, notwithstanding the occasional occurrence of hor- Lopges 1la

izontal transfer of gene segments among them (32, 34). st o
Invasion gene sequences. A 40-kb segment near 59 min on L—s3044

the S. enterica chromosome contains 15 or more loci, the inv/ FIG. 2. (A) Neighbor-joining dendrogram for the 16 SARC strains, based on

spa genes, whose products are required for the invasion of variation in the combined coding sequences of five housekeeping genes. The eight

: : . groups are designated by roman numerals, and the number of serotypes assigned
(?plthellal cells (18)' Sequences of seven of these genes, H?VA’ to each group is indicated in parentheses. Bootstrap values based on 1,000
invE, spaM, spaN, _SpaO, spaP, and spaQ, have been obtained computer-generated trees are indicated at the nodes. (B) Neighbor-joining trees
for the SARC strains (2a, 17). The topology of a dendrogram for seven invasion genes, based on variation in the combined coding sequences.
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constructed from their combined sequences (Fig. 2B) is similar
to the comparable dendrogram for the five housekeeping
genes (Fig. 2A), except for the position of group II relative to
groups IIIb and VI and, surprisingly, an absence of substantial
differentiation between strains of groups IV and VII.

DISCUSSION

Species limits. On the basis of an MLEE analysis and the
reported evidence from genomic DNA hybridization experi-
ments, Reeves et al. (26) designated the group V salmonellae
as a species (S. bongori) distinct from the other groups (S.
enterica). Support for this taxonomic interpretation is provided
by our MLEE study and a comparative nucleotide sequence
analysis of 12 housekeeping and invasion genes, both of which
have clearly demonstrated that the group V strains are strongly
differentiated from all other salmonellae.

Evolutionary status of group VIL. This group presents a
paradoxical situation. For each of the five housekeeping genes
sequenced, the degree of nucleotide sequence divergence be-
tween group VII and group IV is at least as great as that
between groups I and VI or II and I1Ib (Fig. 2A) and by MLEE
analysis of 35 enzymes, group VII is strongly differentiated
from group IV (Table 2) and all other groups (Fig. 1). Yet
there is little differentiation between VII and IV in the se-
quences of any of the seven invasion genes studied. Thus, it
appears that the genome of the strains of group VII is a mosaic
of large chromosomal segments with different evolutionary
histories. As an explanatory hypothesis, we suggest that the
major part of the chromosomal genome of the group VII
strains is that of a old lineage that had achieved, through
mutation and selection, a level of genetic differentiation equiv-
alent to that of the other groups of S. enterica. The five house-
keeping genes that we have sequenced and most or all of the
enzyme loci assayed by MLEE presumably are located on this
part of the chromosome. Subsequently, one or more chromo-
somal segments, including the 40-kb segment which contains
the inv/spa genes, were horizontally transferred from the lin-
eage of group IV to that of group VII. Consistent with this
interpretation are the results of a genomic DNA hybridization
experiment in which the reassociation values obtained in a
comparison of two strains of VII with three strains of IV were
intermediate between those reported for similar comparisons
of the other groups of S. enterica and those normally obtained
for strains of the same group (24a).

Reference collections. All 94 strains on which this study was
based, including the 16 strains that constitute SARC, have
been deposited in the Salmonella Genetic Stock Centre (con-
tact K. E. Sanderson, Department of Biological Sciences, Uni-
versity of Calgary, 200 University Drive NW, Calgary, Alberta,
Canada T2N 1N4). SARC is the third reference collection of
strains established for the salmonellae. SARA (2) consists of
72 strains of several serovars of the S. enterica Typhimurium
complex, and SARB (4) includes 72 strains representing 37
serovars of group 1.
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