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The mosaic structure and molecular evolution of the leukotoxin operon (lktCABD) was investigated by
nucleotide sequence comparison of the lktC, lktB, and lktD genes in 23 Mannheimia (Pasteurella) haemolytica, 6
Mannheimia glucosida, and 4 Pasteurella trehalosi strains. Sequence variation in the /kt4 gene has been described
previously (R. L. Davies et al., J. Bacteriol. 183:1394-1404, 2001). The leukotoxin operon of M. haemolytica has
a complex mosaic structure and has been derived by extensive inter- and intraspecies horizontal DNA transfer
and intragenic recombination events. However, the pattern of recombination varies throughout the operon and
among the different evolutionary lineages of M. haemolytica. The lktA and lktB genes have the most complex
mosaic structures with segments derived from up to four different sources, including M. glucosida and P.
trehalosi. In contrast, the lktD gene is highly conserved in M. haemolytica. The lktC, lktA, and lktB genes of
strains representing the major ovine lineages contain recombinant segments derived from bovine or bovine-like
serotype A2 strains. These findings support the previous conclusion that host switching of bovine A2 strains
from cattle to sheep has played a major role in the evolution of the leukotoxin operon in ovine strains of M.
haemolytica. Homologous segments of donor and recipient alleles are identical, or nearly identical, indicating
that the recombinational exchanges occurred relatively recent in evolutionary terms. The 5’ and 3’ ends of the
operon are highly conserved in M. haemolytica, which suggests that multiple horizontal exchanges of the
complete operon have occurred by a common mechanism such as transduction. Although the lkt4 and lktB
genes both have complex mosaic structures and high nucleotide substitution rates, the amino acid diversity of
LKktB is significantly lower than that of LktA due to a higher degree of evolutionary constraint against amino
acid replacement. The recombinational exchanges within the leukotoxin operon have had greatest effect on
LKktA and probably provide an adaptive advantage against the host antibody response by generating novel

antigenic variation at surface-exposed sites.

Mannheimia (Pasteurella) haemolytica is a gram-negative
bacterium that is responsible for economically important res-
piratory tract infections of cattle and sheep known as pneumo-
nic pasteurellosis (22, 24). Although the overall pathologies of
bovine and ovine pneumonic pasteurellosis are very similar
(22, 24), M. haemolytica consists of genetically distinct sub-
populations (15, 17) that are differentially adapted to, and
elicit disease in, either cattle or sheep. Strains that were pre-
viously classified as serotype All of M. haemolytica represent
a divergent lineage (15, 18) and are now recognized as a sep-
arate species, namely, Mannheimia glucosida (2). M. glucosida
comprises a heterogeneous group of organisms that have low
virulence and are mainly opportunistic pathogens of sheep (2,
15). Strains that were once recognized as the T biotype of M.
haemolytica are also now classified as a separate species,
namely, Pasteurella trehalosi (52). However, unlike M. haemo-
lytica, which occurs in cattle and sheep, P. trehalosi infects only
sheep causing a systemic disease that is pathogically distinct
from pneumonic pasteurellosis (24).

M. haemolytica produces a leukotoxin that is considered to
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be an important virulence factor in the pathogenesis of both
bovine and ovine pneumonic pasteurellosis (3, 8, 36, 43, 56,
57). Leukotoxin is also produced by strains of M. glucosida and
P. trehalosi (7, 23, 38, 47), but its role in infection in these two
species is less well documented. The toxin is a member of the
RTX family of gram-negative bacterial pore-forming cytotox-
ins that includes the alpha-hemolysin of Escherichia coli (35,
54, 58). Most RTX toxins interact with different cell types from
a variety of species, but leukotoxin is specific for ruminant
lymphoid cells (4, 6, 10, 28, 48). It has recently been shown that
B, integrins are the putative leukotoxin receptor on bovine
leukocytes (1, 27, 33). At high concentrations leukotoxin forms
pores in the cell membrane that rapidly lead to cell swelling
and lysis (10, 13). However, at low or sublytic concentrations,
leukotoxin causes activation of neutrophils (14), production of
inflammatory cytokines (60), degranulation and generation of
oxygen-derived free radicals (37), and morphologic changes
consistent with apoptosis (53).

The genetic organization of the leukotoxin operon is similar
to that of the E. coli hemolysin and consists of four contiguous
genes designated ktCABD (25, 26, 35, 55). The lktA gene
encodes the inactive protoxin, the lktC gene is required for
posttranslational activation of the protoxin prior to secretion,
and the /ktB and lktD genes are required for secretion of the
toxin from the organism (Fig. 1).
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FIG. 1. Structure and function of the lktCABD operon of M. haemolytica, M. glucosida, and P. trehalosi. The location of the amplification

primers for the lktC, lktB, and [ktD genes are indicated (IktC/F/1, etc.).

Horizontal transfer and recombination of DNA segments
(intragenic) or entire genes (assortative) are now recognized as
important evolutionary mechanisms, complementing mutation,
in the diversification of bacteria (30, 31, 34, 42, 51). It has been
suggested that the effective recombination rate varies among
genes in relation to functional type, being highest for genes
encoding cell surface and other proteins for which there is an
adaptive advantage in structural diversity (40). Indeed, there is
evidence that horizontal DNA transfer and recombination are
responsible for the diversification of various virulence factors,
including capsular polysaccharide (11), lipopolysaccharide
(44), outer membrane proteins (21), and flagellar antigens (34,
51).

The objective of the present study was to investigate the
amount of DNA polymorphism and molecular divergence of
the leukotoxin operon ((ktCABD) among pathogenic strains of
M. haemolytica, M. glucosida, and P. trehalosi. This study was
inspired by previous work that has shown that the leukotoxin
structural gene (/ktA) of M. haemolytica is highly polymorphic
with multiple alleles. Phylogenetic analysis indicates that novel
lktA alleles have been derived by recombination between /ktA
genes of M. glucosida and P. trehalosi (20). To what extent does
the diversifying selection on lktA affect levels of variation in the
other genes of the Ikt operon? How does the variability of /ktA
influence the molecular evolution of /ktC whose product di-
rectly interacts with and activates leukotoxin? Is there evidence
that horizontal gene transfer and recombination has generated
mosaic operons and, if so, how do these recombinant leuko-
toxin operons function in pathogenesis? To address these
questions, we determined the nucleotide sequences in the lktC,
lktB, and lktD genes of 33 strains representing pathogenic
pasteurellae isolated from diseased cows and sheep and used
statistical tools to analyze these data from an evolutionary
perspective.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The lkrC, [ktB, and lktD genes were
sequenced in 23 M. haemolytica, 6 M. glucosida, and 4 P. trehalosi isolates. The
isolates have been well characterized in previous studies (15-20) and were
selected to represent specific multilocus enzyme electrophoretic types (ETs),
capsular serotypes, hosts of origin, and lktA alleles. The properties of these
isolates are presented in Table 1.

Bacteria from —85°C stock cultures in 50% (vol/vol) glycerol in brain heart
infusion broth (BHIB) were subcultured on blood agar (brain heart infusion agar
containing 5% [vol/vol] sheep’s blood) and incubated aerobically overnight at
37°C. For preparation of DNA a few colonies were inoculated into 10-ml vol-
umes of BHIB and grown overnight at 37°C at 120 rpm.

Preparation of chromosomal DNA. Cells from 1.0 ml of overnight cultures
were harvested by centrifugation for 1 min at 13,000 X g and washed once in

sterile, distilled H,O. DNA was prepared with the InstaGene Matrix (Bio-Rad)
according to the manufacturer’s instructions and then stored at —20°C.

PCR amplification and DNA sequence analysis. The lkrC, [ktB, and IktD genes
from each of the 33 strains were amplified from the chromosomal DNA with the
primers shown in Table 2. With the exception of the 5" and 3" ends of the lktC
and lktD genes, respectively, the primer sites were located in the adjacent gene
so that the noncoding flanking regions were also amplified (Fig. 1). Incomplete
gene sequences were obtained for ktC (89%) and IlktD (98%) because the 5’
(lktC) and 3’ (lktD) primers were located within the genes. The primers were
designed from the published sequences of the leukotoxin operon of M. haemo-
Iytica serotype Al isolates (25, 35, 55), the lktCA sequence of a M. glucosida
(previously P. haemolytica serotype All) isolate (7), and the /kt4 sequences of 41
M. haemolytica, M. glucosida, and P. trehalosi isolates (20). Primers were designed
by using the computer program Primer Designer (version 2.0) and synthesized by
Sigma-GenoSys (Cambridge, United Kingdom). The three genes were amplified
with a Tag DNA polymerase kit (Boehringer Mannheim) according to the man-
ufacturer’s instructions. PCRs were carried out in a Perkin-Elmer 480 DNA
thermal cycler with the following amplification parameters: denaturation at 94°C
for 45 s, annealing at 57°C for 45 s, and extension at 72°C for 2 min. Thirty cycles
were performed, and a final extension step of 72°C for 10 min was used. Pro-
duction of a PCR amplicon of the expected size was confirmed by agarose gel
electrophoresis and the DNA purified with a QIAquick PCR purification kit
(Qiagen, Chatsworth, Calif.). The DNA was finally eluted in 30 pl of sterile,
distilled H,O and stored at —20°C. Sequence reactions were performed with the
ABI Prism Big Dye Terminator cycle sequencing kit (Applied Biosystems) in a
GeneAmp PCR System 9700 (Applied Biosystems) thermal cycler and sequence
analysis carried out with an Applied Biosystems 377 DNA Sequencer (University
of Glasgow Sequencing Service). Both strands of the genes were sequenced and,
in the case of the /kB and lktD genes, internal pairs of primers were designed as
sequence data became available.

Analysis of nucleotide and protein sequence data. Nucleotide sequence data
were analyzed and edited with SEQED (version 1.0.3; Applied Biosystems) and
the DNASTAR suite of programs (DNASTAR, Inc.). Statistical and phyloge-
netic analyses were carried out with MEGA (29) in conjunction with alignment
programs written by T.S.W. Statistical analyses for clustering of polymorphic
sites were carried out by the maximum chi-square method (49) with a computer
program (MAXCHI) written by T.S.W. (45).

Nucleotide sequence accession numbers. The GenBank accession numbers for
the lktCABD sequences obtained in this study are given in Table 1.

RESULTS

Nucleotide and amino acid sequence variation. The com-
plete nucleotide sequence of the /ktB gene (2,127 nucleotides)
and partial sequences of the lkrC (447 of 504 [89%] nucleo-
tides) and lktD (1,416 of 1,437 [98.5%] nucleotides) genes were
determined in 23 M. haemolytica, 6 M. glucosida, and 4 P.
trehalosi isolates (Table 1). We were unable to amplify the lkrC
gene in strain PH574. The nucleotide sequences of the /ktA
gene in these strains have been described previously (20), and
lktA data are included here for comparative purposes. The
noncoding intergenic regions, comprising 15 (lktC-A), 74 (IktA-
B), and 11 (/ktB-D) nucleotides, respectively, were omitted
from the analyses. The total aligned length, including gaps
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TABLE 1. Properties of 23 M. haemolytica, 6 M. glucosida, and 4 P. trehalosi isolates

Isolate ET" Capsular H0§t Alleles” GenBank
serotype species IktC Ikt AC kB IktD accession no.
M. haemolytica
PH2 1 Al Bovine lktC1.1 lktA1.1 lktB1.1 lktD1.1 AF314503
PH376 1 A6 Bovine lktC1.1 lktAl1.1 lktB1.1 lktD1.1
PH346 1 Al2 Ovine lktC1.1 lktA1.2 lktB1.1 lktD1.1
PHS540 2 Al Bovine lktC1.1 lktAl1.1 lktB1.1 lktD1.1
PH388 4 A7 Ovine lktC1.1 lktA1.3 lktB1.1 lktD1.1
PH238 5 A9 Ovine lktC1.1 lktA1.4 lktB1.1 lktD1.1
PHS 6 Al Ovine lktC1.1 lktA1.5 lktB2.1 lktD4.1 AF314506
PH398 7 Al Ovine lktC1.1 lktA1.5 lktB2.1 lktD4.1
PH284 8 A6 Ovine lktC1.1 lktA1.2 lktB1.1 lktD1.1
PH66 10 Al4 Ovine lktC1.3 [IktA9 IktB5.1] lktD1.1 AF314508
PH706 11 Al6 Ovine lktC1.3 [IktA7 [ktB5.2] lktD1.1 AF314509
PH296 12 A7 Ovine lktC1.3 ktA8.1 lktB5.1 lktD1.1 AF414141
PH484 14 A7 Ovine lktC1.3 1ktA8.1 lktB5.1 lktD1.1
PHS588 15 Al3 Ovine ktC2.3 [IktA6 lktB3.1] IktDI1.1 AF314510
PH494 16 A2 Ovine lktC2.4 lktA2.1 lktB6.1 lktD1.1 AF314511
PHS550 17 A2 Bovine lktC2.4 lktA2.1 lktB6.1 lktD1.1
PH196 18 A2 Bovine lktC1.2 lktA3 lktB7.1 lktD2.1 AF314512
PH202 21 A2 Bovine lktC2.1 lktA2.2 lktB6.2 lktD1.1 AF314513
PH470 21 A2 Bovine lktC2.1 ktA2.2 lktB6.2 lktD1.1
PH278 21 A2 Ovine lktC2.1 lktA10.1 lktB1.2 lktD1.1 AF314514
PH372 21 A2 Ovine lktC2.1 lktA10.1 lktB1.2 lktD1.1
PH292 22 A2 Ovine lktC2.2 lktA8.1 lktB5.3 lktD1.1 AF314515
PH392 22 A2 Ovine lktC2.2 1ktA8.2 lktB5.3 lktD1.1
M. glucosida
PH344 1 All Ovine lktC3.1 lktA4.1 lktB8.1 lktD3.1 AF314517
PH498 3 All Ovine lktC3.1 ktA4.2 lktB8.2 lktD3.1 AF314518
PH240 5 All Ovine lktC3.1 lktA4.3 lktB8.6 lktD3.2 AF314519
PH496 7 UG3 Ovine lktC1.4 lktA4.4 lktB8.4 lktD3.4 AF314520
PHS574 10 UG3 Ovine lktA4.5 lktB8.3 lktD3.3 AF314521
PH290 16 UG3 Ovine lktC1.4 lktA4.6 lktB8.5 lktD3.4 AF314522
P. trehalosi
PH246 2 T4 Ovine lktC4.1 lktAS5.1 lktB4.1 lktD5.1 AF314523
PH252 4 T10 Ovine lktC4.3 ktAS5.2 lktB4.2 lktD5.2 AF314524
PH254 15 T15 Ovine lktC4.1 lktA5.3 lktB4.3 lktD5.4 AF314525
PH68 19 T3 Ovine lktC4.2 lktA5.4 lktB4.1 lktD5.3 AF314526

“ See references 15 and 16.
® Major allelic variants are indicated by boxes.
¢ See reference 20.

required for multiple alignment, of the /ktC (447 nucleotides),
lktA (2,862 nucleotides), /ktB (2,127 nucleotides), and lktD
(1,416 nucleotides) genes was 6,861 nucleotides.

Nucleotide and amino acid sequence diversities of the /ktC,
lktA, lktB, and IktD genes were determined separately for each
of the three species and also for the complete population
(Table 3). With the exception of the lktC gene of M. glucosida,
the nucleotide and amino acid substitution rates of each of the
four genes are relatively low in M. glucosida and P. trehalosi,
compared to M. haemolytica. However, as described below, the
significantly higher substitution rates in M. haemolytica are due
to the effects of horizontal gene transfer and recombination.
Nucleotide and amino acid sequence diversities ranged from
2.0 to 4.7% and 0.4 to 1.9%, respectively, for M. glucosida and
from 0.4 to 2.7% and 0 to 1.3%, respectively, for P. trehalosi.
The lktC gene of M. glucosida has higher nucleotide and amino
acid sequence diversities (7.4 and 6.8%, respectively) due to

recombination (discussed below). In contrast, the /ktA (22.0%),
lktB (9.2%) and, to a lesser extent, [ktC (6.3%) genes of M.
haemolytica have higher nucleotide diversities than the same
genes of M. glucosida and P. trehalosi (with the exception, as
mentioned above, of the /ktC gene of M. glucosida). The ex-
tensive nucleotide diversity of the lkt4A gene of M. haemolytica
predicts a correspondingly high diversity (16%) at the amino
acid level. Although amino acid diversity of /ktC is also rela-
tively high (7.4%), in M. haemolytica, amino acid diversity of
the lktB gene is, in relation to its nucleotide diversity, dispro-
portionately low at 2.3%. Although not as obvious, the amino
acid diversity of the lktB gene is also comparatively low, in
relation to nucleotide diversity, in M. glucosida and P. trehalosi.
These findings suggest that amino acid replacement is subject
to a higher degree of selective constraint in the /ktB gene
product than in the encoded proteins of the other three genes,
particularly /ktC and /ktA. Nucleotide and amino acid diversi-
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TABLE 2. Details of PCR primers used to amplify the lktC, [ktB, and lktD genes of M. haemolytica, M. glucosida, and P. trehalosi
Primer details
Gene and strain(s)
Name Orientation Sequence Position”
lktC

PH2, PHS, PH196, PH238, PH284, PH346, 1ktC/F/1 Forward 5"-TTGGCTATGGATGAACTC-3’ LlktC/bp39
PH376, PH388, PH398, PH540 IktC/R/1 Reverse 5'-GGTTGCCGTTAAAGTGTT-3’ lktA/bp57
PH494, PH550, PH202, PH470, PH278, PH372, 1ktC/F/1 Forward 5"-TTGGCTATGGATGAACTC-3’ LlktC/bp39
PH588 IktC/R/2 Reverse 5'-GCTGTAAGCCACGAATTT-3’ lktA/bp56
PH292, PH392, PH296, PH484, PH706, PH66, 1ktC/F/1 Forward 5"-TTGGCTATGGATGAACTC-3’ LlktC/bp39
PH344, PH498, PH240, PH496, PH574, PH290 IktC/R/3 Reverse 5'-GCAGTCAACCAGGAACTT-3’ lktA/bp56
PH246, PH252, PH254, PH68 1ktC/F/2 Forward 5'-CACATGGCTATGGATGAA-3’ LlktC/bp36
IktC/R/4 Reverse 5'-CGCCTCTTGTTGCAGTTA-3' lktA/bp70

IktB (all strains) IktB/F/1 Forward 5'-CAATTTGCTAGAGCAGCT-3’ lktA/bp2842
ktB/R/1 Reverse S"-TTTTCCATACTTCTRCCC-3' lktD/bp73

lktD (all strains) IktD/F/1 Forward 5'-GCAAGCAYCACGAATTACTG-3’ LktB/bp2058

IktD/R/1 Reverse 5'-GCGTTCCCTTAAACTTTC-3’ lktD/bp1434

“ Nucleotide position corresponding to the first 5’ bp of the primer.

ties of ktD in M. haemolytica are very low (3.3 and 2.8%,
respectively) and are comparable to the values obtained for M.
glucosida and P. trehalosi.

Nucleotide substitution rates in lktC and lktD are substan-
tially higher across all three species (19.0 and 15.7%, respec-
tively) than for the individual species, indicating limited shar-
ing of DNA in these genes among the three species. In
contrast, nucleotide substitution rates in /kt4 and lktB are only
slightly higher across all three species (25.8 and 12.9%, respec-
tively) than the corresponding rates for M. haemolytica. This

TABLE 3. Nucleotide and amino acid sequence diversity,
dg and dy values, and dg/dy ratios for the lkt4, IktC, IktB,
and lktD genes of M. haemolytica, M. glucosida, and P. trehalosi”

Diversity (%) Mean = SD
Gene :and - dvd
organism Nu_cleo— Amino d q s/dn
tide acid S N
lktC
M. haemolytica 6.3 7.4 737 =207 190=*=051 39
M. glucosida 7.4 6.8 1621 £3.74 212 * .061 7.6
P. trehalosi 0.4 0.0 1.09 = 0.78 0.00 = 0.00
All strains 19.0 149 2590 =388 271052 9.6
lktA
M. haemolytica  22.0 16.0 3325=*1.78 376 £0.28 8.8
M. glucosida 2.0 1.5 245 =038 0.23*=0.06 10.7
P. trehalosi 0.7 0.0 094 £0.27 0.18*+0.06 5.2
All strains 25.8 185 3947+ 1.78 4.00x0.26 9.9
ktB
M. haemolytica 9.2 23 10.88 =0.97 0.28 £0.08 38.9
M. glucosida 2.7 0.4 531071 0.07 =0.04 759
P. trehalosi 1.3 0.1 276 £0.55 0.03 =0.03 92.0
All strains 12.9 3.0 18.61 £1.17 0.42 *£0.09 44.3
lktD
M. haemolytica 33 2.8 175031 0.19x0.05 92
M. glucosida 4.7 1.9 825112 035%=0.12 235
P. trehalosi 2.7 1.3 542099 030=*0.12 18.1
All strains 15.7 83 1621 +129 1.03=*0.16 15.7

“dg and dy represent the number of synonymous substitutions per 100 syn-
onymous sites and the number of nonsynonymous substitutions per 100 nonsyn-
onymous sites, respectively.

suggests that segments of DNA encoding the /ktA and lktB
genes have been recently exchanged among M. haemolytica, M.
glucosida, and P. trehalosi.

Synonymous and nonsynonymous substitution rates. The
numbers of synonymous substitutions per 100 synonymous
sites (dg) and nonsynonymous substitutions per 100 nonsyn-
onymous sites (dy) were estimated (39) for the four genes, and
the dg/dy ratios were calculated (Table 3). A high dg/dy ratio
indicates that natural selection at the molecular level is puri-
fying (conservative), acting against mutations resulting in
amino acid replacements. The dg/dy ratios for the ktB gene in
each species (38.9 to 92.0) and across all three species (44.3)
are significantly greater than the corresponding ratios for /ktC
(3.9 to 7.6 and 9.6) and lktA (5.2 to 10.7 and 9.9); the dg/dy
ratios for lktD (9.2 to 23.5 and 15.7) are approximately twofold
higher than those for /ktC and lktA. These findings confirm that
amino acid divergence in LktB is subject to a higher degree of
selective constraint in comparison to the proteins encoded by
the other three genes, particularly /ktC and lktA.

Allelic variation and phylogenetic relationships. Nucleotide
sequence comparison of the lktC, lktB, and lktD genes identi-
fied 12 different lktC sequences (Fig. 2), 19 lktB sequences (Fig.
3), and 11 lktD sequences (Fig. 4). Individual sequences rep-
resent distinct alleles which were classified as described below.
Phylogenetic trees were constructed for the ktC, lktA, IktB,
and /ktD genes by using the neighbor-joining method with
Jukes-Cantor correction for synonymous changes (29) (Fig. 5).
Four major groups of alleles, lktC1-lktC4, representing lin-
eages A to D, were identified among the 32 lktC sequences,
and individual alleles within each group were classified as
lktC1.1, lktC1.2, etc. (Fig. 5 and Table 1). Classification of the
lktA alleles has been described previously (20), but their phy-
logenetic relationships are shown in Fig. 5 for comparison.
Eight major groups of alleles, lktBI-lktBS, were identified
among the 33 /ktB sequences and these formed three major
lineages, A to C, represented by lktB1-lktB4, [ktBS5 and lktBo,
and lktB7 and lktBS, respectively. Distinct alleles within each
group were classified in the same way as the /ktC gene, i.e.,
lktB1.1, [ktB1.2, etc. Five major groups of alleles, lktD1-lktD5,
were identified among the 33 /ktD sequences, and these formed
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....... P
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FIG. 2. Distribution of polymorphic nucleotide sites among the lktC alleles. The numbers above the sequences represent the positions of
polymorphic nucleotide sites from the 5’ end of the gene. The dots represent sites where the nucleotides match those of the first sequence (lktC1.1).
The shaded areas highlight regions of sequence identity that represent proposed recombinant segments (see Fig. 6).

three major lineages, A to C, represented by /ktD1 and [ktD2,
lktD3, and [ktD4 and [ktD5, respectively. Individual alleles
within each group were classified in the same way as the lktC
and /ktB genes.

The degree of congruency of phylogenetic trees representing
different genes provides an indication as to the relative impor-
tance of recombination and mutation in their evolution. Highly
congruent trees indicate that the genes are evolving primarily
by accumulating point mutations, whereas noncongruent trees
provide evidence that recombination has disrupted the gene
phylogenies. Clearly, the phylogenetic trees for the lktC, lktA,
lktB, and IktD genes are noncongruent (Fig. 5), suggesting that
intragenic recombination has played a role in their evolution
and that of the complete operon. Noncongruency of the gene
trees is most clearly seen by comparing the phylogenetic rela-
tionships of genes in strains representing M. haemolytica, M.

glucosida, and P. trehalosi. Based on multilocus enzyme elec-
trophoresis and 16S rRNA sequence data (15, 18), we know
that M. glucosida has diverged from M. haemolytica and that P.
trehalosi is further diverged from both species. This phyloge-
netic relationship is partially true for IktC (the lktC genes of the
M. glucosida strains PH290 and PH496 do not follow this
pattern) and /ktD (the lktD genes of the M. haemolytica isolates
PHS8 and PH398 are exceptions) but not for /ktA and lktB. In
the case of lktA, the M. glucosida lktA4-type alleles represent a
cluster (lineage B) that is more closely related to /ktA41-type M.
haemolytica alleles (lineage A) than are many of the other M.
haemolyica IktA alleles (lineages C and D). For /ktB, the P.
trehalosi lktB4-type alleles are more closely related to the M.
haemolytica IktB1-, lktB2-, and lktB3-type alleles (lineage A)
than are the /ktB5- and lktB6-type alleles of other M. haemo-
lytica strains (lineage B), whereas the M. glucosida IktBS-type
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FIG. 3. Distribution of polymorphic nucleotide sites among the /ktB alleles. The numbers above the sequences represent the positions of
polymorphic nucleotide sites from the 5’ end of the gene. The dots represent sites where the nucleotides match those of the first sequence (lktB1.1).
The shaded areas highlight regions of sequence identity that represent proposed recombinant segments (see Fig. 6).
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FIG. 4. Distribution of polymorphic nucleotide sites among the /ktD alleles. The numbers above the sequences represent the positions of
polymorphic nucleotide sites from the 5’ end of the gene. The dots represent sites where the nucleotides match those of the first sequence (lktD1.1).
The shaded areas highlight regions of sequence identity that represent proposed recombinant segments (see Fig. 6).

alleles, together with the lktB7.1 allele of isolate PH196, rep-
resent the most divergent lineage (lineage C). Further exam-
ples of phylogenetic noncongruency of the ktC, lktA, [ktB, and
lktD genes are seen in the M. haemolytica strains PH494 and
PH550, PH278 and PH372, and PH292 and PH392. Alleles of
these three pairs of strains represent separate but closely re-
lated lineages in /ktC, three highly divergent lineages in lktA,
two closely related lineages (lineage B) and a third more dis-
tantly related lineage (lineage A) in /ktB, and a single lineage
in lktD.

Distribution of alleles in relation to other strain character-
istics. The distribution of individual /ktC, lktB, and lktD alleles
among isolates indicate that, in general, alleles of the same
type, e.g., lktC1.1, lktC1.2, etc., are associated with strains rep-
resenting closely related ETs, but alleles of closely related
types are often associated with distantly related ETs (Table 1).
For example, lktC1.1 alleles are present in strains representing
the closely related ETs 1, 2, 4, and 5 to 8, but the almost
identical allele lktC1.2 occurs in strain PH196 of ET 18, lktC1.3
is associated with strains of ETs 10 to 12, and 14, and lktC1.4
is present in the M. glucosida strains PH290 and PHA496.
LktC2.1 alleles are present in serotype A2 strains of ET 21 and
lktC2.2 alleles in serotype A2 strains of ET 22, but lktC2.3
occurs in the serotype A13 strain PH588 of ET 15 and lktC2.4
occurs in serotype A2 strains of ETs 16 and 17. LktC3-type
alleles are associated with the M. glucosida strains PH240,
PH344, and PH498 and [ktC4-type alleles occur in P. trehalosi
strains.

For lktB, in lineage A [ktBI1.1 alleles occur in strains repre-
senting ETs 1, 2, 4, 5, and 8, but /ktB1.2 alleles are associated
with ovine serotype A2 strains of ET 21; lktB2.1 alleles are
present in ovine serotype Al strains of ETs 6 and 7; [ktB3.1 is
represented by the serotype A13 strain PH588 of ET 15; and
lktB4-type alleles occur in P. trehalosi strains. In lineage B,
lktB5.1 alleles are present in strains of ETs 10, 12, and 14, and
lktB5.2 occurs in strain PH706 of ET 11, but /ktB5.3 alleles are
associated with ovine serotype A2 strains of ET 22; lktBo.1
alleles occur in bovine and bovine-like serotype A2 strains of

ETs 16 and 17, whereas lktB6.2 alleles are present in bovine
serotype A2 strains of ET 21. In lineage C, [ktB7.1 is associated
with strain PH196 of ET 18, whereas lktBS-type alleles are
associated with M. glucosida strains.

In the case of /ktD, the lktD1.1 allele (lineage A) is present
in all strains of M. haemolytica, except for PH196, PHS, and
PH398. In lineage B, lktD3-type alleles are associated with M.
glucosida isolates but, in lineage C, /ktD4.1 alleles occur in
ovine serotype Al strains of ETs 6 and 7, whereas lktD5-type
alleles are associated with P. trehalosi strains.

Intragenic recombination within the lktC, lktB, and lktD
genes. Intragenic recombination events lead to the formation
of linked runs of nucleotides within a sequence whose ancestry
is different from other nucleotides in the same sequence (50).
If visual inspection of the polymorphic sites in a set of se-
quences suggests that one or more recombination events have
occurred, the maximum chi-square method (49) will locate the
most likely positions of the crossovers and test their statistical
significance.

Visual inspection of the aligned /ktC sequences identified
runs of nucleotides representing recombinant segments in al-
leles lktC2.1-lktC2.4 (Fig. 2). Pairwise comparison of lktC se-
quences by the maximum chi-square method identified statis-
tically significant partitions at nucleotide positions 163, 194,
272, and 342 (results not shown) which represent the end
points of the recombinant segments. Similarly, visual inspec-
tion of the aligned /ktB sequences identified blocks of nucleo-
tides that represent recombinant segments (Fig. 3). Pairwise
comparison of /ktB sequences by the maximum chi-square
method identified statistically significant partitions (represent-
ing the end points) for the majority of these segments (results
not shown). In contrast, the lktD gene of M. haemolytica is
highly conserved, and evidence of recombination occurs only in
the lktD2.1 and lktD4.1 alleles (Fig. 4). However, visual inspec-
tion of the lktD3- and lktD5-type alleles of M. glucosida and P.
trehalosi identified blocks of nucleotides that appear to repre-
sent recombinant segments. Pairwise comparison of these se-
quences with lktD1.1 by the maximum chi-square method iden-
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FIG. 5. Neighbor-joining trees for the lktC, lktA, ktB, and lktD genes of M. haemolytica, M. glucosida, and P. trehalosi constructed with the
Jukes-Cantor correction for synonymous changes. ETs and serotypes are given for M. haemolytica strains only. M.g., M. glucosida; P.t., P. trehalosi.
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tified statistically significant partitions that represent the end
points of these segments (results not shown).

Certain strains, notably PHS, PH398, PH196, and PHS58S,
are characterized by the presence of multiple small recombi-
nation events within the /ktB and lktD genes. The lktB gene of
strains PH8 and PH398 (/ktB2.1) has a segment (nucleotides
318 to 1377) containing short runs of nucleotides (nucleotides
318 to 525, 744 to 768, and 1282 to 1377) that are identical, or
almost identical, to the corresponding regions of the /ktB gene
in various other strains (Fig. 3). Similarly, the lktD gene of
isolates PH8 and PH398 (lktD4.1) contains short runs of nu-
cleotides that are identical to the corresponding regions of the
lktD gene in strains of P. trehalosi (nucleotides 420 to 449 and
897 to 1002) and M. glucosida (nucleotides 1029 to 1038, 1086
to 1115, and 1203 to 1286) (Fig. 4). The lktB gene of strain
PHS588 (lktB3.1) also contains small runs of nucleotides that
are identical to the corresponding regions of different strains
(nucleotides 744 to 768, 795 to 958, and 1062 to 1377) (Fig. 3).
Finally, the /ktB gene of strain PH196 (lktB7.1) contains runs of
nucleotides that have been derived from three different
sources, namely, bovine A2 strains (nucleotides 624 to 906), M.
glucosida (nucleotides 1389 to 1860), and P. trehalosi (nucleo-
tides 1920 of /ktB to 205 of lktD) (Fig. 3 and 4).

DISCUSSION

Mosaic structure of the lktCABD operon of M. haemolytica.
The lktA gene of M. haemolytica has previously been shown to
have a complex mosaic structure that has been derived by a
series of inter- and intraspecies horizontal DNA transfer and
intragenic recombination events (20). Comparative sequence
analysis of the lktC, IktB, and IktD genes has enabled us to
build up a complete picture of the genetic organization of the
lktCABD operon in M. haemolytica and its relatives M. gluco-
sida and P. trehalosi. Based on the presence of well-defined
recombinant segments within each gene (Fig. 2 to 4; see also
reference 20) and noncongruent gene phylogenies (Fig. 5), it is
clear that the /ktCABD operon itself has a complex mosaic
structure that has been derived by extensive horizontal DNA
transfer and intragenic recombination. However, as described
below, the pattern of recombination varies throughout the
operon and among the different evolutionary lineages of M.
haemolytica (15, 20).

The mosaic structure of the operon is shown schematically in
Fig. 6 and has greatest complexity in the lkt4 and lktB genes of
certain M. haemolytica strains. Clearly, intragenic recombina-
tion has been most frequent within these two genes, which
consist of recombinant segments derived from up to four dif-
ferent sources. These include M. haemolytica strains represent-
ing ETs 1 to 8 (the “A1/A6 group”); M. haemolytica isolates of
ETs 16, 17, and 21 (the “bovine A2 group”) (15, 20); M.
glucosida; and P. trehalosi. The IktC gene has a less complex
mosaic structure because it contains recombinant segments
derived from only two sources. In the majority of M. haemo-
lytica strains the lktC gene is almost identical to that of the M.
glucosida isolates PH290 and PH496 (Fig. 5 and 6). However,
the lktC gene of strains PH278, PH588, and PH292 contains
small recombinant segments derived from isolates of the bo-
vine A2 group, e.g., PH202. The location of the partition at bp
163 in strains PH278, PH292, and PH202 (Fig. 6) and the
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complete identity of donor and recipient segments provides
strong evidence of a common origin. In contrast to the lktC,
lktA, and IktB genes, the lktD gene is, with the exception of
strains PH8, PH398, and PH196, highly conserved among M.
haemolytica strains and shows no evidence of recombination.

The complexity of the mosaic structure of the operon varies
among the different lineages of M. haemolytica. The operon is
highly conserved in strains representing ETs 1, 2, 4, 5, and 8
(Table 1 and Fig. 6), although there is strong evidence of
recombination at the junction between the /ktC and IktA genes
(nucleotide position 6 of /kt4), as well as at nucleotide position
732 in IktA (20). There are a small number of nucleotide
substitutions in the /kt4 gene (20) but the lktC, ktB, and lktD
genes are identical in all strains examined. Clearly, the leuko-
toxin operons of strains representing these ETs have a recent
and common evolutionary origin and have not been disrupted
by incoming “foreign” DNA. However, strains representing
these ETs do appear to have acted as donors in the exchange
of DNA to other strains, including M. glucosida and P. trehalosi
isolates (Fig. 6). The operons of strains PH8 and PH398 of ETs
6 and 7 are unusual in that they have both been involved in
DNA uptake and multiple small intragenic recombination
events. The stability of the /ktCABD operon in strains repre-
senting ETs 1 to 8 is in marked contrast to the variation that
occurs in capsular polysaccharide; at least seven capsular se-
rotypes are associated with these ETs (15). These differences
suggest that the leukotoxin and capsular polysaccharide ge-
netic loci are subject to different evolutionary processes in
strains of ETs 1 to 8.

In contrast, the leukotoxin operon has greatest complexity in
strains representing ETs 10 to 12, 14, 15, 18, and 22 (PH66,
PH706, PH296, PH484, PH588, PH196, PH292, and PH392)
(Table 1 and Fig. 6). The operons in strains of these ETs have
a common evolutionary origin and have been derived by a
sequential series of horizontal DNA transfer and intragenic
recombination events (20). Presumably, strains representing
these lineages are more susceptible to horizontal transfer of
the operon and intragenic recombination than are strains of
ETs 1, 2, 4, 5, and 8. The operons of strains of ETs 16, 17, and
21 (PH494, PH550, PH202, PH470, PH278, and PH372) have
less complex mosaic structures that have been derived inde-
pendently. However, the region between nucleotides 163 and
272 of IktC and 1218 of lktB in the bovine A2 strains PH202
and PH550 (Fig. 6) is more divergent from other M. haemo-
lytica strains than is the same region of M. glucosida, and as
divergent as P. trehalosi (results not shown). This strongly sug-
gests that the ancestral bovine operon has been acquired by
horizontal gene transfer from a more distantly related species.
M. glucosida and P. trehalosi strains have clearly acted as do-
nors in the horizontal transfer of DNA to M. haemolytica
strains, but they have also received DNA from M. haemolytica
strains of the A1/A6 group. Although DNA from the bovine
A2 group has been widely transferred to other M. haemolytica
strains, there is no evidence that DNA from this source has
been acquired by M. glucosida and P. trehalosi strains.

Recent evolutionary origin of the lktCABD operon of M.
haemolytica and the influence of host switching. Homologous
recombinant segments in donor and recipient /ktA4 alleles were
previously shown to be identical, or nearly identical, suggesting
that the mosaic /kt4 alleles evolved relatively recently (20).
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FIG. 6. Schematic representation of the mosaic structures of the leukotoxin operon in M. haemolytica, M. glucosida, and P. trehalosi strains. The
different colors indicate sequence identity and the likely origins of recombinant segments. All recombination sites were shown to be statistically
significant by maximum chi-square analysis with the exception of those marked with an asterisk. Numbers above the proposed recombination sites
indicate the positions of the last nucleotide at the downstream end of the recombinant segment. HV, hypervariable sequence.

Our data for the lktC, IktB, and IktD genes have extended these
findings and demonstrate that homologous donor and recipi-
ent segments within the /ktCABD operon have identical, or
nearly identical, nucleotide sequences (Fig. 2 to 4 and 6). For
example, the entire 4,968-bp region downstream of position
1446 in the lktA gene of strains PH706, PH66, PH296, and
PH292 is identical, except for two base changes at nucleotide
positions 1446 and 1918 in the /ktB gene of PH706 and one
base change at nucleotide position 1402 in the /ktB gene of
PH292. Clearly, there have been very few point mutations
throughout the operon since the recombination events took
place. These findings provide strong evidence that the recom-
bination events responsible for the mosaic structure of the
lktCABD operon occurred very recently, in evolutionary terms.

It has previously been shown that the recombinant /ktA
alleles of ovine M. haemolytica strains contain DNA segments
derived from bovine serotype A2 strains (20). Evidence was
also provided to support the view that these segments could
only have become incorporated into the /kt4 gene of ovine
strains as a consequence of host switching of the bovine strains
from cattle to sheep (20). In the present study we have shown

that DNA segments derived from the /ktCABD operon of bo-
vine or bovine-like serotype A2 strains (e.g., PH202, PH470,
PH494, and PH550) have become incorporated into the lktC,
lktA, and lktB genes of ovine M. haemolytica strains represent-
ing every ET except for those belonging to the A1/A6 group
(Table 1 and Fig. 6). These findings not only demonstrate that
bovine A2 strains have played a central role in the evolution of
the [ktCABD operon of M. haemolytica but also confirm the
view that host switching of these strains from cattle to sheep
has been the major factor responsible for driving these evolu-
tionary events.

Conserved mechanism of horizontal transfer. The extreme
5" and 3’ ends of the leukotoxin operon are highly conserved in
all strains of M. haemolytica, with the exception of the 3’ ends
in isolates PH8 and PH398 (Fig. 6). The 5’ end of the operon
consists of segments of various length that extend into the /ktC
or lktA genes and have identical, or nearly identical, nucleotide
sequences (Fig. 2 and 6). These conserved segments are
present in strains representing every lineage of M. haemolytica,
as well as in the M. glucosida strains PH290 and PH496, and
clearly have a common origin. The 3’ end of the operon is
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highly conserved over the entire length of the /ktD gene and for
almost half the length of the lktB gene in every M. haemolytica
strain except PHS8, PH398, and PH196 (Fig. 3, 4, and 6). The
identical, or nearly identical, nucleotide sequences of the l/ktB/
lktD 3’ region of the operon in strains representing every major
lineage of M. haemolytica strongly suggests a common origin
which is most likely to be M. haemolytica strains of the A1/A6
group.

The remarkably high degree of sequence similarity at the 5’
and 3’ ends of the leukotoxin operon in M. haemolytica strains
of divergent lineages was, after the diversity previously ob-
served in lkt4 (20), an unexpected finding and has the follow-
ing implications. First, it provides additional evidence that the
horizontal transfer and recombination events responsible for
the mosaic structure of the operon occurred relatively recently.
Second, it suggests that the complete operon, rather than parts
of it, has been horizontally transferred between divergent lin-
eages of M. haemolytica. Evidence for this is provided by the
similarity of the operon in isolates PH66, PH706, PH296,
PH484, PH292, and PH392 that represent ETs 10, 11, 12, 14,
and 22, respectively (Table 1 and Fig. 6). Horizontal transfer of
the complete operon is consistent with the reasoning behind
the selfish operon model of Lawrence and Roth (32). This
model suggests that the horizontal transfer of adjacent genes
with coordinate function is a formative force in the evolution
of operon structure. According to the model, the cotransfer of
genes encoding novel metabolic functions allow new hosts to
exploit novel ecological niches. Clearly, the transfer of only
parts of the operon would provide no evolutionary benefit to
the recipient. Third, it provides evidence that a common and
highly conserved mechanism has been responsible for the re-
cent horizontal transfer of the operon between strains of di-
vergent lineages. It is interesting to speculate that the mecha-
nism of DNA transfer is transduction because various toxin
genes are known to be located within the genomes of temper-
ate bacteriophages (9, 42, 59) and lysogenic bacteriophages
have been identified in M. haemolytica (46). However, conju-
gation and transformation cannot be ruled out as possible
mechanisms of DNA transfer.

Amino acid sequence diversity is related to mosaic structure
and gene function. Nucleotide sequence diversities of the lktA,
lktB and, to a lesser extent, lktC genes of M. haemolytica are
considerably higher than the corresponding genes of M. gluco-
sida and P. trehalosi because they have mosaic structures that
have been generated by intragenic recombination. Although
the inferred amino acid sequence diversities of the /krC and
lktA genes are relatively high, the amino acid diversity of /ktB
is very low in relation to the corresponding nucleotide diver-
sities. Furthermore, there is a strong correlation between
amino acid replacement and ratios of synonymous and non-
synonymous nucleotide substitution rates (dg/dy) for these
genes (Table 3). The lktA and lktC genes have high amino acid
diversities and low dg/dy, ratios, whereas the /ktB gene has low
amino acid diversity and a high dg/dy ratio. These data clearly
indicate that amino acid replacement in the /ktB gene product
is subject to a higher degree of selective constraint in compar-
ison to the proteins encoded by the other three genes, partic-
ularly lktC and lktA.

The variation in amino acid replacement rates may be ac-
counted for in terms of the different functions of the lktC, lktA,
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lktB, and lktD gene products and is perhaps best illustrated by
comparison of the /kt4 and lktB genes. LktA has high amino
acid diversity generated by intragenic recombination, but the
majority of amino acid replacements are associated with sur-
face-exposed, hydrophilic domains (20). It is likely that mosaic
lktA genes derived by recombination between lktA alleles pro-
vide an adaptive advantage against the host antibody response
by generating novel antigenic variation at surface-exposed sites
(20). Recombinational exchange is thought to confer a selec-
tive advantage on various pathogens by generating antigenic
variation in cell surface antigens (11, 21, 34, 44, 51).

Intragenic recombination is also responsible for the high
nucleotide diversity of /ktB but, unlike LktA, amino acid re-
placement within LktB is highly constrained. LktB is a cyto-
plasmic membrane protein that is involved in transport of
LktA into the periplasm. The protein has a transmembrane
organization with up to eight membrane-spanning regions
(12), and amino acid replacement is highly constrained to
maintain the proteins’ structural integrity and function. The
importance of amino acid conservation in this protein is also
demonstrated by the fact that LktB exhibits 90.5% similarity
with the corresponding HlyB protein of the hemolysin deter-
minant of E. coli (55); in contrast, the LktA and HIyA proteins
are only 36.4% similar (54). We suggest that the high degree of
nucleotide diversity of /ktB is primarily a result of its close
proximity to the /kt4 gene and not because of positive selection
acting on LktB. Similarly, the high rate of recombination at the
gnd locus of E. coli is thought to be due to its close linkage with
genes of the 7fb region (5, 41). The latter mediate biosynthesis
of the highly antigenic polysaccharide domain (O antigen) of
somatic lipopolysaccharide and are believed to be subject to
strong diversifying selection in connection with avoidance of
the host immune system (44). Thus, amino acid diversity of
individual genes within the /ktCABD operon depends not only
on the degree of nucleotide diversity generated by intragenic
recombination but also on evolutionary constraints imposed by
the function of the encoded gene product.

In conclusion, this study has shown that the leukotoxin
operon of M. haemolytica has a complex mosaic structure and
has been derived by relatively recent horizontal DNA transfer
and intragenic recombination events. The lkt4 and IktB genes
have the most complex structures with segments derived from
up to four different sources, including the related species M.
glucosida and P. trehalosi. In contrast, the lktD gene is highly
conserved in M. haemolytica. The IktA and lktB genes both
have high nucleotide diversities due to their mosaic structures,
but the amino acid diversity of LktB is significantly lower than
that of LktA due to evolutionary contraint against amino acid
replacement. These differences reflect the very different func-
tions of the LktA and LktB proteins. The 5’ and 3’ ends of the
operon are highly conserved in M. haemolytica, which strongly
suggests that multiple horizontal exchanges of the complete
operon have been mediated by a common mechanism such as
transduction. The different patterns of recombination in the
various evolutionary lineages of M. haemolytica could be ex-
plained by differences in bacteriophage host range. Finally, our
findings for the leukotoxin operon support the previous con-
clusion that host switching of bovine A2 strains from cattle to
sheep, probably postdating the domestication of these species,



276 DAVIES ET AL.

has played a major role in the evolution of the operon in ovine
M. haemolytica strains.
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