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Abstract. Recruitment of lysozyme to a digestive
function in ruminant artiodactyls is associated with am-
plification of the gene. At least four of the approximately
ten genes are expressed in the stomach, and several are
expressed in nonstomach tissues. Characterization of ad-
ditional lysozymelike sequences in the bovine genome
has identified most, if not all, of the members of this gene
family. There are at least six stomachlike lysozyme
genes, two of which are pseudogenes. The stomach
lysozyme pseudogenes show a pattern of concerted evo-
lution similar to that of the functional stomach genes. At
least four nonstomach lysozyme genes exist. The non-
stomach lysozyme genes are not monophyletic. A gene
encoding a tracheal lysozyme was isolated, and the stom-
ach lysozyme of advanced ruminants was found to be
more closely related to the tracheal lysozyme than to the
stomach lysozyme of the camel or other nonstomach
lysozyme genes of ruminants. The tracheal lysozyme
shares with stomach lysozymes of advanced ruminants
the deletion of amino acid 103, and several other adap-
tive sequence characteristics of stomach lysozymes. I
suggest here that tracheal lysozyme has reverted from a
functional stomach lysozyme. Tracheal lysozyme then
represents a second instance of a change in lysozyme
gene expression and function within ruminants.
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Introduction

Ruminant animals have evolved a new digestive enzyme
that has allowed them to exploit plant materials as a food
source. (See Irwin et al. 1992 for review.) The new di-
gestive enzyme is a lysozyme ¢, which in mammals typ-
ically has an antibacterial function in host defense (Dob-
son et al. 1984; Jolles et al. 1984). Recruitment of
lysozyme to its new role as a digestive enzyme involved
adapting the amino acid sequence such that the enzyme
could function in the acidic stomach environment, as
well as a change in the regulation of the gene so that it
could be expressed at high levels in the stomach (Dobson
et al. 1984; Jolles et al. 1984, 1989, 1990; Stewart and
Wilson 1987; Stewart et al. 1987; Swanson et al. 1991;
Irwin et al. 1992). Lysozyme has been recruited as a
digestive enzyme by two groups of ruminant mam-
mals—the leaf-eating monkeys (e.g., langur monkey)
and the ruminant artiodactyls (e.g., cow). In the ruminant
artiodactyls, the recruitment of lysozyme to its new func-
tion is associated with duplication of the gene (Dobson et
al. 1984; Irwin et al. 1989; Irwin and Wilson 1989),
while in the leaf-eating monkeys it is not (Stewart et al.
1987; Swanson et al. 1991).

Advanced ruminants (e.g., cow, sheep, and deer) have
approximately ten lysozymelike sequences in their ge-
nome (Irwin and Wilson 1989; Irwin et al. 1989). Cow
stomachs were found to contain three different
lysozymes (Dobson et al. 1984), and these enzymes are
encoded by a minimum of four genes, two of which are
nearly identical (Irwin and Wilson 1989). Genes for the
three cow stomach lysozymes have been characterized
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(Irwin et al. 1993). Lysozyme is also expressed in other
tissues of the cow. At least three lysozyme genes are
expressed in tracheal tissue, though one encodes a
¢DNA, clone 7a, which appears to be an allele of cow
stomach 2 lysozyme gene (Takeuchi et al. 1993). The
predicted amino acid sequence of another of the tracheal
cDNAs, clone 5a (Takeuchi et al. 1993), is identical to
the amino acid sequence determined from lysozyme pu-
rified from the kidney (Ito et al. 1993). A cDNA identical
to the tracheal cDNA 5a was also isolated from neutro-
phil granulocytes and mammary gland tissue (Steinhoff
et al. 1994). The lysozyme purified from kidney appears
to be widely expressed in nonstomach tissues. Along
with the complete sequence of sheep kidney lysozyme
(Tto et al. 1993), partial amino acid sequences are known
for a few additional nonstomach ruminant lysozymes—
namely, a cow milk (White et al. 1988) and three goat
tear (Jollgs et al. 1990) lysozymes.

Here I report the characterization of five additional
lysozymelike genomic sequences of the cow. A genomic
clone was characterized that contained a sequence very
similar to one of the cDNAs (cow 14d) expressed in
tracheal tissue (Takeuchi et al. 1993), and it probably
represents the functional gene. A second clone contained
a pseudogene that may be a descendant of one of the
earliest duplications of the lysozyme gene on the rumi-
nant lineage. Fragments of two stomachlike lysozyme
pseudogenes were characterized, and from them it could
be inferred that concerted evolution involves more than
four of the lysozyme genes. Amplification by PCR indi-
cated the presence of a second gene related to the gene
that encodes the kidney lysozyme. No evidence of re-
combination between stomach and expressed nonstom-
ach lysozyme genes, or among the nonstomach lysozyme
genes, was found. These results suggest that all, or nearly
all, of the cow lysozymelike genes have now been iden-
tified.

Materials and Methods

Isolation and Characterization of Lysozyme Genes. A total of 18 bo-
vine (Bos taurus) lysozyme genomic clones had been previously
isolated, 13 of which encoded stomach lysozyme genes (Irwin et al.
1993). Portions of the five remaining lambda genomic clones were
subcloned into Bluescript KS* or pUC13 and sequenced as previously
described (Irwin et al. 1993). A portion of exon 2 of the kidney type of
lysozyme genes was amplified by PCR (Saiki et al. 1988) using de-
generate primers designed on the basis of conserved portions of the
sheep and cow kidney lysozyme amino acid sequences (Ito et al. 1993)
that differed from the stomach sequences (Jolies et al. 1989). The
primer sequences and locations are: 5 sense primer, amino acids 28—
33, 5’-CCGAATTCGGGATGTGYYTNGCN(C/A)G-3', and the 3" an-
tisense primer, amino acids 69-64, 5-GCGGATCCTTNCCRTCRT-
TRCACCA-3’, where N is any nucleotide, Y is C or T, and R is A or
G. Genomic DNAs used in the amplifications were as previously de-
scribed (Trwin et al. 1989, 1991). PCR products were separated in
polyacrylamide gels and cloned into M13 mpl19 for sequencing by
standard methods (Sambrook et al. 1989).

DNA Sequence Analysis. Lysozyme gene DNA sequence data were
managed and assembled using the MacDNASIS (Hitachi) software
package. The DNA sequences reported in this paper have been depos-
ited into the GenBank data base under the following accession num-
bers: U19466 and U19467 for the complete gene sequences of trachea
(clone 208) and '¥NS4 (clone 205), U19468 and U19469 for the partial
gene sequences of WS4 (clone 217) and ¥'S5 (clone 222), and U19470—
U19480 for the amplified portions of the kidneylike lysozyme se-
quences from cow (4 sequences, including cow NS3), goat (3 se-
quences), sheep (3 sequences), and fallow deer (2 sequences).

Phylogenetic Analysis. Phylogenetic trees were derived from both
amino acid and gene sequences of lysozymes. For phylogenetic anal-
ysis two DNA sequence alignments were created: an alignment of the
coding sequences corresponding to mature lysozymes and an alignment
of gene sequences. The coding alignment included the sequences from
cow, sheep, and deer stomach cDNAs (Irwin and Wilson 1989, 1990),
cow tracheal cDNAs (Takeuchi et al. 1993), the human gene (Peters et
al. 1989), primate cDNAs (Swanson et al. 1991), and rodent genes
(Cross et al. 1988; Yeh et al. 1993), as well as the sequences reported
here. Sequence alignment of the coding region was by hand, with gaps
introduced to maximize alignment and to maintain the reading frame.
The alignment of the gene sequences included the 5 flanking, exon,
and intron sequences of the cow stomach genes (Irwin et al. 1993), the
human gene (Peters et al. 1989), and those reported here. Flanking and
intron sequences of rodent genes could not be reliably aligned with the
other sequences. Gene sequences were aligned manually with the guid-
ance of alignments derived from a dot-plot analysis conducted with
MacDNASIS. In the dot-plot analysis, a dot indicates that in a window
of ten bases the two sequences were identical for at least eight posi-
tions. For the analysis of the genomic sequences, all repetitive DNAs
were first removed, and then distances were estimated from flanking
and intron regions not found to participate in concerted evolution of the
cow stomach genes (Irwin et al. 1993). Distances were then estimated
after deleting any position that had a gap in any sequence.

Neighbor-joining trees of lysozyme sequences were calculated us-
ing the MEGA software package (Kumar et al. 1993). Synonymous and
nonsynonymous divergences of coding regions of mature lysozyme and
divergence of intron and flanking sequences were calculated after de-
leting nucleotide positions which had a gap in any sequence (complete-
deletion option) and corrected by the Jukes and Cantor method for
coding sequences or the Kimura two-parameter method for noncoding
sequences. Bootstrapped neighbor-joining trees were constructed from
distances estimated from 500 bootstrap replications of the sequence
data. Parsimony trees were constructed using PAUP 3.1.1 (Swofford
1993) with bases considered as unordered character-state data for
the DNA sequence alignments and a genetic code stepmatrix
(PROTPARS) was used for the amino acid sequences. Gaps were con-
sidered as missing data. Trees were identified using a heuristic search
with random addition of taxa (ten replications) and bootstrapping of the
data 500 times.

Results

Characterization of Four Cow-Lysozymelike Genes

A previous screening of two cow genomic libraries re-
sulted in the isolation of 18 genomic clones, 13 of which
encoded stomach lysozyme genes plus S others (Irwin et
al. 1993). The five genomic clones that did not encode
stomach lysozymes are characterized here; they encode
four lysozymelike sequences (a second clone overlapped
with clone 217 encoding WS4) which are summarized in
Fig. 1. Complete gene sequences (four exons and in-
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Cow 208
44
gg: J2505 TCAAATTIGTAAT&AAAMGAGGAAGTPCTICT?IGGGCTATAGTGCTA&TICCAG~’ITCTI’CC‘IGAA—CMGG‘}CATP»AAGCAA’KTCCATMATP
Cow 5a
Cow 222
Cow 217
Cow 81 TCAACTICATAA@AAATAAGAGGAAGTTCCTCTPI‘IGGCAATAASR}CTMCT‘CCAG-TPC'ITCCTGAG-AAATG’I\?'I'IT~AAGCAA’IG'IC-A'ITICA’IT
Cow 82 TC‘AACTICATAATAAAAT&GGAGGAA’ITTCCTCTPICCGCAATAGTGCTAAACCCTG-TTC‘I'ITCTITC'ITAATGTCTI’I‘—AAG’IAA’ICTC—ACTICCTT
Cow 83 'I‘CAACT'ICATAA-—AAATAGGAGGAAG’I'I‘CCTC'ITCGGGCAATAGGTCTAA*CCC'IGAATCTACC'IGAG—CAA’IG'I\?'I'I'I‘«A’I‘GCAA’IG’IC-AT'I'ICA'I'I‘
Human ‘ICAAA'I'ICATAATCAAACAGAAGAAAG’ITCC’IG’IC'I'I‘GGAAGTAG’IGCTA’IGCCCCAA'ITC'I'I'CCAGAGCCAGTA~C'1'I'1‘~AAACAA§'§€C-AT'I‘TCA‘I‘T
~250 -
Cow 208 ATTT-CTTGC- AATTAACTCTTAGGACATC - = — = m = = w e i e e ARARACTTTTAGCGTRAGTGAAGCAATAAACATTCCCTGCTTT
Cow 144
Cow 205 ATTTTCTIGCCAGTTAATACTTAGGATATCAGCATAT- ~TCCTTTAMACATAAGGARGAAARCTTT - ~ -GG TCAGTGGACCAA ~-AAACAGGCCCTGCTTT
Cow 5a
Cow 222
Cow 217
Cow 81 ATTTTCT-GCAGGTTAA T TCTTACGATATCAGAATATATC TCTTCAAAGATARGA ~-AGARAACTT-ACAAGTETCTGE~CCAA~AAGCTCTTICTGTTIT
Cow S2 ATTTICT-TCAGATTAATTC TTAGGGTATCAGAATATC TCTCTTCAAACATARGA - AGRACAA TG TTTCAGTCAGTEGACCAATAAACTCTTICTGTTTT
Cow 83 ATPTTTCT-GCAAGTTAATTC T TAGHATATCAGAATATCGCTCTICAAACATAAGARAGAARACTCTTTAACTATATGGACCAATARACTGCTCCTGTTTT
Human ATI'ITCC’IG’IAGACTAAT’IC’I‘I‘AGGACATCAGCATATC'ICTC’I'ICAAGCA’I'I‘AAAAAAA‘I‘C’I‘C‘I'I‘I‘AGA-GTCAG’IGGA’I‘CAATAGA%S‘ITCC'IGTITI'
-150 -
Cow 208 CCACGTCTCTCCAAGCETEGAGCTCCCAAACTGETCAGAAAAGAGGGAAGEGAAAAGATGTTAAATAGCAAGTCCAGCTCA-CCTGETC  AACTTCGAC
Cow 14d #AGAAAAGACGGAAGGGAAAACATGTTARATAGCAAGTCCAGCTCA-CCTGGTC  AACTTGGAC
Cow 205 CCACATGTCACCAAGGGTGEAGCCCCCAAAC TEGATCAGAGAAGAGGGAAGTGARAAGATTTTAAATACCAAGTCCAG  ~ » m war = m = --~CTGGAT
Cow Sa
Cow 222 AAGTCCAGCTCACCCTGGTC  AGTCTGGAG
Cow 217
Cow S1 CCACATCACTCAGAGGS TEGAGCCACCAAACCAGTGACATARCAGEGGAGTCAAAAGATGTTARATAGCARGTCCAGCTCACCCTEETC  AGTCTGGAC
Cow 82 CCACGTCTTTCAGAGTETCGAGCCACCAAACCAGTGAGATAAGAGGCAAGTGARAACA TG TTAAATAGCAAGTCCAGCTCACCCTGGTC  AGTCTGGAC
Cow 83 TCACATGTCTCAGAGGGTGGAGCCACCAAATCAGTGAGATARGAGGGGAGTGAAAAGATCTTAARTAGCAAGTOTEGCTCACCCTEGTC  AGTCTGGAC
Human CCACACAACTCARAGGGTOGAGCCCCCAAACCACAMGGGEARCAAGEAAGTTAAAAGA TETTARATAC TGGGGCCAGC TCACCCTEGETC ?GCC’IAGCA
-50 +
-18 ~10 -1 +1
M K A L L I L ¢ L L L L € VvV A VvV ©Q 6 K T
Cow 208 ATTIGGCTICT--GTCAAC ATG AAG GCT CTC CTT ATT CTG GGG CTT CTG CTC CTT TCT GTT GCT GTC CAG GGC AAG ACA
Cow 144 ATTTGGCTTCC-~-GTCAAC ATG AAG GCT CTC CTT ATT CTG GGG CTT CTG CTC CTT TCT GTT GCT GTC CAG GGC AAG ACA
Cow 205 ATCTGGTTTGTCCGTCAAC  ATG CAG GCT CTC CTT AAT CTG GGG CTT CTC CTC CTT TCT GTC ACT GTT CAG GGC AAG AAA
Cow S5a $CTCAGTCAAC ATG AAG GCT CTC CTC ATT CTG GGG CTT CTC CTC TIT TCG GTC GCT GTC CAA GGC AAG GTIC
Cow 222 GTCTGGCTTCTCAGGTAGT ATG AAG GCT GAC CTT ATT CTG GEE CTT CTC CTC CTT ICT GTC ACT GTC CAG GGC AAG GIC
Cow 217
Cow S1 ATTTGACTTCTCAGTCAAC ATG AAG GCT CTC ATT ATT CTG GGG TTT CTC TIC CTT TCT GTT GCT GTC CAG GGC AAG GTC
Cow 82 ATTIGACTTCTCAGTCAAC  ATC AAC GCT CTC GTT ATT CIG GGG TIT CTC TTIC CTT TCT GTC GCT GTC CAA GGC AAG GTC
Cow €3 ATTTGACTTCTCAGTCAAC ATG AAG GCT CTC ATT ATT CTG GGG TTT CTC TIC CTT TCT GIC GCT GTC CAA GGC AAG GIC
Human CTCTGACCTAGCAGTCAAC ATG AAG GCT CTC ATT GTT CTG GGG CTT GIC CIC CTT ICT GTT ACG GTC CAG GGC AAG GIC
50
16 20
F K R ¢ E L A X T L XK N L € L A G Y K 6 ¥V §& - L A
Cow 208 TTT AAG AGG TGT GAG CTT GCC AAA ACT CTG AAG AAT CIT GGA TIG GCT GGC TAC AAG GGA GTIC AGC --- CTG GCA
Cow 144 TTT AAG AGE TGT GAG CTT GCC AGA ACT CTG AAG AAT CTT GGA TIG GCT GGC TAC AAG GGA GTIC AGC --- CTG GCA
Cow 205 TIT CAG AAG TGT GAG C'TT GCC AGA ACT CTG AAA AGA CTT GGA TTA GAT GGC TAT AAG GGU GTC AGC --- CTG GCA
Cow 5a TTT GAG AGA TGT GAG CTT GCC AGA AGT CTG AAA AGA TTT GGA ATG GAT AAC TTT AGG GGA ATC AGC --- CTG GCA
Cow 222 TTT GAG AGA TGT GAG CTT GCC AGA ACT TTG AAG AAA CTT GGA TTG GAT GGC TAT AAG GGA GTIC AGT TAA CTC TGA
Cow 217
Cow &1 TTT GAG AGA TGT GAG CTT GCC AGA ACT CTG AAG AAA CTT GGA TTG GAC GGC TAT AAG GGA GTC AGT --- CTG GCA
Cow §2 TPT GAG AGA TGT GAG CTT GCC AGA ACT CTG AAG AAA CTT GGA CTG GAC GGC TAT AAG GGA GTC AGC --- CTG GCA
Cow 83 TIT GAG AGA TGT GAG CTT GCC AGA ACT CTG AAG AAA CIT GGA CTG GAT GGC TAT AAG GGA GIC AGC --- CTG GCA
Human TTT GAA AGG TST GAG TTG GCC AGA ACT CTG AAA AGA TTG GGA ATG GAT GGC TAC AGG GGA ATC AGC --- CTA GCA
100 150
* 30
N intron 1 W M ¢ L A K G E
Cow 208 AAC T " GTARG-TTRAC-TATIC 1023 bp TAAAMATACATTITITTITICAG GG ATG TGT TTG GCC ARA GGA GAA
Cow 144 AAC T GG ATG TGT TIG GCC AAA GGA GAA
Cow 205 AAG T GTAAGGTTAACCTATIC 1421 bp THA = o == TTTTTITICAG GG ATG TGT TIG GCC AGT TGG GAA
Cow 5a AAC T GG ATG 16T TTG GCC AGA TGG GRA
Cow 222 CTC T GTRAG-TTAAC-TCTIC 1037 bp TAAAAATA----TTTTTATTCAG GG TIGC TGT TIG ACC AAA TGG GAA
Cow 217 »>2723 bp AAAAAATACA-~--TTTTITTCAG GG TIG TGT TTG ACC AAG TGG GAA
Cow 81 AAC T GTAAG-T-AAC-TCTTC 2532 bp TAAAAATACA---TTITTTTCAG GG CTG TGT TIG ACC AAA TGG GAA
Cow 82 AAC T GTGAG-TTAAC-TCTTIC 1131 bp TAAAMATACA--TTTTTTITCAG GG TIG TGT TIG ACC AAA TGG GAA
Cow 83 AAC T GTAAG-TTAAT-TCTIC 1217 bp ARAAMATACA--TITTTITTITCAG GG TIC TGT TTG ACC AAA TGG GAA
Human AAC T GTAAG-TCTAC-TCTCC 1528 bp TAAARATAAG---TTCTTTTCAG GG ATG TGT TIG GCC AAA TGG GAG
40 50 60
s N Y N T ¢ A K N Y N P G 88 K 8 T D Y G I F Q I N
Cow 208 AGC AAT TAT AAC ACA CAA GCT AAA AAC TAT AAT CCT GGA AGC AAA AGC ACT GAT TAT GGG ATA TTT CAG ATC AAC
Cow 144 AGC AAT TAT AAC ACA CAA GCT AAA AAC TAT AAT CCT GGA AGC AAA AGC ACT GAT TAT GGG ATA TTT CAG ATC AAC
Cow 205 AGA AAT TAC AAC ACA TGT GCT ACA AAC TAC AAT CGT GGA GAC ARAA AGC AGT GAT TAT GGG ATA TTT CAA ATC AAT
Cow 5a AGC AAT TAC AAC ACA CAA GCT ACA AAC TAC AAT GCT GGA GAC CAA AGC ACT GAT TAT GGG ATA TTT CAA ATC AAT
Cow 222 AGC AGT TAT AAC ACA AAA GCT ACKR AARC TAC AAT CCT AGC AAT GAA AGC ACT GAT TAT GGG ATA TAT CAG ATC RAC
Cow 217 AGT GGT TAT AAC GCA AAA GCT ACA AAC TAC AAT CCT AGC AGT GAA AGC ACT TAT TAC AGG ATA TTT CAG ATC AAC
Cow S1 AGC AGT TAT AAC ACA AAA GCT ACA AAC TAC AAT CCT GGC AGT GAA AGC ACT GAT TAT GGG ATA TIT CAG ATC AAC
Cow 82 AGC AGT TAT AAC ACA AAA GCT ACA AAC TAC AAT CCT AGC AGT GAA AGC ACT GAT TAT GGG ATA TTT CAG ATC AAC
Cow 83 AGC AGT TAT AAC ACA AAA GCT ACA AAC TAC AAT CCT AGC AGT GAA AGC ACT GAT TAT GGG ATA TTT CAG ATC AAC
Humar AGT GGT TAC AAC ACA CGA GCT ACA AAC TAC AAT GCT GGA GAC AGA AGC ACT GAT TAT GGG ATA TTT CAG ATC AAT
200 250
Fig. 1. Sequences of the cow lysozyme genes. Alignment of the cow moter and 5 flanking sequences are numbered backwards from the

and human lysozyme genes is summarized. Cow S, 82, and S3 are
from Irwin et al. (1993), trachea (clone 14d) and kidney (clone 5a)
from Takeuchi et al. (1993), and the human gene from Peters et al.
(1989). The predicted amino acid sequence of clone 208 is shown
above in the single-letter amino acid code, and is numbered from the
N-terminal of the mature protein. The gene sequences are numbered
from the mRINA start site of the human and cow stomach genes, with
intron and repetitive (in the 3’ untranslated region) sequences omitted.
Intron-exon junctions are indicated by the vertical arrows. The pro-

mRNA start site. The site of polyadenylation of the human and cow
stomach genes is indicated by the diamond, with a consensus polyad-
enylation signal underlined (bases 1342-1347). Gaps introduced for
alignment are shown as dashes. Gaps due to the absence of character-
ized sequences (e.g., introns for clones Sa and 14d) appear as blanks.
the 5" ends of cDNAs (5a and 14d) are indicated by #. Repetitive DNA
elements found in the 3 untranslated portion of the human and cow
205, 5a, and 14d sequences have been omitted where indicated
(g >>>).
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70 80
S K W W ¢ N D 6 K T P K A V N €6 € G V 8 ¢ s
Cow 208 AGC AAA TGG TGG TGT AAT GAT GGC ARA ACC CCA AAA GCA GTT AAC GGC TGT GGT GTA TCC TGC AGT G GTAAGACAR,
Cow 144 AGC AAA TGG TGG TGT AAT GAT GGC AAA ACT CCA AAA GCA GTT AAC GGC TGT GGT GTA TCC TGC AGT €
Cow 205 AGC CGT AGA TGG TGT AAT GAT GGC AAA ACC CCA AGA GCA GTT AAT GCC TGT CAT ATA CAC TGC AGC G GTAAGACAG
Cow Sa AGC CAC TGG TGG TGC AAT GAT GGC AAA ACC CCA GGA GCA GTT AAC GCC 'TGT CAT TTA CCC TGC GGT G
Cow 222 AGC AAA TGE TGG TOC =mw mw=m —ew ARR ACC CCC AMA GCA GTT GAC GGC TGT CCT GG TCC CAC AGC A GTAAGACAA
Cow 217 AGC ARA TGE TGG TGT AAT GAT GGC AAA ACC CCA A-- GCA GGT GAC GGC 'TGT CAT GTA TCC TCC AGT G GTAAGACAA
Cow S1 AGC AAA TGG TGG TGT AAT GAT GGC ABA ACC CCC AAC GCA GTT GAC GGC TGT CAT GTA TCC TGC AGC G GTAAGACRAA
Cow 82 AGC AMA TGG TGG TGT AAT GAT GGC AAA ACC CCT AAT GCA GTT GAC GGC TGT CAT GTA TCC TGC AGC G GTAAGACAA
Cow S3 AGC AAA TGG TGG TGT AAT GAT GGC AAA ACC CCC AAC GCA GTT GAC GGC TGT CAT GTA TCC TGC AGC G GTAAGACAA
Human AGC CGC TAC TGG TGT AAT GAT GGC AAA ACC CCA GGA GCA GTT AAT GCC TGT CAT TTA TCC TGC AGT G GTAAGACAR
360
90
intron 2 ’ALLKDDITQAVAC
Cow 208 GATAC 1647 bp TCTCACCACCTCTTTTICAG ' CT TTG CTG AAA GAT GAC ATC ACT CAA GCT GTA GCA TGT
Cow 1448 CT TIG CTG AAA GAT GAC ATC ACT CAA GCT GTA GCA TGT
Cow 205 GATAA 1905 bp TCTCATCACTTCTITICCAG CT TIG CTG AAA GAT GAC ATC ACT CAA GCT GTA GCA AGT
Cow S5a CT TIG CTG CAA GAT GAC ATC ACT CAA GCT GTA GCA TGT
Cow 222 AATGA >95 bp
Cow 217 GATGA >744 bp
Cow S1 GATGA 2774 bp TICCACCAICTCCTTTTCAG AA TTA ATG GAA AAT GAC ATC GCG AAA GCT GTA GCG TGT
Cow S2 GATGA 2097 bp TCTCACCATCTGCTITICAG AA TTA ATG GAA AAT GAC ATC GCT AMA GCT GTA GCG TGT
Cow 83 GATGA 1762 bp TCTTACCATCTCCTITTCAG AA TTA ATG GAA AAT GAC ATC GCC AAA GCG GTA GCA TGT
Human GCTAA 1904 bp CCTTACCACCTGICTTTCAG CT TIC CTG CAA GAT AAC ATC GCT GAT GCT GTA GCT TGT
350
100
A K K I v s Q - @ @ I T A W intron 3
Cow 208 GCA AAG AAG ATT GTC AGT CAG --- CAA GGC ATT ACA GCA TG GTATGTTATTT 1374 bp TTTCTTTTACCTTTTT
Cow 144 GCA AAG AMG ATT GTC AGT CAG --- CAA GGC ATT ACA GCA TG
Cow 205 GCA AAG AAG GTT ~TC AGT GAT CCA CAA GGT GTT AGA GCA TG GTATGTITITT 1480 bp TATCTTICATCTITTT
Cow Sa GCA AAG AGG GTT GTC AGT GAT CCA CAA GGC ATT AGA GCA TG
Cow 222
Cow 217
Cow 51 GCC AAG CAG ATT GTC AGT GAG --- CAA GGC ATT ACA GCA TG STATGTICTIC 1439 bp TTTGTTTCATCTTICT
Cow 82 GCA AAG CAT ATT GTC AGT GAG --- CAA GGC ATT ACA GCC TG GTACGTIGTTT 1330 bp TTIGCTTTCATCTITCT
Cow 83 GCA AAG CAT ATT GTC AGT GAG --~ CAA GGC ATT ACA GCA TG GTA---TGITT 2968 bp TATGITTTCATCTTTCT
Human GCA AAG AGG GTT GTC CGT GAT CCA CAA GGC ATT AGA GCA TG GTATGTIT'ITAA 820 bp TTTGCTTCATCTTITT
400
110 120 130
vV A W K N K C¢C R N R B L T 8 Y V K 6 ¢ @ V gmop
Cow 208 CTACAG G GTG GCA TGG AMA AAC AAG TGT CGA AAC CGA GAT CTC ACA AGT TAT GTT AAG GET TGC GGA GTG TAA C
Cow 144 G GIG GCA TGG AAA AAC AAG TGT CGA AAC CGA GAT CTC ACA AGT TAT GTT AAG GGT TGC GGA GTG TaA C
Cow 208 CTACAG G GTG GAA TGG AGA AAC AAG TGT CAA AAC CAA GAT CTC AGG GGT TAT GTT CAG GGT TGT GGA GTG TAA C
Cow 5a G GTG GCA TGG AGA AGT CAT TGT CAA AAC CAAGAT CTC ACG AGT TAC ATT CAC GUT TGT GGA GIG Tha T
Cow 222
Cow 217
Cow 81 CCACAG G GTG GCA TGG AAA AGT CAC TGT CGA GAC CAT GAC GTC AGC AGT TAT GTT GAG GOT TGC ACG CTG TAA ¢
Cow S2 CCACAG G GTG GCA TGG AAA AGT CAT TGT CGA GAC CAT GAC GTC AGC AGT TAC GTT GAG GGT TGC ACC CTG TAA C
Cow 83 CCACAG G GTG GCA TGG AAA AGT CAC TGT CGA GAC CAT GAC GTC AGC AGT TAT GTT CAG GGT TGC ACC CTG TAA C
Human CTACAG G GTG GCA TGG AGA AAT CGT TGT CAA AAC AGA GAT GTC CGT CAG TAT GTT CAA GGT TGT GHA GTC TAA C

450

Cow 208 TETGGAGTTTTCGT-CTTCAGC TCATTTTGTC TC TTT T ICATATTAAGGAAG TAA TG TTCAG TAAAAGGE TTATACTACCACTC -~~~ = m o mmm — e
Cow 14d TGTGGAGTTTICGT-CTTCAGCTCATTTTGTCTC TTTTICATATTAAGGAAG TAA T TG TTCAG TAAAAGGE TTATACTACCACTC ~ - = mrm o m mm e e
Cow 205 AGTGGATTTTTCA~ ~CATCAGCTCATTITCTC TC TTITTGATATTAAGGAGGTAATAGTTGAGTAARAGGTTACACTGCTGCTE<<«  repetitive
Cow 5a GTTGGAGTTTITA~ - CTTCAACCCATTTTCTC TC T I T TCATA TTAAGGAAG TAATAG TTGAGGCAAAGGTCATAC - ~ v m ——

Cow 222

Cow 217

Cow S1 TGTGGAGTTATCATTCTTCAGCTCATTTTGTCTCTTTTTCACG TTAAGGAAGTAATAG TTGAA TGAAAGCTTATACCTCCETTC - = = e o v mim e e
Cow 52 TGTGGAGTTATCATTCTTCAGC TCATTITATCTCTTI T ICATATTAAGCAAGTGATAG TTGAA TGAAAGTTTATACCACCATIG ~ — = o s = = o
Cow S3 TCTGGAGTTATCATTCTTCAGCTCATTTIGTCTC TTITICACATTAAGGAAGTAGTAGTTGAG TGAAAGTTTATACCACCATTC - = = e v ve
Human TCCAGAATTTITCCTICTTCAGC TCATTTTGTCTCTCT - ~CACATTAACGGAGTAGGAATTAAG TGAAAGGTCACACTACCATTA - - = ~ == m —— s m =

500 550

Cow 208  ~—m---wmameoo TTTICARACAAATAATRA ~~ e m =~ - TTTTTACCGAAGCAG~ ~~CA=~~~TATGGTCTTTC TICTAAGAGGCT-GATGTTTACCTCACA
Cow 144 TTTTTACCGAAGCAG-~ ~CA -~ - TATGGTCTTTC TTCTAAGAGGC T ~-GATCTTTACCTCACA
Cow 205 TTTTTATAGAAGCAAGAGCA~- -TGCAGTCTTTCTICTAAGAGGC TTGAAGTTTACCTCACA
Cow 58 ~m—mmmeeee—a TTICAAACAAATAATGTTATTTTTTITTTTACACAAGCAGGAGCA -~ ~ TGTGETCTT- ~ === TAAGATACTTAATSTITACTICATG
Cow 222

Cow 217

Cow 81 CTTCAAGCAAACRATG -~~~ - GT'PTTACAGAAGCAGGAGCA -~ ~ TATGGTCT~~ ~ ~TCTAAGAAGCTTAATGTTTATC TAATG
Cow 82 —~TTTCAAACABATAACA -~ ~ e m TTTTTAGAGAAGCAGGAGCA - - - TATGETCTTICTTCTAAGAAGCCTAATGTTTATCTAATG
Cow E3 CTTCARACARAATAATA-~ - ———~ TTTITACAGAAACAGGAGCA~~~TATGGTCCTTICTICTAAGAGGC TTAATGTTTACCTGATG
Human ~  ------- TTTCCCCTICAAACAAATAATR -~~~ === TTTTTACAGAAGCAGGAGCARAATATGECC ‘I‘I‘I‘CTICTAAGAGATA‘I%A’IG‘IT\’G:};B CTAATG

600

Cow 208 TCTTTATTCTTTGATATTGGGECCTACAACATT TTTCAGCTIGCTAACAGAACTAATCCTCETGAATATTIC TCTRARATCTCCATTATCAAATGTATCTC
Cow 144 TCTTTATTIGTTTGATATTGEGCCTACAACATT TTTCAGCTTGC TAACAGAACTAATGCTCG TGAATATTIG TCTAAAATCTCCATTATCAAATG TATCTC
Cow 2085 TETTTATIGTTTGATATTAGGTCTACAACAT TTTTCAGCTTCCTAACAGAAC TAATGC TEGTEAATATTTE TCTAAAATU TICATTATCAAATGTATC T

Cow Sa TATTTATTATTIGATATTAGCGCCCACACTGTATITCAGTTTA- ~~ ACAGACCTAATGC TCCTGAATATTTE TC TARAATC TTAATTATCAAATATATATC
Cow 222
Cow 217
Cow S1 TGTTAATTATTTGACACTAGGCCTATAATATTTTTCAGTI TCCTAGTAAAACTAATGCTGGTGAATATT TS TCTAAATTTTTAATTATC TAATATATCTC
Cow S2 TGTTAATTICTTIGATATTAGGCCTACAATATPTTTCAGTITGC TAATGAAACTAATCCTGGTGAATATTTGTC TAAACTC TTRATTATCAAATATGTCTC
Cow 83 CETTAACTCTTIGTTAATAGGCCTACAATATTATTCAGTC TGCTAACACAACTAATCTIGCTAAATATTTATCTAAACTCTCAATTATCAAATATATCTC
Human TGG~~-TTATTTTATATTAAGCC TACAACATTITICAGTTTGCAAATAGAACTAATACTECTGAAAATTTAC CTAAAACCTI‘GG’I‘I‘A‘ICAA?E%CA’PC‘I‘C
700

Fig. 1. Continued.
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TCCTACATT -— ~TAGTTCTTAATCAAAGAGATAACCCAGACTTAATC TIGAATGATATAAGTACTCCCCAATATTCA-~ACAA
TAGTICTTAATC <<<< L1 repetitive DNA
CAGTTCTTAATCARAGAAATAACCCAGACTTAATC TTGAATCATACAAGTATGCTCCAGTATTCA - ~ACAA
CAGTTCITAA- -~ ~AGAAATAGCACACACTTAATCTIGAATCA «e<< repetitive DNA

CAGTACATT<<< Alu element >>>CAGTTCTTA-TCAAAGAAATAACCCAGACTTAATCTTGAATGATACGATTA-TCCCCAATATTAAGTAARA

800
AA-TAGAACAAAAGAATATCTCTAAGCAAAT-GATCC - AG-CAAAGCCCCACCTGA~CTAGGCATE TRAR- CTTTCATCTGTTCAAT  ~ - ——. ABRAARG
AAATATAATGA-~GAATCTIT- ~AAACAAATTGATCTTAGGCAAAGTCCCACCTG-TGTA~ CCATGTEAA-CCTPCATCTRTPCAGTC~ ~~ — - - AAAAGE

AA-TATAAGARAAGGTTATCT -~ =~ TAARTAGATCTTAGGCAAAATACCAGCTGATGAAGGCATCTGATECCTTCATCTGTICAGTCATC TCCAAAAAC

850 900
AGCAGAAT- —— —— ~GTCAAATGCCTAAAATGR~m=~ =~~~ AACAGCCCGA~TCAAGAATTTTG-TTT
AGCAGAAC- -~ mmm e AGTGAAAGCATGGAGTCCTAACCATCGETGTTIG TATTAGTCGC TCAGTCACGTCCAGTC TTTGCAACCCCCTGGACTA

AGTAAAAATAACCACTTTTIGTTGGGCAATATGARATTTTTAAAGGAGTAGAATACC ~ ~AAATGATAGAAACAGACTGCCTGAATTGAGAATT P TGATTT
950 1000

TCATAAGTGTGACCTTTGGTT TAAA TG TP TTAGTAGAAATETTGCATT TAACAGC T TAAAAATAAAACTCACCGTATATACATCAACCTATTTTAGCCT
TAGCCCACCCAACTCCTATGTCCATGGAATTC

TTGTAAAGACTCATTTAGECATCCTGCTGATCCTGAAGGAA TACAAAGAAGCATTAGATCAGC TG T IGATT TICCTTAGT I ITATTAGC TTAAGTICATG

———————————— ATTTATGCACCTTGCTGATCATGAAGGAA TATAAAGAGGGATTAGA TCAAC TGTIGC TITTTC PTAATTTCATTAGC An = = m m e e
———————————— ATTTATCTGCCTTIGC TGATCATGAAGGAATATAAACAGGCATTAGATGAGC T T I TC TP TTCC TTAAT I TTA TTAGCATAGATTCATS
------------ ACTTATACATCTTGTTGATCATGAAGGAATATAAAGAGGGATTAGAAGACC TETTIC TITTCC TTAATTTTATTATCATAGATICATG

1150 1200

ARTTATGATTAAATTCAGAGGGAGATEAGTTTGCAAGCGTTGAATTAATTG TTATTTAA - - ~TAGA TG TCAAATTATGCATG TTGTAAAACAAARA ~~ TA

~-TTATGAC-ARATTCAGAGACAGATGAGTCTGCAACTATTGAAA TAA TTC TGG TTAACCACAGATATGAAATGACGCATGC TATABARA ~ TAC~ ~~A

CATTATGACCAAAPTTAGAGGCAGATAAA ~ - — = m =~ TATTGAAATAA - ~~CTA---~ACCACAGATATGAAATTATGCATCCTGTAAAAAATACAAACA

CATTATGACTAAATTIC-——~ -~ AGATCGAGATTGCCAGTATTGAAATAATTCC TAATTAAC TATAGATATGAAA TGATCCAT~-CTGTAARAAATACAGACA

-ATTATGAT- '{'.gééTC‘IGAGGCAGA'IGAGC’ITACAAG TATTGAAATAATTACTAATTAATCACAAATGTCAAG T TATGCATGATGTAAAAAATACAAACA
1300

TTTTCATTAAAAGCTTTGCAATTC  ATACTTIGTCTTICCTTTCT TTAGAGCCATTTAATGTC TCTGAAGA

TTTTCATTARAAACTTTGCAATTC AAACCTIGTCTITC TG T T TAGAGCCATITAGTOTICTCTGAAGR

TTPTCATTARAAGCTTTGCAATTC  ATACCTIGTCIC T T TITG T I TAGAGCCATTTAGTGTC TCTGAAGA

TTTTCATTAAAAACCTTGCAGTTC  ATACCTTGTCTCTC TITGTTTAGAGCTATTTAGTGTC TCTGAAGA

TTCTAATTAAAGGCTTTGCAACAC  ATGCCTTCTCTIGTTITTATTTAGACTCCTATAGTGTC TCTGAAGA
350

Fig. 1. Continued.
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Sequences of lysozyme sequences amplified via PCR. DNA sequences of cloned PCR products amplified with primers described in the

text are presented. The predicted amino acid sequence of residues 34-63 of cow clone KI is shown above the DNA sequence, with numbering
according to the mature protein indicated. The positions of the amplification primers are immediately adjacent to the presented sequences.

trons) were obtained for two of the bovine lysozyme
genes, 'WNS4 and trachea, while the sequence of only
one or two exons could be determined for WS4 (exon 2)
and 'S5 (exons 1 and 2) (Fig. 1). A total of 8,942 bases
of trachea gene, 8,789 bases of WNS4, 3,264 bases of
WS4, and 1,522 bases of WSS were determined. The
lengths, from predicted mRINA start site to polyadenyl-
ation site (Fig. 1), of the YNS4 (>6,197 bp) and trachea
(5409 bp) genes, are similar to those of other cow
lysozyme genes (Irwin et al. 1993).

Sequences found in the clones 217 (¥S4), 222 (\¥'S5),
and 205 (YNS4) appear to be pseudogenes. As shown in
Fig. 1, clone 217 (¥'S4) has two basepair deletions (bases
300-301) resulting in an in-frame stop codon (bases
307-309) in exon 2; clone 222 (¥S5) has two in-frame
stop codons (between amino acid residues 24 and 25,
bases 155-157, and at residue 26, bases 161-163) in
exon 1; and clone 205 (¥NS4) has a single base deletion
(base 383) which results in a frame shift and replacement
of all amino acid residues beyond amino acid residue 99.
In addition there are several other unexpected amino acid
substitutions in each of the sequences, including the re-
placement of conserved cysteine residues in WSS (bases
326-328, cysteine®! to histidine) and ¥NS4 (bases 368—
370, cysteine95 to serine), and deletions, including dele-
tion of the mRNA start site in YNNS4 (bases —11 to +3)
and three amino acids in WS4 (bases 281-289, amino
acids 66-68) (see Fig. 1). The exon sequences of ‘¥'S4
and WS5 were most similar to other cow stomach
lysozyme cDNAs (Irwin and Wilson 1989). WNS4 is
approximately equally different from stomach (S1, S2,
S3) (Irwin and Wilson 1989) and from either of the two
nonstomach lysozyme sequences (trachea and kidney)
(Takeuchi et al. 1993; Steinhoff et al. 1994).

The gene encoded by genomic clone 208 (tracheal
lysozyme) is likely to be a functional gene because it has
only one amino acid difference from that predicted from
the tracheal cDNA 144, at residue 10 of the mature pro-
tein (Fig. 1). Comparison to other lysozyme gene and
cDNA sequences showed that the exons of clone 208 are
very similar in sequence to the sequence of the cDNA
14d isolated from tracheal tissue (Takeuchi et al. 1993):
There are only three additional silent differences be-
tween base —52 and base 777 of the cDNA sequences

(Fig. 1). cDNA 14d and clone 208 differ most strikingly
in that the cDNA 14d contains an L1-like repetitive DNA
sequence (>446 bp) inserted downstream of base 777
that is absent in clone 208. Genomic clone 208 and
cDNA 14d either represent two alleles of a single gene,
or tracheal lysozyme, or two very closely related genes.

Amplification and Isolation of Kidneylike
Lysozyme Sequences

Partial amino acid sequences were available for several
lysozymes expressed in nonstomach tissues, and it was
suspected that there could be a subfamily of nonstomach
lysozyme genes (Jolles et al. 1990; Ito et al. 1993). De-
generate PCR primers specific for kidney lysozymes
were designed which should not (and do not) amplify
genes encoding ruminant stomach or trachea (clone 208)
sequences. Amplifications resulted in product(s) from
cow, sheep, goat, fallow deer, and camel, but not from
pig, zebra, rhesus monkey, or elephant (data not shown).
To permit identification of possible multiple sequences,
the PCR products were cloned and sequenced. Multiple
sequences were obtained from each species, though
many of the differences may be due to errors introduced
during PCR (Irwin and Wilson 1990). The sequences
from cow, sheep, goat, and fallow deer (Fig. 2) suggest
the existence of at least two gene sequences. Some of the
sequences are nearly identical to the kidney sequence
(Takeuchi et al. 1993; Ito et al. 1993; Steinhoff et al.
1994); they are cow clones K2, K3, goat clones K1, K3,
sheep clone K2, and fallow clone K1 (Fig. 2). The sec-
ond type of sequence, cow NS3-like, includes cow
clones K1, K4, goat clone K2, sheep clones K1, K3, and
fallow clone K2 (Fig. 2).

Discussion

Number of Lysozyme Genes

Genomic Southern blot analysis suggested that the ge-
nomes of advanced ruminants, such as cow, sheep, and
deer, have approximately ten lysozymelike genes (Irwin



Table 1. Summary of cow lysozyme genes and their expression
Sequence
evidence from
Gene Site(s) of
(clone)® expression Gene c¢DNA  Protein
Stomach
St Stomach + + -5
S20 Stomach/trachea + 40 +
S3 Stomach + + £
wS4 (217) —f + - -
wS5 (222) — + - -
Non-stomach
Trachea (208)° Trachea + + £
Kidney? Macrophage/trachea/
mammary gland +h + T
NS3 (K1)® Not determined +h - -
wNS4 (205) —f + - -
Milk® Mammary gland - - +

# Clones described in this paper

® Characterization of cDNAs indicate there are two S2 genes (Irwin and
Wilson 1989)

¢ Also represented as a cDNA (Takeuchi et al. 1993)

d Represented by cDNA clones from Takeuchi et al. (1993) and
Steinoff et al. (1994)

¢ Lysozymes NS3 and milk may represent the same gene (see text)
“These genes appear to be pseudogenes and if expressed would encode
nonfunctional lysozymes

¢ Proteins identified for these genes on basis of electrophoretic mobil-
ity, and for S1 and S3, amino acid composition, and immunological
comparison (see Dobson et al. 1984; Jolles et al. 1984; Irwin and
Wilson 1989; Takeuchi et al. 1993)

" From PCR amplification of part of exon 2

et al. 1989; Irwin and Wilson 1989). Isolation of bovine
lysozyme cDNA clones indicates that at least six genes
are expressed (Table 1). Clones isolated from a bovine
stomach cDNA library showed that a minimum of four
genes are expressed in the stomach (Irwin and Wilson
1989). A total of three lysozyme cDNA clones have been
isolated from a bovine tracheal cDNA library, but one of
these clones appears to be an allele of the cow stomach
2 genes (Takeuchi et al. 1993).

The genomic clones described here encode four
lysozymelike genes, one of which, clone 208, may be an
allele of a tracheal cDNA 14d (Takeuchi et al. 1993). The
predicted size of the mRNA encoded by clone 208 is
approximately 1,300 bases, similar in size to that of the
mRNA detected by Northern blotting of tracheal cell
mRNA with a probe specific for cDNA 14d (and 208)
(Takeuchi et al. 1993). These data suggest that clone 208
and cDNA 14d are alleles of one gene—trachea
lysozyme. The difference in the 3’ ends of the two alleles
1s probably due to the recent insertion of an L1 element
into allele encoding the cDNA 14d, or is an artifact of the
cDNA library. The remaining new sequences (‘¥S4,
WS5, NS3, and WNS4) show considerable synonymous
divergence (>5%, Tables 2 and 3) from any other (or
each other) characterized gene, suggesting that cach is a
unique gene.

The three other genomic sequences (clones 205, 217,
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Table 2. Percent synonymous divergence of partial sequences of
lysozyme genes

Sequences compared ys4° ySsP NS3©
Stomach lysozymes
Cow S1 18.3 11.4 42.3
Cow S2 14.6 16.6 38.3
Cow S3 14.6 11.4 383
Sheep S1 22.8 16.4 423
Sheep S2 22.8 19.1 423
Sheep S3 22.5 16.4 41.2
Deer S1 375 16.4 535
Deer S2 27.4 219 66.6
Nonstomach lysozymes
Trachea (208) 249 32.6 41.8
Trachea (14d) 29.6 357 41.8
yNS4 37.6 455 5.9
Kidney 34.7 272 9.4
Human lysozyme 32.8 60.7 324

* Divergence estimated from exon 2 (see Fig. 1)

® Divergence estimated for coding regions in exons 1 and 2 that encode
the mature protein (see Fig. 1)

¢ Divergence estimated from amplified region of exon 2 (see Fig. 2)

and 222) encode pseudogenes ‘PNS4, ¥S4, and ¥'S5
(Fig. 1 and Table 1). The WS4 and ¥S5 sequences are
most similar to cow stomach lysozymes (Table 2, and see
below), bringing the number of stomachlike genes to six
(four expressed and two pseudogenes, Table 1). I have
isolated by PCR part of exon 2 of two additional cow
lysozyme genes (Fig. 2 and Table 1). The cow clones K2
and K3 are very similar to the cow kidney cDNA (Takeu-
chi et al. 1993; Steinhoff et al. 1994), and they predict
amino acid sequences similar to the cow kidney
lysozyme (Ito et al. 1993). These sequences (cow PCR
clones K2 and K3, and kidney) probably represent the
same gene. (See below.) A second type of amplified
genomic sequence, cow NS3, is most similar to the
pseudogene NS4 and next most similar to the kidney
lysozyme (Table 2). The N-terminal sequence of milk
lysozyme and the amplified exon 2 sequence of NS3
overlap only for residues 35-39; therefore we cannot
exclude the possibility that they represent the same gene.
Therefore at a minimum there are four nonstomach
genes: tracheal (clone 14d/208), kidney (PCR clones K2/
K3), milk (NS37?), and a pseudogene WNS4 (clone 205).

As summarized in Table 1, genomic sequences de-
rived from either genomic clones or PCR products iden-
tify ten lysozymelike genes (one S2 genomic sequence
but two S2 genes). If the amplified exon 2 sequence cow
NS3 is not the cow milk sequence then at least 11 genes
must exist. At least seven genes are expressed (Table 1),
six of which are represented by cDNA clones (Irwin and
Wilson 1989; Takeuchi et al. 1993). The possibility ex-
ists that some of the sequences identified as alleles (e.g.,
of stomach genes or the trachea gene) or the amplified
PCR products (cow K1-K4) actually represent additional
genes. In another ruminant species, the goat, three tear
lysozymes have been described (Jolles et al. 1990), one
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Table 3. Percent synonymous (above diagonal) and nonsynonymous (below diagonal) divergence between lysozyme sequences®

Cow Cow Cow Sheep Sheep Sheep Deer Deer Tra Tra Mouse Rat

S1 S2 S3 S1 S2 S3 S1 S2 208° 14d® yNS4 Kidney Human Rhesus M 1
Cow S1 — 152 122 165 150 166 222 265 284 30.1 386 318 532 48.2 79.1 75.5
Cow S2 0.7 — 122 152 129 144 182 284 275 292 377 254 472 44.7 71.5 73.9
Cow S3 1.0 03 — 10.7 129 114 166 182 241 257 337 272 472 40.4 65.4 62.2
Sheep S1 13 13 17 — 8.5 72 181 214 304 321 368 310 50.7 42.6 72.8 72.4
Sheep S2 13 15 18 15 — 1.2 181 247 304 321 378 301 484 44.8 71.5 77.2
Sheep S3 .7 1.8 22 25 .o — 165 230 286 303 358 282 46.2 42.6 74.3 74.0
Deer S1 29 34 37 27 3.0 41 - 157 375 394 470 394 60.0 56.0 81.4 81.1
Deer S2 1.0 1.7 20 1.7 1.7 2.7 22 — 356 375 544 4238 68.7 56.2 81.7 88.6
Trachea 208 13.6 146 146 148 144 148 169 149 — 12 222 19.5 29.8 26.8 45.1 51.5
Trachea 14d 132 142 142 144 140 144 165 145 03 — 238 210 314 284 47.0 53.6
yNS4 223 235 230 241 234 239 261 237 159 155 — 15.6 27.1 27.3 56.9 59.8
Kidney 186 198 193 201 19.5 191 218 198 170 166 144 — 21.3 233 59.6 64.4
Human 207 21.1 214 211 215 211 225 216 207 203 175 11.7 e 3.0 55.3 60.9
Rhesus 191 202 198 197 201 206 21.1 207 185 181 167 11.3 6.1 — 474 512
Mouse M 287 300 295 307 300 305 31.8 293 253 248 216 17.9 17.0 16.2 — 237
Rat 1 299 312 30.7 319 312 316 331 305 226 222 248 18.9 222 19.7 7.2 —

# Synonymous and nonsynonymous divergence estimated from coding region of mature lysozyme sequences, and corrected by the Jukes and Cantor

method
5 Tra refers to trachea

of which (tear 1) may be the homolog of cow milk
lysozyme. While the cow does express lysozyme in tears,
its identity is unknown (Prieur 1986). It appears that
most, if not all, types of cow lysozyme genes have been
identified and partially characterized.

Stomach Genes and Pseudogenes

Two genomic clones, cow 217 and cow 222, contained
partial gene sequences PS4 and WS35, respectively (Fig.
1). Only a small portion of WS4 was found to be similar
to other lysozyme genes: a segment that contains exon 2
and short regions flanking this exon, 91 bp 5" and 27 bp
3’. The only other sequences within the 3,264 bases of
sequenced DNA similar to any lysozyme gene sequence
were pieces of repetitive DNA. Southern blot analysis
showed that no other lysozymelike sequences were
found within the two genomic clones (data not shown),
which included at least 7 kb of both 5" and 3’ flanking
DNA. It appears that this lysozymelike gene, ‘PS4, is
composed of just this exon.

Only exons 1 and 2 were characterized for WS35, but
these sequences were found at one end of a genomic
clone; therefore it is possible that this gene may also
contain exons 3 and 4. As with the cow stomach genes
(see Irwin et al. 1993), the majority of the intron se-
quences of WS5 show considerably more divergence
from the stomach genes (approximately 25%; data not
shown) than do the silent sites of exons (about 13%,
Table 2), or the intron sequences immediately adjacent to
the introns. This pattern, low sequence identity of intron
sequence distant from exons and higher identity at silent
sites within exons, or in the immediately flanking intron

sequences, is similar to that seen for the functional stom-
ach genes (Irwin et al. 1993). It was concluded that the
mosaic pattern of sequence similarity in the functional
stomach lysozymes was due to the concerted evolution
(Irwin et al. 1993). For both pseudogenes ‘PS4 and ¥'S5
the exon sequences show considerable sequence identity
with the functional stomach lysozyme genes, but the in-
trons show limited (¥'S5) or no (‘¥S4) sequence identity,
suggesting that these genes have also participated in the
concerted evolution of the stomach lysozymes. Since the
last concerted evolution event, these two genes have de-
graded into pseudogenes. Comparison of the numbers of
synonrymous and nonsynonymous substitutions per syn-
onymous (dg) or nonsynonymous (dy) site respectively
(data not shown), indicates that the ratio dy-d is approx-
imately equal to 1 on the lineages leading to WS4 and
WS35, suggesting that these sequences have behaved like
pseudogenes since their divergence from the functional
stomach lysozyme genes. WS5 may have escaped con-
certed evolution when it moved away from the lysozyme
gene cluster to its new chromosomal position. (See be-
low.) The molecular events which resulted in WS4 be-
coming a pseudogene are less clear.

Nonstomach Lysozyme Genes

Multiple nonstomach lysozymes are known to exist in
the ruminants, but unfortunately most are known only
from partial N-terminal amino acid sequences (Jolles et
al. 1990). The recent purification and sequencing of cow
and sheep kidney lysozymes (Ito et al. 1993) and isola-
tion of cDNAs for lysozymes expressed in the trachea,
mammary glands, and neutrophils (Takeuchi et al. 1993;



Steinhoff et al. 1994) have provided a few complete se-
quences. As described in the Results, the genomic clone
208 appears to contain the expressed tracheal lysozyme
gene. The genomic clone 205 was found to contain a
lysozymelike pseudogene, WNS4, which is approxi-
mately equally different from stomach, tracheal, and kid-
ney lysozyme sequences (Fig. 1, see Table 3). The
aligned coding region of WNS4 shows that it possesses
proline!®, an amino acid which has been deleted in the
stomach lysozymes of advanced ruminants and in tra-
cheal lysozyme (Fig. 1), and thus is like kidney lysozyme
(Ito et al. 1993; Takeuchi et al. 1993; Steinhoff et al.
1994), camel stomach lysozyme, and the lysozymes of
nonruminant species (Jollés et al. 1990). WNS4 shares
lysine at position 2 with cow milk and goat tear
lysozymes (Jolles et al. 1990) and may be more closely
related to them than to any other lysozyme.

Multiple nonstomachlike lysozyme sequences were
amplified from ruminant species (Fig. 2). The sequences
appear to fall into two classes, with both classes present
in each species. Sequences of cow clones K2 and K3 are
nearly identical to the kidney ¢DNA and amino acid
sequence (Takeuchi et al. 1993; Tto et al. 1993), with
single base/amino acid differences at codon 34 of clone
K2 and codon 63 of clone K3 (Fig. 2). The observed
differences between cow clones K2/K3 and kidney
lysozyme are probably mistakes introduced by PCR, and
all of these sequences most likely represent the same
gene—kidney lysozyme. The sheep sequence most sim-
ilar to the cow kidney sequence, sheep clone K2, is con-
sistent with the amino acid sequence of sheep kidney
lysozyme (Tto et al. 1993). The goat (goat clones K1 and
K3) and fallow deer (fallow clone K1) also have se-
quences similar to the sheep and cow kidney sequences
(Fig. 2). The remaining ruminant sequences (cow NS3-
like: cow clones K1/K4, sheep clones K1/K3, goat
clone K2, and fallow clone K2) are very similar to each
other and appear to represent the product of a gene that
duplicated from the kidoey lysozyme gene before the
radiation of advanced ruminants (~25 million years ago;
Savage and Russell 1983).

Cow Lysozyme Gene Cluster

Most of the bovine-lysozymelike genes have been found
to map to band 23 of bovine chromosome 5, with one
mapping to chromosome 7 (Gallagher et al. 1993). The
genes located on chromosome 5 are all located within a
3.1-Mb Mlul DNA fragment (Gallagher et al. 1993). As
with the stomach lysozyme genomic clones (Irwin et al.
1993), none of the nonstomach lysozyme genomic clones
studied here contained two genes. A 3.5-kb EcoRlI frag-
ment had been detected with lysozyme cDNA probes to
be on chromosome 7, and had been suggested to be a
pseudogene (Gallagher et al. 1993). Genomic clone cow
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222, which encodes ¥S5, contains a 3.5-kb EcoRI frag-
ment and probably represents this gene.

Phylogeny of Bovine Lysozyme Genes

Phylogenetic trees were constructed for the DNA se-
quences encoding the mature lysozymes using both the
neighbor-joining method, from estimates of the synony-
mous and nonsynonymous divergences (shown in Tables
2 and 3), and by maximum parsimony (Fig. 3). The ru-
minant lysozyme DNA sequences were found to fall into
three groups: (1) stomach lysozyme sequences, (2) tra-
cheal lysozyme, and (3) kidneylike lysozymes. These
same groups were observed if the partial sequences
(¥'S4, ¥S5, NS3) were included in the analyses, or if
only rodents or only primates were used as outgroups
(data not shown). The stomach lysozymes were strongly
clustered in all analyses (99-100% of bootstrap replica-
tions, Fig. 3). A closer association of tracheal lysozyme
to the stomach lysozymes than to any other lysozyme
sequence is moderately suggested by the trees (50-99%
of bootstrap replications, Fig. 3). Tracheal lysozyme
shares the unique deletion of amino acid 103 with the
stomach lysozymes of the true ruminants. (See Fig. 1 and
Takeuchi et al. 1993.) The third, paraphyletic, group con-
sists of the kidney, WNS4, and NS3 lysozyme genes.
These genes are most distantly related to the stomach
lysozymes, and appear to represent two lineages (Fig. 3),
the kidney lysozyme gene lineage and the NS3/PNS4
lineage. (NS3 and WNS4 cluster is supported by 97% of
the bootstrap replications, Fig. 3C.) The relationship of
these two lineages to the other genes are unclear. (Com-
pare Fig. 3A to B and C.)

Phylogenetic trees of intron and 5" flanking sequences
were also constructed for the available complete gene
sequences: the three cow stomach genes, and the new
trachea and WNS4 gene sequences, with the human se-
quence used as the outgroup (Fig. 4). The portions of the
gene sequence chosen for this analysis were those found
not to evolve in a concerted fashion among the cow
stomach genes (Irwin et al. 1993). As shown in Table 4,
all of the cow sequences are nearly equidistant from each
other, in contrast to the coding regions (Tables 2 and 3).
The stomach genes still are each other’s closest relatives,
but are only slightly more related to each other than they
are to either trachea or WINS4 (Fig. 4). The placement of
the two remaining cow genes differs between the two
trees (Fig. 4A and B). Parsimony analysis suggests that
WNS4 is the outgroup to stomach and tracheal
lysozymes, though neighbor-joining trees weakly (49%
of bootstrap replications) support a closer relationship
between WWNS4 and the tracheal lysozyme (Fig. 4). The
two alternative trees are not significantly different in
their placements of the trachea and ‘¥NS4 genes. It
seems clear that the various genes initially duplicated
from each other over a short period of time.
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Fig. 3. Relationships of lysozyme coding sequences. The phylogeny line based on trees constructed from just the shared exon 2 sequences.

of lysozyme and lysozymelike sequences (Figs. 1 and 2) was estimated
by neighbor-joining of synonymous (A) or nonsynonymous (B) diver-
gence, corrected by the Jukes and Cantor method, or by parsimony
analysis (C) of all nucleotide differences among the coding sequences
corresponding to the mature (i.e., secreted) lysozyme. Primate and
rodent sequences were used to root the phylogenies. Partial sequences
(WS4, WS5, and NS3) were excluded from the distance analysis; for
illustration purposes their relative positions are indicated by the dorted

Comparison of phylogenetic trees derived from cod-
ing and untranslated portions of stomach lysozyme
c¢DNAs indicated that the coding portion of the gene
were evolving in concert, while the 3" untranslated re-
gion was evolving divergently (Irwin and Wilson 1990).
Characterization of gene sequences of the stomach
lysozymes extended this observation and indicated that
the concerted evolution events were limited to the coding
exons—that is, the introns were evolving divergently (Ir-
win et al. 1993). Apart from the stomach pseudogenes,
no obvious differences in divergence of intron and exon
sequences were observed with the newly characterized
lysozyme genes (Tables 3 and 4). In addition, trees de-
rived from single exoms, either coding or noncoding,
yielded similar relationships between the stomach, tra-
chea, kidney, and WNS4 lysozyme genes (results not
shown). These results suggest that concerted evolution is
not occurring between the nonstomach genes (trachea,
kidney, and YYNS4), or between the stomach and non-
stomach genes.

Dates of the Early Gene Duplications

The analysis of genomic Southern blots had suggested
that most of the duplications of the lysozyme gene in the
ruminant lineage occurred after the divergence of the
ruminants from the camel (~50 million years ago), with
one duplication preceding this divergence but occurring
after the pig-ruminant divergence (~55 million years

Trees are the consensus of 500 bootstrap replications, with the neigh-
bor-joining distances corrected by the Jukes and Cantor method. The
percentage of bootstrap replications supporting each branch in the con-
sensus tree is indicated above or to the right of the branch. Neighbor-
joining trees (A and B) are shown with approximate branch lengths
(except for partial sequences indicated by dotted lines), with the bar
indicating either 5% (A) or 3% (B) divergence. The parsimony tree (C)
indicates relationships only.

ago) (Irwin et al. 1989, 1992). The dates of the early gene
duplications, those leading to the kidney, ¥NS4, and
tracheal genes, can be estimated from the silent diver-
gence of coding sequences or from the divergence of
introns among these genes. Comparison of several genes
that have been sequenced in both cow and pig or cow and
sheep suggested the divergence at silent sites within ar-
tiodactyls is approximately 0.7% per million years
(0.35% per million years per lineage; Li et al. 1987; see
also Irwin et al. 1993). As shown in Table 5, use of this
assumption predicts that the time of divergence of the
cow, sheep, and deer stomach genes from each other was
20-30 million years ago, an estimate in accord with di-
vergence times of these species from other sources (Sav-
age and Russell 1983; Irwin et al. 1991).

The cow tracheal gene is inferred to have diverged
from the stomach genes approximately 45 million years
ago, while the kidney and WNS4 genes are inferred to
have diverged from the remaining genes 45-57 million
years ago (Table 5). The calculated silent divergence of
the cow nonstomach genes (tracheal, kidney, and
WNS4), though, is lower than that estimated for the
stomach genes (26.9% vs 46.8% with primates as the
outgroup, or 54.7% vs 72.3% when rodents are the out-
group, Table 3). Since the stomach sequences appear to
behave in a clocklike fashion within ruminants (see
above), it appears that the divergence of the nonstomach
sequences has been underestimated by the Jukes and
Cantor correction method, or that the silent divergence
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Fig. 4. Phylogeny of lysozyme intron and 5" flanking sequences. The
phylogenetic relationships of intron and 5’ flanking sequences that do
not participate in concerted evolution among the stomach genes were
assessed by parsimony (A) and neighbor-joining (B). Trees are the
consensus of 500 bootstrap replications, with the neighbor-joining dis-
tances corrected using the Kimura two-parameter method. The percent-
age of bootstrap replications supporting each branch in the consensus
tree is indicated above or to the right of the branch. The neighbor-
joining tree (B) is shown with approximate branch lengths, with the bar
indicating 2% divergence. The parsimony tree (A) indicates relation-
ships only.

Table 4.  Percent divergence of 5" flanking and intron sequences®

Cow S2 Cow S3 Trachea wNS4 Human
Cow S1 19.6 21.7 229 22.7 355
Cow S2 219 237 233 39.0
Cow S3 259 25.3 42.8
Trachea 23.1 39.5
YNS4 37.7

* Divergence estimated from 3,778 aligned bases of 5’ flanking and
intron sequence which did not evolve in concert in stomach lysozymes.
Distances were corrected by the Kimura two-parameter method

rate of nonstomach genes is lower than that for stomach
genes. Therefore, it appears that the divergence time of
the nonstomach genes from the stomach genes may be
underestimated.

A second way that the divergence dates of the non-
stomach genes from the stomach genes can be estimated
is from the divergence of 5" flanking and intron se-
quences. After excluding exons, and adjacent intron se-
quences, which may be evolving in concert (see Irwin et
al. 1993), a total of 3,778 bases could be aligned among
the five complete cow lysozyme sequences and the hu-
man gene sequence. In contrast to the situation at silent
sites within the coding region, the estimated divergences
of the stomach and nonstomach sequences are similar:
All the cow genes show about 40% divergence from the
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Table 5. Estimated dates of divergence of lysozyme genes

Genes compared Silent divergence®  Date®

Stomach
Cow vs sheep
Cow vs deer
Sheep vs deer
Stomach vs nonstomach
Trachea vs stomach
Kidney vs stomach
WNS4 vs stomach
Human vs ruminant
Human vs stomach
Human vs nonstomach

14.0 (10.7-16.6)
21.7 (16.6-26.5)
20.3 (16.5-24.7)

19.9 (15.3-23.7)
31.0 (23.7-37.9)
29.0 (23.6-35.3)

31.2 (24.1-37.5)
32.0 (25.4-39.4)
40.2 (33.7-54.4)

44.5 (34.4-53.6)
45.7 (36.3-56.3)
57.4 (48.1-77.7)

52.7 (46.2-68.7)
274 (21.3-31.4)

75.3 (66.0-98.1)
39.2 (30.4-44.9)

* Average percent pairwise silent divergence, with range minimum to
maximum estimates in parentheses, from Table 3

b Estimated date of divergence, in millions of years before present, for
average divergence, with range of minimum to maximum in parenthe-
ses, and assuming a silent divergence rate of 0.7% per million years
(see text)

human sequence (Table 4), yielding a divergence rate of
approximately 0.5% per million year (if we assume cow
and human diverged 75-80 million years ago). This es-
timate is lower than that estimated for silent DNA, ap-
proximately 0.7% per million years (Li et al. 1987),
probably because some of the sequences are constrained.
Using the divergence estimate of 0.5% per million year,
one predicts that the cow stomach genes diverged from
each other 39-44 million years ago, in accord with esti-
mates based on the 3’ untranslated sequences of the
¢DNAs (Irwin and Wilson 1990). In addition, the non-
stomach genes, trachea and WNS4, are estimated to
have diverged from the stomach genes 45-52 million
years ago, in agreement with the estimate from silent
divergence (Table 5).

Duplication of Ruminant Lysozyme Genes and the
Divergence of the Camel

Estimation of divergence dates suggests that some of the
nonstomach lysozyme genes, i.e., kidney and WNS4, di-
verged from the stomach genes before the divergence of
camel and advanced ruminants (which occurred approx-
imately 50 million years ago; Savage and Russell 1983),
while others, i.e., trachea, diverged more recently. While
the DNA sequence of either camel lysozyme gene is not
available, the amino acid sequence of camel stomach
lysozyme is (Jolles et al. 1990). Phylogenetic analysis of
the ruminant lysozyme amino acid sequences yields sim-
ilar relationships to those derived from the DNA se-
quences (Fig. 5). As with the analysis of DNA sequences
(Figs. 3 and 4), the stomach sequences group together
(99% of bootstraps), and the tracheal lysozymes are more
closely related to stomach lysozymes than to other cow
nonstomach lysozymes (‘YNS4, kidney) (60% of boot-
strap replications, Fig. 5). As seen with the analysis
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Fig. 5. Phylogeny of lysozyme amino acid sequences. Phylogenetic
relationships of selected ruminant lysozyme sequences with primate
lysozyme sequences used to root the tree. Phylogenetic relationship
was assessed by parsimony, using the PROTPARS stepmatrix to de-
termine number of steps for each amino acid change. Trees are the
consensus of 500 bootstrap replications, with the percentage of repli-
cations supporting each branch indicated above each branch. If rodent
lysozyme sequences were used to root this tree two differences in
topology were observed: (1) the relationship of stomach lysozymes,
with deer S1 clustered with sheep S2 (48% of bootstraps), and (2)
kidney and WNS4 being clustered (29% of bootstraps). The remaining
lineages were supported by a similar number of bootstrap replications.

of the DNA sequences, the kidney sequence and WNS4
were found not to be monophyletic (they were mono-
phyletic if rodents were used as the outgroup, though this
was supported by only 29% of the bootstrap replications;
results not shown), and the kidney sequence is the most
distantly related to the other ruminant lysozyme genes
(Fig. 5).

The camel has two lysozyme genes (Irwin et al
1989), and the product of one, stomach lysozyme, has
been purified and sequenced (Jolles et al. 1990). It has
been proposed that the first duplication of the ruminant
lysozyme gene occurred prior to the divergence of the
camel and advanced ruminants (Irwin et al. 1989, 1992).
As expected, the camel stomach lysozyme falls within
the ruminant lysozymes, but the tree presented in Fig. 5
suggests that two gene duplications (those leading to
kidney and to ‘YNS4 lysozymes), rather than one, oc-
curred before the divergence of camel and advanced ru-
minants (Fig. 5). This conflict in number of gene dupli-
cations may be explained in two ways: Either kidney,
WNS4, and NS3 (and other genes, e.g., tear and milk)
form a monophyletic group, or one of the two lineages
formed by the earliest gene duplications was lost. Char-
acterization of the second camel lysozyme should re-
solve this question.

Ruminant Tracheal Lysozyme Evolved from
Stomach Lysozyme

Surprisingly, the phylogenetic analysis of lysozyme
amino acid sequences suggested that the stomach

lysozymes of advanced ruminants were more closely re-
lated to cow tracheal lysozymes than to camel stomach
lysozyme (Fig. 5). Phylogenetic trees constructed from
the amino acid sequences of the various lysozymes from
advanced ruminants (stomach, kidney, WNS4, and tra-
cheal) and camel stomach lysozyme, with either primate
or rodent sequences as an outgroup, show that as pre-
dicted, the stomach lysozyme genes of advanced rumi-
nants (cow, sheep, deer) are more closely related to tra-
cheal lysozyme than they are to camel lysozyme (Fig. 5).
Closer examination of the sequences reveals that the ru-
minant tracheal and stomach lysozymes share deletion of
amino acid 103 (Takeuchi et al. 1993; see Fig. 1), a
deletion that is not found in camel stomach lysozyme
(Jolles et al. 1990). Analysis of silent divergence esti-
mates suggested that the tracheal lysozyme gene di-
verged from the stomach lysozyme genes of advanced
ruminants approximately 45 million years ago (Table 5).

Since both the camel and advanced ruminants have a
functional stomach lysozyme, i.e., a lysozyme that can
function in the stomach (Dobson et al. 1984; Jollés et al.
1990), it is assumed that the ancestor of camel and ad-
vanced ruminants had a lysozyme which worked, to
some extent, in the stomach. This would mean that the
tracheal lysozyme has reverted, that is, has evolved from
a lysozyme which could function in a stomach environ-
ment back to being a lysozyme that could function in a
neutral environment. Alternatively, the most recent com-
mon ancestor of advanced ruminants and camel had a
lysozyme like that of the pig, a stomach lysozyme which
has not been adapted to function in the stomach environ-
ment. Consequently, we must then propose that since the
divergence of the camel and the advanced ruminants that
the stomach lysozymes have independently adapted to
function in the stomach.

If the ancestor of camels and advanced ruminants did
have a stomach lysozyme which could function in the
stomach, we would expect this lysozyme to have some of
the sequence properties of functional stomach lysozymes
(Stewart et al. 1987). Tracheal lysozyme then would
have evolved from this gene, and we may expect to find
some of these adaptive changes retained in the modern
tracheal sequence. Stomach lysozymes have fewer argi-
nine residues than other lysozymes, presumably to re-
duce the number of potential pepsin cleavage sites
(Stewart et al. 1987). Tracheal lysozyme has only four
arginine tesidues (Fig. 2), a number similar to that of
stomach lysozymes, and lower than ruminant nonstom-
ach lysozymes such as cow kidney (eight arginines, Ito et
al. 1993), or pig lysozyme (seven to nine arginines, Jolles
et al. 1989). In addition, tracheal lysozyme shares with
stomach lysozymes two amino acid residues previously
identified as adaptive, lysine*! and glutamic acid'*®
(Stewart et al. 1987). Tracheal lysozyme also has a
smaller number of acid-labile bonds (21) than nonstom-
ach lysozymes (kidney has 27) or pig lysozyme (23-25),
and similar in number to stomach lysozymes (cow S2 has



17). The above observations support the contention that
the ancestor to camels and advanced ruminants had a
functional stomach lysozyme (though it may have not
been well adapted—see Irwin et al. 1992), and that ru-
minant tracheal lysozyme evolved from this lysozyme
and reverted to function again in a neutral environment.

Evolution of Lysozyme Gene Expression

It was previously suggested that the first duplication of
the lysozyme gene in the early ruminant allowed for the
evolution of both a stomach and a nonstomach lysozyme
(Irwin et al. 1989, 1992; Jolles et al. 1990). Stomach
expression of lysozyme preceded duplication of the
lysozyme gene, but adaptation to stomach function oc-
curred only after duplication of the gene (Irwin et al.
1989, 1992). This appears to be another case of resolu-
tion of an adaptive conflict (Wistow 1993). That is, in the
ancestor to ruminants, the single lysozyme gene could
not carry out both stomach and nonstomach functions,
but duplication of the gene allows the two genes to carry
out both roles. (Leaf-eating monkeys appear to have re-
solved this conflict without gene duplication [Stewart et
al. 1987; Swanson et al. 1991].) The suggestion that tra-
cheal lysozyme is derived from a stomach lysozyme
shows that the nonstomach lysozymes of ruminants are
not a monophyletic group of genes. A second change in
lysozyme gene regulation is required. At least one of the
stomach lysozyme genes is expressed in tracheal cells
(Takeuchi et al. 1993), and this therefore suggests that
ancestral stomach lysozyme may have been expressed in
both the stomach and the trachea. A second case of adap-
tive conflict may have occurred, and subsequent dupli-
cation of the lysozyme gene could have released this
conflict and allowed the evolution of modern tracheal
lysozyme. The tracheal lysozyme gene was then free to
revert to function in the neutral environment of the tra-
chea.

The ruminant lysozyme gene family continues to il-
lustrate unexpected aspects of the evolution of a gene
family. Within the ruminant lysozyme genes concerted
evolution is limited to only the stomach genes (both
functional and pseudogenes), though preliminary evi-
dence had suggested it may have also occurred between
the nonstomach genes (Jolles et al. 1990). Change in
lysozyme gene expression and lysozyme function has
occurred several times within the ruminant lineage. A
single origin of stomach and nonstomach expression pat-
terns and a unique adaptation of lysozyme function are
unlikely to be due to the close relationship of tracheal
and stomach lysozymes. These results emphasize the po-
tential of multiple changes in the regulation and function
of genes within a gene family.
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