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Lactococcus lactis strains from dairy and nondairy sources were tested for the ability to grow in the absence
of histidine. Among 60 dairy strains tested, 56 required histidine, whereas only 1 of 11 nondairy strains had
this requirement. Moreover, 10 of the 56 auxotrophic strains were able to grow in the presence of histidinol
(Hol"), the immediate histidine precursor. This indicates that adaptation to milk often results in histidine
auxotrophy. The histidine operon was detected by Southern hybridization in eight dairy auxotrophic strains
tested. A large part of the histidine operon (8 kb, containing seven histidine biosynthetic genes and three
unrelated open reading frames [ORFs]) was cloned from an auxotroph, which had an inactive hisD gene, as
judged by its inability to grow on histidinol. Complementation analysis of three genes, his4, hisB, and hisG,
in Escherichia coli showed that they also were inactive. Sequence analysis of the cloned histidine region, which
revealed 98.6% overall homology with that of the previously analyzed prototrophic strain, showed the presence
of frameshift mutations in three his genes, hisC, hisG, and hisH, and two genes unrelated to histidine
biosynthesis, ORF3 and ORF6. In addition, several mutations were detected in the promoter region of the
operon. Northern (RNA) hybridization analysis showed a much lower amount of the his transcript in the
auxotrophic strain than in the prototrophic strain. The mutations detected account for the histidine auxotrophy
of the analyzed strain. Certain other dairy auxotrophic strains carry a lower number of mutations, since they

were able to revert either to a Hol* phenotype or to histidine prototrophy.

Standard laboratory microorganisms, such as Escherichia
coli and Bacillus subtilis, can grow on a simple mineral
medium containing only an appropriate carbon source. In
contrast, many other microorganisms have more complex
nutritional requirements, which probably result from adap-
tation to a relatively rich ecological niche. The genetic
defects which underlie these requirements have been studied
in several cases and were found to include inadequate gene
expression, mutational gene inactivation, and the combina-
tion of the two, as summarized in the accompanying report
(8). To further characterize such defects, we decided to
study gene inactivation in Lactococcus lactis. This bacte-
rium, thought to be naturally associated with plant material,
is widely used in milk fermentation. It was therefore intro-
duced relatively recently into a novel, more plentiful ecolog-
ical niche, milk, and may thus offer the possibility to analyze
early stages of gene inactivation.

L. lactis dairy strains can ferment lactose and efficiently
degrade caseins. Both functions are most often carried on
plasmids (16) and were probably acquired during adaptation
to milk. In addition, dairy strains often require branched-
chain amino acids (BCAA; isoleucine, leucine, and valine)
for growth (1, 2, 4, 21), which might be due to adaptation to
milk, since the related strains from nondairy sources are able
to synthesize the three amino acids (8). The accompanying
paper reports that the BCAA requirement may be the result
of only a few mutations, since the entire operon is preserved
in all dairy strains analyzed and is actively transcribed and
efficiently regulated in the strain studied in more detail (8). In
this paper, we report the analysis of the histidine require-
ment of dairy strains, which was reported to be very
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common (1, 2, 4, 21) and might also be due to adaptation for
growth in milk.

MATERIALS AND METHODS

Bacterial strains, plasmids, and media. Bacterial strains
and plasmids used are listed in Table 1. Growth conditions
are described in the accompanying report (8). For comple-
mentation studies, E. coli was grown in minimal medium
supplemented with the necessary components and histidinol
or histidine (0.11 pg/ml), as required (17). L. lactis auxotro-
phy was tested in CDM (chemically defined medium) as
described in the accompanying report (8). For the reversion
tests, ~10' cells of an overnight culture washed twice were
plated on minimal medium agar plates without histidine or
supplemented with histidinol.

Cloning of IL1403 DNA in E. coli. Total DNA from L.
lactis subsp. lactis was isolated as described previously (14).
Total DNA was subcloned in plasmid pBluescript (pBS;
Stratagene). E. coli transformation and colony hybridization
were performed by standard procedures (17).

Southern hybridization, RNA analysis, and DNA sequenc-
ing. The methods used are described in the accompanying
report (8). The reported sequence was determined on both
strands.

Nucleotide sequence accession number. The GenBank,
EMBL, and DDBJ nucleotide sequence accession number
for the sequence shown in Fig. 1 is M90760.

RESULTS

Histidine and histidinol auxotrophy. Different L. lactis
subsp. lactis and L. lactis subsp. cremoris dairy strains, as
well as L. lactis subsp. lactis strains isolated from various
nondairy sources (mostly plants; Table 1), were tested for
growth on a defined medium supplemented with all amino
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TABLE 1. Strains and plasmids

J. BACTERIOL.

Strain or plasmid Relevant markers and characteristics l;:f::ie;ncf
Strains
E. coli
TG1 supE Athi (lac-proAB) hsdDS (F'* traD36 proAB lacI"ZAMIS) 7
Hfr G6 hisA323 \ 18
SB3930 hisB463 N~ 6
JC411 leuB6 fhuA?2 lacY1 supE44 gal-6 hisG1 rfoD1? galP63? argG6 15
rpsL104 malT1 \* xyl-7 mel-2 metB1
L. lactis subsp. cremoris®
CNRZ105 1957, His™
CNRZ107 1958, His™
CNRZ114 1958, His™
CNRZ119 1958, His™
CNRZ306° 1967, His™
CNRZ357 1970, His~
CNRZA482 His~
11420 His~
IL563 Starter, Belgium, His™
IL675 Starter, France, 1965, His™
IL680 Starter, France, 1966, His™
IL737 Starter, France, 1970, His™ .
IL746 Starter, France, 1970, His™, RHO" ~ 5 x 107°
1963 His™, RHI' < 1079
IL96%* His™ .
NCDO712¢ Starter, New Zealand, His~, RH°" < 107?
NCDO763¢ Starter, New Zealand, His™
L. lactis subsp. lactis®
Dairy strains
CNRZ144 1958, Hol*, RH" <6 x 10710
CNRZ148 1954, His~, RH" _ 6 x 1078
CNRZ151 1954, Hol+ RHis" < 7 x 10~°
CNRZ157 1955, His*
CNRZ167 1964, His™, RH" <6 x 10"
CNRZ193¢ 1964, His™, RH’s <6 x 1071
CNRZ261 1970, His™, RH’s ~ 8 x107°
CNRZ268 Holt"' Rl'Ils <1x10°
CNRZ272 Hol*, RH's <3 X 10~?
CNRZ377 1971, His™, RH" <1x10°
CNRZ430 1972, His™—, RHS" < 6 x 10 10
CNRZA83 Starter, France, His—, RHs" < 1 x 1o~ -9
11413 Raw milk, France, 1958 His™, RHS" _ 1 x 107°
ILA14 Raw milk, France, 1958, Hol*, R“’s <2x10°°
1LA27 Starter, France, 1965, His™, RHis* < 1 x 10~°
IL561 Starter, Belgium, His*
1L562 Starter, France, 1965, His™, RH's ~7x107°
IL564 Starter, France, 1965, His™, R"‘s <6 x 10710
1L573 Starter, France, 1974, His™ R"" <2x10°
IL583 Starter, France, His™, RHot J % 107°
1L635 Milk, France, 1962, Hls RHls <1x10°
1L639 Starter, France, His™, RHE® < 6 x 107
IL741 Starter, France, 1970, Hls RHs® < 6 x 1010
11899 Cheese, France, 1962, His™, RH°' ~2x107°
10903 Starter, France, 1959, His™, R“‘s <6 x 10710
1L904 Cheese, France, 1962, Hol* R“"’ <4 x10710
1L907 Cheese, France, 1962, Hol™*, R"“s <3 x10°10
1L.925 Starter, France, 1959, His™, R“" <5x10°1°
1L.929 Starter, France, 1960, His™, R""s <6 x 10710
1L933 Raw milk, France, Hol+ RHis* < § % 10710
1L935 Raw cream, France, 1963, His™, R""s <4 x 1071
1L942 Raw milk, France, 1962, His™, R"“ <7 x 10710
1948 Starter, France, 1966, His™, RHis* < 4 % 10-10
11960 Hol*, RHs" < 6 x 10—10
1L977 Starter, France, 1966, His™, RH" <1x10°
10982 Starter, France, 1965, His™, R"“ <6 x 10710
11985 Starter, France, 1965, Hls RHs" <1 x 109
11403 Plasmid free, His ™, RH" < 1 X 1071 3
NCDO184 Cheese curd, 1950, Hol"' RHS" <2 x 10~

Continued on following page
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TABLE 1—Continued

Strain or plasmid Relevant markers and characteristics Referp '.'cf
or origin

NCDO496 1950, His~, RH** ~ 5 x 1010

NCDO0966 Long milk, Sweden, 1957, His*

NCDO1966 Starter, Bulgaria, 1969, His~, R¥s" ~ 2 x 10~°

NCDO02054 Milk, His*

Nondairy strains

NCDO1867 Frozen peas, England, 1966, His*

NCDO02091 Seeds of Chinese radish, Japan, His*

NCDO02108 Frozen beans, 1978, Hol*

NCDO2110 Frozen peas, 1978, His*

NCDO2111 Frozen peas, 1978, His™*

NCDO2118 Frozen peas, 1978, His*

NCDO02125 Termite gut, United States, 1978, His™

NCDO2146 Mastitis, 1979, His*

NCDO2633 Rectum of cow, 1981, His*

NCDO2727 Mung bean, China, 1983, His*

NCDO02738 Anchu mash, Germany, 1984, His*

Plasmids

pBS Amp* M13ori pBR3220ri plasmid for sequencing Stratagene
pIL378 9-kb Sau3Al fragment from NCDO2118 in pIL253 5
pIL700 9-kb Sacl fragment from pIL378 in pBS 5
pIL704 2.2-kb EcoRI fragment from pIL378 in pBS, hisG* 5
pIL708 3.1-kb EcoRI fragment from pIL378 in pBS, hisB* hisA* 5
pIL712 1.9-kb EcoRI-Xbal fragment from pIL708 in pBS, his4* 5
pIL721 1.3-kb EcoRI fragment from IL1403 in pBS This work
pIL722 0.25-kb EcoRI fragment from IL.1403 in pBS This work
pIL723 2.2-kb EcoRI fragment from IL1403 in pBS, hisG This work
pIL725 1.7-kb EcoRI fragment from I1L1403 in pBS This work
pIL727 3.1-kb EcoRI fragment from IL1403 in pBS, hisB hisA This work
pIL728 1.2-kb EcoRI-Xbal fragment from pIL727 in pBS, hisB This work
pIL730 1.9-kb EcoRI-Xbal fragment from pIL727 in pBS, hisA This work

¢ IL strains are from our laboratory collection, CNRZ strains are from Station de Recherche Laitiére, Institut National de la Recherche Agronomique, Jouy
en Josas, France, and NCDO strains are from the Reading Laboratory, Agriculture and Food Research Laboratory, Reading, England.
® Place, medium, and year of isolation are given when known. His*, growth without histidine; Hol*, growth with histidinol; His ™, no growth without histidine

or histidinol; R, rate of obtention of His* or Hol* revertants.
¢ Previously classified as L. lactis subsp. lactis (9).
4 Previously classified as L. lactis subsp. cremoris (9).

acids except histidine and containing or lacking histidinol
(the last intermediate in histidine biosynthesis). Ten of
eleven nondairy strains did not require histidine or histidi-
nol, and one could grow on histidinol (Hol*). In contrast,
none of the L. lactis subsp. cremoris dairy strains (17 were
tested; nondairy strains are not known) was able to grow
without histidine. An intermediary situation was found
among 43 L. lactis subsp. lactis dairy strains, since 29
required histidine, 10 required histidinol, and 4 were pro-
totrophic for histidine. This finding suggests that dairy use
selects for loss of the capacity to synthesize histidine.

Cloning of a silent histidine operon. To study the genetic
basis of the histidine requirement, eight auxotrophic strains
were compared by Southern hybridization with five pro-
totrophic strains, including strain NCDO2118, which was
previously used for sequence analysis of the histidine operon
(5). Plasmid pIL700, containing the first 9 kb of the func-
tional histidine operon (5), was used as a probe, and pBS was
used as a control. Similar hybridization patterns were ob-
served with all strains (not shown), which indicates that the
histidine biosynthetic genes are present in the auxotrophic
strains and that they are not grossly rearranged.

To further confirm this conclusion, we decided to clone
the histidine biosynthesis genes from the standard L. lactis
subsp. lactis auxotrophic strain IL1403. For this purpose,
total TL1403 DNA was cleaved with EcoRI, ligated to
EcoRI-cleaved and dephosphorylated pBS cloning vector,

and used to transform E. coli to ampicillin resistance.
Transformants harboring L. lactis histidine genes were re-
vealed by colony hybridization with plasmid pIL378, which
contains a 9-kb segment from the histidine region of the
prototroph NCDO2118 (5). A total of five different EcoRI
segments, measuring 3.1, 2.2, 1.7, 1.3, and 0.25 kb, were
thus obtained (Table 1). Matching segments are present in
the histidine operon of the prototrophic strain NCDO2118
(5). The 3’ end of the operon is not present in these segments
and appears to be carried on a segment unstable in E. coli
(unpublished results).

Complementation analysis. Histidine auxotrophy in 111403
could be due to inactivation of one or several biosynthetic
genes. The failure of the strain to grow in the presence of
histidinol suggests that its hisD gene is not functional. hisA,
hisB, and hisG under the control of the lac promoter of pBS
also appear to be inactive, as judged from the failure of
plasmids pIL730, pIL727, and pIL723 to complement the
corresponding E. coli mutants (strains HfrG6 hisA423,
SB3930 hisB463, and JC411, which carries the hisGI muta-
tion, were used). It was previously found (5), and confirmed
here, that these mutants can be complemented by matching
plasmids pIL712, pIL708, and pIL704 respectively, carrying
genes from the prototroph NCDO2118 strain. Complemen-
tation of hisC and hisD mutants, which was efficient with
genes cloned from the prototroph (5), was not tested, be-
cause the genes from the auxotroph were interrupted, being
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FIG. 1. Comparison of the nucleotide and deduced amino acid sequences of the histidine operon from the L. lactis subsp. lactis
prototrophic strain NCDO2118 and auxotrophic strain 1L.1403. The first line is the nucleotide sequence from NCDO2118, the second line is
that from IL1403, the third line is the amino acid sequence from NCDO2118, and the fourth line is that from 1L1403. Numbers on the right
refer to nucleotides. Gene names are indicated at the beginning of each amino acid sequence. The —35 and —10 boxes of the promoter and
the two rho-independent terminators are indicated. Symbols: *, stop codon; #, base deletion.
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AGACGTARACGAATTGCTTCAARATATCCAAGAGTGACARAAARATATTTTGCTCARAAGCAAGAAGATATTGARATTATCAAGTTGGAAGGTTCTGTTGAGC TTGGACCAGTTGTTGGT 3088
RRKRTIAST KT YTPRVTTZ KTEKTYTFA AQTE KG QETDTITETITITE KTLTETGTSVTETLTGGEVUYG
TTAGCTIGATGCAATTGTTGACATTGTCGAAACAGGARATACT TTATC TGCAAATEG TT TAGAGGTCATTGAAARAATCAGTGACATT TCAACACGGATGATTG TCAATAAATCTAGT TTC 3298
LA'DAIVDIVBTGNTLsANGLBVIBK'gsnlsrRmIVNKssr
AAATTTAAAAAAGATAAAATTATAGAAATGGTGGAGAGGTTAGAAGATGCTCAAACAARTTGATTATCARGGARAGCTTGARGAAAT TGCTGAAAART TICAAGGTCGAAARACAGAAGT 3328
K F K KD K I I B M VETPRTLTETDAG QTN *
Tt T " ML ke T DY QG KLEETIAETEKTFG QG RIEKTEV
ATCARAAGAAGTTAATAAAACTGTTCAACAGATTGTAGCAGACATTCAAAAAAATGGAGATACTGCCTTAT TTAACTATGCCAAAAAGTTCGACGGTTATGATGTGAATACTAGTAATTT 3448
"R hd 4 4
SKEVNEKTVQ@Q@IVADTIQKNGDTALFNYAKEKEPEDGTYDVNTSNL
T T
AT GTCACGCECATGGAAC G TGAAGCAGGACTAGAACARATTGATGAGC AT TAT T TTAGAA T C T TAGACGCACCARATCACAAATCGAAGAAT T TCATAAGCACCAACTGGGARATTC 388
Lvrgnzaz"as:.zqrnsnxrRILRRTKSQIB;?uxﬂqncns
ATGGAATATTTTTAAGGAAAATGGTGTTATCATGGGACAAATTGCGCGTCCTCTGGAACGTGTTGCTCTCTATGTTCCCGGAGGAACGGCTGCATATCCCTCAACAGTCATTATGAATGE 3688
W NIFZXENTSGTVTIMGS QTIA ATRTPETLTET RTYATLTYVTPEPSGGTA AAMZYTPSTVTIMNRA
TGTTCCAGCGCTTTTAGCAGGCGTCARAGAAATTATTATGATTACTCCAGTTAAAGCTGATGGARAAGTAAATCCARATATT TTAGCAGC TGC TGAAGTTTGTGGAATAGAAACAATCTA 3808
vaLLAGVKBIqu'rpvx"%nsxvnv‘nILAAazchIBTIx
TAAGGTGGGTGGAGCACAAGGCGTTGCTGCCGTTGCGTATGGGACAGAATCTATTCCCAAAGTTGATAAGAT TG TCGGACCCEGARATATTT T TG TGGCTACAGCTAAGARAATCTGTTA 3328
KV GGAOQGVAAVA ATYGTTES STITPEPZ KCVGDZKTITVGTPGNTITFTVATA ATEKTEKTTC CY
TGGGGTGGTAGATAT TGATATGATAGCCGGTCCGTCAGARGTTC TAG TTATTGCTGACAAAAC TGCCAAGCCARARTATATCGC TGC TGATT TAATGGCGCAAGCAGAACATGATAAACT 4048
vanIDuI‘AGPsEVLVIAD“KTAﬁ‘px"rI*AADLMAQAzHDKL
TOCGTCAGCGAT T TAGTGAC GAC TTCTGARAAAC T TG T TCARCAAS TAG AT A G ANTTARATAG ACAAG T TC AAART TG GAAC TCG TGARATCATIGRAAGT TC CATCAGGAATTA 4168
ASAI*LVTTszxnvoovnzznukqvonnzR"RBIIEs'éxlsauv
CGGTGGAGCCATTGTTGTAAARAATATTGATCATGCCTTTGATGT TTCCAATC AGCTGGC TCCAGAACATT TAGARG T TTGACTAGTGAACC TTTAACCCARC TTCCARARATCAARAR 4288
G GAIVYVEKNTIDTDATFTDVSNG QTLATPETHTLTETVTLTSTETPTLTG QTLTPEKTITEKN
TGCTGGCTCAATTTTTATTGGAGAGTATACGCCAGAACCGTTAGGCGACTATATGTCAGGAAGCAATCATGTCTTACCAACTGGAGGAACAGCCARAT TTTACTCTGGTTTGGGTGTTTA 4498
AG S IFTIGETYTT? PETPTLTCGTODTYMSGSNTBHTVTLTPETGGTA ATEKTETYSGLG GV Y
AN A AN AN A T GAC T A TAGC TAT T CC TAAAG AN T T TGO TG AC T T AAAGAGGATG TTGAGACAT TTGCARARTC AGAAGGATTGACGGCTCATGC TARC TCARTTTC 4528
NFIKYLTYSYYPKEVLADFEKEDVETTFARKSEGLTRABHRANSTIS
TGTGAGATTTGATGAAATGTAATACTTGAGACAAGATTI TCAARATT TAT TG G TCAAGGCGTGAGGAGCCACATGG ATT TTAARATAT TGAATAAGAAARATAGTAGGGAGAAAAACATG 4s48
VRFDEM* - M DFKTITLUNTEKTEKTENST SR RETKTNM
ACAAAACAAGAAAATTATTACGCAGAAGTTTTCGAAAAACCATGGGGTCGGATGTTCTATGACTTACT TTTTCCACAGC TCCTACCAAAT TTGACAARAGATTCAAAAATTC TGAGTTIC 4768
T KQ ENY Y AETVTFTETEKTPWGRMEFZYODTLTLTFTPGOQTLTLTPEPNTLTJE KTDSZKTITLSF
GGCTCTGGATTTGGACGGACGGARACATTTI TGGAGGAACAGGGATTTGAAGTCACGGGCTATGAGCC TGATGTAGARAAGC TCGAGATGATG TCTGACCAAACTTTTCGTCAGTTGACA 4888
cscE‘Ga'rz'rt'r.ze"gcrzvrcyzynvzKLzMnsnoTFRoLT
GGAACTTTTGACGACTTTGCAGARACTGTTAAAAATGAGCGTTACGACGTGATTCTCATTCACAATGTTTTAGAATACGTCCTTGACCGARAAGTCGTGT TGGAATTACTCTTGTCACTT 4998
G TFDDTFA ATETVEKNTETRSTYTDVTITLTITEHNGTVTLELTETYJTVLDERZEKTYVYVTLTETLTLTELSL
TTGACAGATGGCGGCACGCTTTCTATTGTCAAGCACAGTAAG TACGGTAGCATGATAGAAR TGGCAGCAGGACGTGATAATCCGCAGGCAGCGCTTGATG TTTATGAAAATGAAGCTGTC s128
L TDGGTTLSTIVEKTEHSTZKTYGSHMTITEMAR RZTCGTRTDNTPEGOQA RAATLT DOTVYVTZYTEHNTETA .YV
Geofr Tttt e
GCTTCTCACAACCACGGCGATATCCTAGT TTATGACGATGATTGGCTGACAGATTTTGTGGCARAT TACAAACTGAAACTCCAAGAAAAATTTGGAATTCGTCATT TTTACGGTATTTCA 5248
A S HNUHGDTITLVZYODODODGEKTLTDTFVANTZYTK KTLTZEKTLG ETEKTFTGTIRTHETFETZYGTIS
CAAAACGCAGAAATCAAAGAAACAGAGAACTGGTATCAACCCATGCTTAAGTTAGAGCAAAAAGTAGCGAAAGACCAAACGC TGTATCCAGTCGCACGATTACATCATTTGATATTTAAR 5368
Q N AETICKTETTENTH YO QTPMTLTEKTLTETS QE KTVA ATEKTDSO QTTLTYTPVATRTLTEHTEHETLTIF K
ARAACTAAGGAGAATCTGTTATGACACGCATATCACACATCACGCGTAATACCAAAGAAACACAAATCGAACTT TCCATCARTCTTGACGGCACAGGTCAAGCGGACATTAGTACAGGTA 5488
KT KENTLL *
" """ "M?TRISHITRNTIE KETS® TIETLSTINTLTDTGTG G QADTISTG
TTGGTTTTCTCGACCACATGC TGACACTTCTCACCTTTCACAGCGATTPTGACTTAARAATCATAGGACATGGGGATCATGAAACAGTAGGGATGGACCCGCACCATC TCATTGAAGATG 5508
I G6FLDGEHMTELTTLTLTTFETHSTDTFTDTELTEKTITIETGUHEGDTHTETVGMDTEEHUHTELTITED
TTGCGATTGCTCTTGGCARATGTATCAGCGAAGATT TAGG TAATAAGC TCGGTAT TCGACG TTATGGAAGTT TTACCATTCCARTGGATGAAGCTT TGGTGACTTGTGATT TAGATATTA 5728
VAIALGTEKTCTISTET DTELGNTEKTELTSGTIRTERTYGSTFTTITPMODETA ATLVYTCTDTLTDTI
GTGGACGACCTTATTTGGTATTTCATGCTGATTTATCAGGARATCAAAAACTTGGTGGCTATGATACAGAAATGACTGAAGAAT TTT TTCGTGCCCTTGCTTTTAATGCTGGGATTACGT 5848
5 GRPYLVEFHATDTLSTGSTGS NSO TE KTLTGG®G YODTTEMTTETETFTFTRALATFNATGTIT
TACATCTGAACGAACATTATGGGCAAAATACGCATCATATTATTGAAGGCATG T TAAATC TACAGCAAGAGCGCTAAAACAAGCTGTAAGTATTGATGAATCGAAAGTTGGAGAAATAC 3388

FIG. 1—Continued
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LHLNBSYGQNTHHIIBGMFKSTARALKQAVSIDB;KVGBI
CGAGCAGTAAGGGAGTGTTATGACTAATCTAAAAGAATTAAGAAT TAATATTGAGAAATTTCCTGAAGCACTTCACAATACGCTAAAAGATGCAAAAATATATGATAGCAGTTCCTCTCC §088
P S S K G Vv L *»
" """ "MT?TNLEKETLRTINTIETKTFETPEA ALTUEHNTTLTEKT DA ATEKTITYDSS S S P
P S
TGAAGCTCAAGTGTTATTCATTGATAARARRGATGGCTATTATTTARARATAGCTTCATCAAAAAC TTTAGAGCGAGAAGCTGAAATGACTGC TTATT TTCAARAGAARAAGTTAGGTTT 6298
E A Q VL F I DK KDG Y YULKTIA AS S KTULEIZRTEMA AEMTAYVFOQIZ K K KTULGTL
AGGATATATTTCTTATTTATCAGACCAGTCACAGGATTTTTTACTCAAGAAAAAAATTCAAGGAGAAAATTATT TGGCTAAACAATATCTTAATAATCCGARACGTCTGTGTGATAATCT 6328
G Y I s YLSDG QSG® Q@DTFTLTLTEKT KT KTO QGENTYTLAEKS® QYTLNNTEPEPE KTERTLT CTDNTL
TGCTGAARATCTACGATTTCTTCATGAACARAATTTTGAGGATTGTCCCATATTAGACCATTCTGAACGTTATC TGAAARAAGTCGAAAAGAACGCAAGTATAAATAATTCARATCTAGA s448
A B NL RVF L HEQNU FEDT GC®PTITULUD B SER YU LI KI KV VEI KNA A STINNSNILD
TTTTGTCAATAATTATAATATCCGAACAACAGAAGAAGCTTATGATTATATAGAAAATAAAARATTGCTAT TAAGGAATGATACGCT T TTACATGGAGAT TATTGTTTACCAARTATAAT 6568
FVNNYNIRT';EBAYDYIENKKLLLRNDTLLHGDYCLPNII
CCTAGACAATTGGAAGTTCAAAGGTTTTATTGAT TTGGAT TG TGCAGG TG TTGGCGACCGACATATTGACCTCT T TGGGGTGCATGGACGCTTAATT TTAATATTGG TACTGATCAATA ssse
LDNHKFKG?IDL“DCAGVGDRHIDLPWGAHTLNFNIGTDQY
TCGTGACCGATTTTTTGATGCTTATGGTCGGGATAGAATCGATGTTGATCGT TTGAAATTGGT TGGCTGCTGTGAGGTT TTTGG TTAAAT TGAATTTTAGTATATT TTGATATTGARAGG s808
RDRTFTFODATYGRODT RTIDT VDR RTLIEKTLVYVGT CTCTETVTFEG *
AGCATTATGAAARAAATTGTTATCATCGACTACAATATTGGARATCTTCAAAGTG TACAGGCCGCATT TTTACGATTGGGGCAAGAAACAGTGAT TTCAAGAGAT T TAGAGGARATTCGT 6928
" M K K IVITIDJGYNTIGNTLTG SV QA AATFTLT RTLGSGO QETTVTISRDTILTETETIR
AAAGCAGATGCACTTATTCTTCCAGGAGTTGGGGCTTTTCCTACAGCAATGAATAATT TAAAAAAGTTTAATTTGATTGAACTTATACAAGAACGAGC TGCTGCTGGAATACCAATATTG 7048
K ADATLTITLTPGVGA ATFTPTA AMSNOENTILTEKTEKTFNTELTIETLTIGQETRA AAAGTITPEPTIL
GGAATTTGTTTAGGGATGCAAGTGCTTTTTGAAAAAGGATACGAGATAGAAGAAAGACAAGGTCTTGGACTTTTAAAGGGTGAGGTAATTCCAATCAAAACTAATGAGAARATTCCGCAT 388

G I C L GMOGQVTLTFTETEKTGTYTETITETETRTE GTLTGTLTELTZ KTGETVTITPTITE KTNTETKTITPH

e e = e & e e e e &« & & o o & e e @ e e e o & e s o & & = e e o s e e e

ATGGGATGGMTCMTM!CCTGGCTMAACCAGTCCAACMC TCATTATTTGTCTGGTAATGATGAGGTCTATTTTGTCCATTCTTATCAGGCGACTTGTCCTGATGATGAACTCATT ;:2’ g 7
MGﬁNQL;{nLAKTSPTTHYLSGNDBV!FVHSYQATCPDDELI

e & e & o e e & o & & o s e e o s e e e e e & e e s s s+ & e s o s o s+ 2« s e =

GCCTACACCACTTATGGCGARGTARARAT TCCGGCAATTG TTGGAARARATAA TG TGATAGGC TGTCAATT TCACCC TGAARAGAGT GGAGARAT TGG CAGARAGATAC TARANGCATTC 19
AYTTYGEV VI KTITPATIVGZ KNNTYVTIGT COQTFTHPTETZ KT ST GETIGTRTIEKTITLTE KA ATF
TTGGAGGARATTTAAATGAAGAT TATTCCAGCAATTGAT TTGCARRATGG TGANG CCGTGCGTC TCTACAAAGGAGAT TATGATARGARAACGGTC TA T CARAARATC CCCTTGARAT T 1821
L EETIS*MEKTITITPATIDTILTG OENTGTEA ATVTZ RTLSTYKSG Y DK KTV YS KNPTLETI
GCTCAAAAATTTGAAAGAATGGGAGCGACTGACCTCCATTTGGTTGAT TTAGATGGTGCTAAGATAGGACAAAC TCGTAATT TAGAGC TTGTGCGAAAARTAAAAGATGARACAAGATTG 7647
AQ KFERMGA AT DTLGHTLTGVDTLTDTGA ATE KTILIGS QTR RINTLTETLTVRTEKTITEKTDTETRL 7675
e T . S T
AAAATCGARATTGGTGGTGGAAT TAGAGA T T TCGATACAG TTAGAATG TATC TTGAAC AAATTGG TG TG GAACGAG TGAT T TAGGANCCGCAGC GG TAGARAAGCC TGAT TTICTTAAG 181
K I E I GGGTITZRODTFTDTTVRMTYTLEG QTIGTVERTYTITLGTA AATVETKTPHDTFTLK
GAATTATTAATTARATATGGTCCAAGCAGAATCGTTGTTGGAGT TGATATTAGAGAGGGT TTTGTATCAACAAGTGGTTGGTTAGAAAAAACAAGTCTTCCTTACCTGTCATTT TTARAA 7887
l.a“nnftfft.:fTET"‘IJY?"Y”?Iaacrvsrssunzxrsnpyx.srnx 7915
ARATTAGAGAGAATAGGGGTTAAAACCACTATTATTACTGATATCTCCAAAGACGGAACACTGACAGGTCCAAATTTTAAAC TTTATGATGAAATTTCARAGGARAATTCCCTARACGTG 8007
K L ERIG YV KTTTITITDTISTZ KDGTTLTTGTPNTFT KTLTYSDETISTE KTETNSTLTNYV 8035
ATTATTTCTGGAGGTGTAAAGGATAATTCTGATATTCAACGTGCAACTCG TIC TGACTTC TATGGAATTATCGT TGGGAAAGCTTACTATGAGGGARAAAT TAATC TTGAAAAGGAGTTC 8127
I I S GGV KDUNSTDTIOQRATTR RTSETDTFTYGTITIVGE KA ATYTYETGTZEKTINTLTETEKTEF 8155
AGGAATGCTAACTAAAAGAATCATCCCTTGTCTTGATATTAARAATGGTAAGGTTGTTAAAGGARTCAATT TG TGGGTTTAAGAGAAATAGGTGATCCAGTGGARTTGGCCARAATATA 8247
Ty T A T-C 8275
" "M ?TK R I IPCLDTIT KNS G KTYVVZ KTSGTINTFVGTLT RTETIGTDTPTVETLA AT KTI.]ZY
S
TGAAGAACAGTGTGCAGATGAAATTGTTTTTCTTGATATTACAGCATC TTTTGAAGAACGTGAAATTAT TGGTGAAT TAATTGG TCGGGCGGCGCGTGAACTT TCAATTCCATTAACCGT 8367
BEQCADEIVFLDITASFBER!IIGBLIGRAARBLSIPLTT\;I 8395
TGGTCGAGCARTTC 9381
_____ pinbeh 8409

FIG. 1—Continued

carried on two separate 111403 DNA segments. These  quence of the cloned IL1403 segment was determined (Fig.
result§ 1nd{catc; that at least four histidine biosynthetic genes 1). Its total length is 8,409 bp, and it covers most of the his
were inactive in the auxotrophic strain. operon: six complete (hisCGDBHA) and one truncated

_Nucleotide sequence. To further characterize the histidine (hisF) biosynthetic gene, three open reading frames (ORFs)
biosynthesis genes from the auxotrophic strain, the se-  of unknown function (ORF3, ORF6, and ORFS), which are
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probably not related to histidine biosynthesis, and the region
upstream of the operon, encoding the 3’ end of an unrelated
OREF. A part of the operon expected to carry the end of hisF,
hisIE, and ORF13 has not been sequenced because we failed
to clone it (see above). Comparison of the 8,381-bp-long
sequence of the histidine region of the auxotroph with the
prototroph counterpart is summarized in Table 2.

Overall sequence homology is very high, since only
~1.4% of bases differ. Divergence is somewhat higher in the
377-bp noncoding region (2.7%) than in the coding region
(1.3%). About half of the substitutions in the coding region
are silent, and one-third of those which are not result in a
conservative amino acid change (Fig. 1 and Table 2). How-
ever, besides base substitutions, five deletions and one
insertion of a single base were detected within the coding
region, resulting in frameshift mutations (see below). A
single larger deletion was found, eliminating 31 bp from the
noncoding region of the prototrophic strain, probably by
recombination between the flanking 6-bp repeats (Fig. 1). A
similar level of sequence conservation was observed in the
leu region of the auxotrophic strain (8).

What might the phenotypic consequences of the observed
differences be? The six frameshift mutations found in the
coding region should affect five IL1403 proteins, three of
which belong to the histidine biosynthetic pathway. As a
result, the HisC, HisG, and HisH proteins are expected to
contain 16, 173, and 127 amino acids, respectively, while the
prototrophic counterparts should contain 359, 208, and 202
amino acids, respectively. Similarly, the products of ORF3
and ORF6 from the auxotroph should contain 36 and 185
amino acids rather than the 327 and 263 amino acids,
respectively, found in the prototroph. The truncated pro-
teins are most probably inactive, as shown for HisG by the
failure to complement a corresponding E. coli mutation (see
above). Furthermore, the amino acid changes detected in
hisA, hisB, and hisD (Table 2) also generate inactive pro-
teins, as judged by the lack of complementation of E. coli
mutants and the inability to grow on histidinol. These results
suggest that none of the six complete his genes that we
analyzed are functional.

Changes present in the noncoding region could also affect
the his operon. Two base substitutions are between the —35
and —10 boxes of the promoter, another is at —76, and two
are at positions +8 and +14. Some of these substitutions
might reduce the efficiency of the auxotrophic promoter (see
below). Two mismatches at positions 571 and 577 might
destabilize a rho-independent-like terminator involved in
attenuation of transcription. The 31-bp deletion, which pre-
sumably occurred in the prototrophic strain, eliminates a
terminator-like structure, composed of a hairpin followed by
a stretch of T’s (Fig. 1). This structure could prevent entry of
transcripts initiated outside the his operon into the auxotro-
phic his region.

RNA analysis. To determine whether transcription of the
his operon of the auxotroph is similar to that of the pro-
totroph, we prepared total RNA from the cells of 11.1403 and
NCDO2118 which were incubated with or without histidine.
RNA was analyzed by Northern (RNA) hybridization, using
as a probe a 700-bp segment that contains the putative his
promoter and the beginning of the hisC gene. Two strong
transcripts, of 10 and 3 kb, were detected in prototrophic
cells incubated without histidine (Fig. 2, lane 2). The longer
transcript has the length of the entire his operon, as deduced
from the previous sequence analysis (5), and the shorter
transcript might arise by processing of the longer one.
Histidinol did not significantly affect this transcription, but
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histidine suppressed it almost completely (Fig. 2, lanes 1 to
3). In contrast, only a weak 10-kb transcript was present in
the sample prepared from auxotrophic cells incubated with-
out histidine, although the terminator structure which atten-
uates transcription might be weakened by a mismatch. This
transcript was absent when histidine was added (Fig. 2, lanes
4 and 5). We conclude that histidine controls expression of
the L. lactis subsp. lactis operon at the transcriptional level
in the prototroph and that this control is still present, at least
in part, in the auxotroph.

Reversion to histidine and histidinol independence. The
analysis presented above shows that the histidine operon of
strain L1403 carries a number of mutations. To test whether
other L. lactis subsp. lactis strains also contain a multiply
mutated his operon, we studied reversion of auxotrophic
strains to histidine independence (Table 1). None of the 10
His~ Hol* dairy strains tested was found to mutate to
histidine independence at a rate above 10~°. These strains
may carry more than two mutations in the histidine operon.
We also tested the capacity of several L. lactis subsp. lactis
and L. lactis subsp. cremoris strains to acquire the ability to
grow on histidinol, which requires expression of a single
biosynthetic gene, hisD. Eight of twenty-nine His~™ Hol™ L.
lactis subsp. lactis dairy strains and one of three L. lactis
subsp. cremoris strains mutated to the Hol™ phenotype, with
rates between 6.1078 and 5.107°. Six of the eight Hol* L.
lactis subsp. lactis revertants were also His™, suggesting
that the his operon of these strains is inactivated by a single
mutation in hisD. The two other strains contain at least one
other lesion in addition to a point mutation inactivating hisD.
As 22 strains did not yield Hol™ revertants, it is probable
that they carry multiple mutations in AisD. This observation
supports the hypothesis that the histidine operon of dairy
strains is most often inactivated by numerous lesions.

DISCUSSION

Sequence analysis of two operons, specifying the synthe-
sis of histidine and BCAA, shows high sequence conserva-
tion (~99%) between two L. lactis subsp. lactis strains,
111403, isolated from dairy material, and NCDO2118, iso-
lated from frozen peas (this and the accompanying report
[8]). Hybridization analysis of the two operons from a
number of other dairy and nondairy strains, mostly from
plants but also from the digestive tracts of plant-eating
animals, also suggests a high degree of homology, which
supports the notion that strains used in milk fermentations
might derive from plant-associated strains (22). Interest-
ingly, much less conservation was previously found between
dairy strains of L. lactis subsp. lactis and L. lactis subsp.
cremoris hybridization analysis (between 20 and 30%),
which suggests that the two subspecies have diverged much
earlier than the development of milk fermentation practice
(9). Nevertheless, most L. lactis subsp. lactis and all L.
lactis subsp. cremoris dairy strains are auxotrophs for histi-
dine, whereas most nondairy L. lactis subsp. lactis strains
are prototrophs (L. lactis subsp. cremoris nondairy strains
were not tested, since they have never been isolated). As
shown by the reversion test, the mutations which inactivate
the his operon of different strains do not affect the same
genes, indicating that these strains acquired independently
the his auxotrophy. This observation suggests that dairy use
might enrich the population in cells which have lost the
ability to synthesize histidine. Similarly, BCAA synthesis is
also often inactivated (8), whereas biosynthesis of other
amino acids is only rarely impaired. The relevant selective
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TABLE 2. Comparison of pairs of genes and noncoding regions from strains 11403 and NCDO2118

Distribution of

No. of N - . .
DNA region stubstitution‘s:/ difference nr:)lf)'o? fg::j;t:;’igi/s gx%sgfustlilg::; I:coi;j(gh:l:gl?:g Observation in strain 1L1403
otal length 1% 2 3

hisC 16/1,079 3 4 9 12/4 6 10 1-bp deletion at positions 665 and
675; stop codon at position 671

ORF3 18/982 2 1 15 12/6 15 3 1-bp deletion at position 1808;
stop codon at position 1964

hisG 4/624 2 0 2 2/2 2 2 1-bp deletion at position 3191;
stop codon at position 3213

hisD 25/1,293 5 5 15 14/11 12 12

ORF6 5/789 3 0 2 4/1 2 3 1-bp deletion at position 5095;
stop codon at position 5181

hisB 8/600 2 2 4 4/4 2 4

ORF8 2/792 0 1 1 2/0 1 1

hisH 4/606 2 0 2 31 3 1 1-bp insertion at position 7216;
stop codon at position 7223

hisA 16/717 4 4 8 9/7 5 9

hisF 5/250 3 0 2 3/2 1 3

Coding region 103/7,732 26 17 60 65/38 49 48

Noncoding region 10/377 6/4 1-bp insertion at position 366

Total 113/8,109

“ NCDO2118 sequence is used; deletions are excluded; length is in nucleotides.

2 Number refers to codon position.

pressures are not obvious at present, as histidine and BCAA
are not particularly abundant in milk (19).

Sequence analysis and complementation of E. coli mu-
tants have shown that all analyzed his genes (hisCGDBH) of
L. lactis subsp. lactis 111403 are inactive. Inactivation
occurs predominantly by point mutations, as also observed
for the leu genes of the same strain (8). Frameshift (this
work) and nonsense (8) mutations were identified by se-
quence analysis, and the presence of missense mutations
was deduced from complementation analysis. Only one
small deletion, occurring between short direct repeats, was
detected. Besides mutational gene inactivation, the histidine
operon might be silenced also by lack of transcription, since
much less his transcript was present in the auxotrophic
strain than in the prototrophic strain. This could be due to
mutations detected in the auxotroph in the region upstream
of the biosynthetic genes, which could interfere with pro-
moter activity. However, we cannot exclude the possibility

<3

FIG. 2. Transcription of the histidine operon. Total RNA was
hybridized with a 700-bp probe containing the putative promoter and
the beginning of the hisC gene. Prototroph NCDO2118 cells were
incubated with histidine (lane 1), with histidinol (lane 2), and without
histidine and histidinol (lane 3). Auxotroph IL1403 cells were
incubated without and with histidine (lanes 4 and 5, respectively).

that the promoter is equally active in the auxotroph and
prototroph, but that transcript stability is lower in the
auxotroph. Interestingly, initiation of transcription can be
repressed by histidine in both strains, which suggests that
this regulation of the auxotrophic operon is functional. The
activity of the I1.1403 his operon could therefore be impaired
at three different levels in the presence of histidine, possibly
involving repression, promoter inactivation, or transcript
processing and structural gene inactivation. This might be an
example of a far-advanced process of loss of a function. In
contrast, inactivation of the leu genes is much less severe,
since only two of the four biosynthetic genes are inactive,
and the operon is efficiently transcribed and controlled (8).

Interestingly, the histidine and the BCAA operons are
adjacent on the L. lactis subsp. lactis chromosome (unpub-
lished results). One could thus speculate that the preferential
loss of both pathways might be the result of their particular
location on the chromosome. The rates of silent substitu-
tions vary significantly among E. coli and Salmonella typh-
imurium chromosomes, being lower in the vicinity of the
replication origin than in the vicinity of the terminus (23). L.
lactis histidine and BCAA operons map in a location pro-
posed to be far from the replication origin of the chromo-
some (12, 24). Obviously, large deletions do not play a role
in gene inactivation in L. lactis, despite the relatively low
size of its genome (12, 24).

The histidine biosynthetic genes in other L. lactis subsp.
lactis dairy strains appear to be less severely impaired, since
~20% of strains are capable of growth on histidinol, which
indicates that hisD is active. Of 29 strains unable to grow on
histidinol, 8 (~27%) were found to become Hol* by spon-
taneous mutation. Furthermore, ~10% of dairy strains were
prototrophs for histidine, and 6 of 39 (~15%) strains can be
mutated to histidine prototrophy. This finding suggests that
inactivation of his genes is a relatively recent and ongoing
event. However, in contrast to the evolutionary pattern of
cryptic genes in E. coli that are retained almost intact
without known selective pressure, the lactococcal amino
acid biosynthesis operons seem to accumulate mutations, as
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predicted by the model of neutral evolution (11). This
difference may reflect our incomplete knowledge of the role
of E. coli genes which seem to have no function (10, 13, 20).
Alternatively, enteric bacteria and dairy lactococci might
evolve at different rates, possibly as the result of the recent
change of the ecological niche undergone by the latter
microorganisms.
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