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Abstract—Previously, five distinct groups with 80-90% intragroup DNA homology values were reveaed
among 19 lactic acid—producing bacterial strains. The study of 39 new strains of thermophilic streptococci in
the present work allowed usto reveal the sixth DNA homology group. The nine strains of this group are close,
at 55-70% DNA homology levels, to the type strain Streptococcus thermophilus ATCC 19258. Group VI
showed alow level of DNA-DNA reassociation (20-30%) with the DNA homology groupsl, 1, 111, and V. The
intergroup DNA-DNA reassociation values determined from DNA renaturation rates varied from 20 to 50%.
These datawereinterpreted asindicative of the existence of at least four sibling species among the thermophilic

streptococci studied.
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Thermophilic streptococci are widely used as start-
ers in the production of yogurt and some cheeses.
Unlike other lactic acid bacteria, including lactococci,
thermophilic streptococci are able to grow at elevated
temperatures (44-52°C). In 1984, Farrow and Collins
reclassified the species Sreptococcus thermophilus
into the subspecies S. salivarius [1]. This reclassifica
tion, however, was later disproved [2, 3]. S. thermophi-
lus strains are very diverse in their biochemical proper-
ties and nucleotide sequences (see [4] and relevant ref-
erences in this publication).

Earlier, we reported on the DNA reassociation
diversity of 19 S. thermophilus strains used as starters
in the Russian dairy industry [5, 6]. Analysis showed
that these strains, which were isolated in different
regions of Russia, can be divided into five DNA homol-
ogy groups (I through V) with intra- and intergroup
DNA reassociation values of 80-90 and 20-60%,
respectively [6]. When DNA-DNA hybridization val-
ues are determined from DNA renaturation rates,
intraspecies homology values usually vary from 60 to
100% [7]. Therefore, the DNA relatedness of strains
within 20-50% should be considered as an indication
that these strains belong to different species.

The aim of the present work was to study the relat-
edness of 39 S thermophilus strains based on DNA—
DNA reassociation val ues determined from DNA rena-
turation rates.

MATERIALS AND METHODS

Thirty-nine thermophilic streptococcal strains used
as startersin the Russian dairy industry were analyzed.
Of these, 12 strains (CK1019 through CK1030) were
from the collection of V.I. Ganina (in Table 1, the
former designations of these and some of the other
strains studied are given in parentheses). Theremaining
sixteen strains, hereinafter referred to as Collection 2
(Table 1, nos. 14 through 29), were isolated indepen-
dently from starter cultures at the All-Russia Research
Institute of the Dairy Industry in Moscow. Ten strains,
referred to as Collection 3 (Table 1, nos. 30 through 39),
were isolated from yogurt, cheese, cheese made from
sheep’'s milk, and other fermented dairy productsin Kras-
nodar (CK1002-CK1004), Baku (CK1013, CK1014),
Uglich (CK1017), Mordovia (CK1005, CK1010, and
CK1016), and France (CK1012). Strain IL1704 was a
generous gift from S. Kulakauskas (France). The type
grain S thermophilusATCC 19258 was obtained fromthe
American Type Culture Collection.

In DNA-DNA hybridization experiments, we also
used the DNA samples isolated from five reference
strains representing the five DNA homology groups
revealed earlier, namely, strain B3371 from group |,
strain 108 from group |1, strain 5 from group |11, strain
722 from group 1V, and strain 6kb from group V. The
origin of these strains is described elsewhere [5].

Thestrainswere grownin M21 medium [8] at 37°C.
The biomass was collected by centrifugation and
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Table 1. DNA-DNA hybridization values of S thermophilus strains with respect to the reference strains of different DNA
homology groups

N ) G+C content, DNA homology DNA homology (%) with respect to
0. Strain x
mol % group reference strain* | ATCC 19258
1 ATCC 19258 39.6 T - 100
2 CK 1019 (CT138) 38.2 VI 100 70
3 CK 1020 (CT9) 38.7 Vi 98 67
4 CK 1021 (CT14) 39.0 Y 84 65
5 CK 1024 (CT132) 38.6 VI 79 55
6 CK 1025 (TP20) 39.3 Vi 96 54
7 CK 1026 (T48) 39.4 Vi 99 65
8 CK 1027 (CT95) 39.9 VI 93 ND
9 CK 1028 (T24) 39.8 Vi 98 57
10 CK 1022 (CT161) 384 \Y; 78 41
11 CK1023 (T13) 39.6 \Y; 81 45
12 CK 1029 (CT154) 39.8 | 84 48
13 CK 1030 (T10/7) 40.0 | 95 53
14 B1364 39.2 \Y; 92 54
15 B1363 39.4 \Y; 99 53
16 CK 1001 39.6 \Y; 84 ND
17 CK 1035 (HKM) 385 \Y; 93 50
18 CK 1036 (410) 38.0 \Y; 95 50
19 CK 1037 (635) 38.4 \Y 100 53
20 CK 1038 (229) 37.8 \Y; 100 49
21 B6402 388 \Y; 98 51
22 B6410 38.6 \Y; 80 ND
23 B6415 385 V' 71 41
24 B6403 39.3 1] 83 47
25 B6448 39.4 | 98 57
26 B6453 395 | 92 ND
27 B6454 38.6 | 95 ND
28 B6469 38.4 | 97 ND
29 B6472 39.2 | 95 ND
30 CK 1002 383 | 77 51
31 CK1010 39.1 | 72 ND
32 CK1014 395 I 100 38
33 CK 1003 38.6 I 90 36
34 CK 1004 38.2 I a1 ND
35 CK1013 39.1 I 99 ND
36 CK1017 39.8 I 95 ND
37 CK1012 394 VI 95 53
38 CK 1005 39.2 T 100 61
39 CK1016 38.8 T 68 ND
40 L1704 38.7 T - 89

* Reference strainswere asfollows: CK1019 (for strainsnos. 2, 3, 5-9, and 37), CK 1020 (for strain no. 4), strain 6kb (for strains nos. 10, 11, and
14), B3371 (for strainsnos. 12, 13, 25, and 30), CK1002 (for strainno. 31), B1364 (for strainsnos. 15-23), strain 5 (for strain no. 24), B6448
(for strains nos. 26-29), CK 1014 (for strains nos. 32—36), and CK 1005 (for strains nos. 38 and 39). “ND” stands for “not determined”.

T isthe homology group of the type strain ATCC 19258.
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Table 2. DNA-DNA hybridization values of S thermophilus strains from different DNA homology groups

DNA homology (%) with respect to the reference strains
No. Strain DNA homo-
logy group B3371 108 5 722 oekb
(group 1) (group 1) | (group ll) | (groupIV) | (groupV)
1 ATCC 19258 T 54 39 43 47 43
2 CK1019 Vi 33 21 29 50 20
3 CK1020 Vi 30 21 31 ND 25
4 CK1022 Y, 63 23 38 54 78
5 CK1023 Y, 58 19 35 48 81
6 CK1029 I 84 31 ND 35 ND
7 CK1030 I 95 30 33 31 ND
8 B1364 Y, 54 33 45 51 92
9 B1363 Y 50 30 47 50 90
10 CK1036 Y 50 31 46 53 95
11 CK1038 \Y 48 28 41 48 89
12 B6415 vV 46 18 33 14 58
13 B6403 " 32 26 83 50 45
14 B6448 I 98 25 34 31 51
15 CK1002 I 77 32 27 29 32
16 CK1003 [l 35 83 23 39 23
17 CK1014 [l 31 81 25 36 21
18 CK1005 T(?) 39 22 30 41 23
19 CK1012 Vi 31 18 35 47 19
20 L1704 T 62 31 48 50 41
21 B3371 | 100
22 108 I 34 100
23 5 " 23 25 100
24 722 v 30 32 51 100
25 6kb Y 35 25 61 50 100
Note: “ND” stands for “not determined”.
washed twice with 0.15 M NaCl containing 0.1 M RESULTS

Na,-EDTA. DNA was isolated by the method of Mar-
mur [9] with the following modifications: (a) after the
first cycle of deproteinization, crude DNA prepara-
tions were kept at 4°C for 10-14 days to raise the
degree of deproteinization [5]; (b) after treatment with
RNase A, DNA preparations were treated with pro-
nase; and (c) final DNA preparations were cleared by
centrifugation [10].

DNA-DNA hybridization measurements were car-
ried out by the method of De L ey et al. asdescribed pre-
vioudly [6, 10]. Standard deviation in these measure-
ments did not exceed 3-5%.

The G+C content of DNA was calcul ated by the for-
mula: G+C (mol %) = 2.08T,, — 106.4, where T, isthe
melting temperature of DNA determined from its melt-
ing profilein 0.1 SSC (0.15 M NaCl + 0.015 M sodium
citrate, pH 7.0) [11].
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The G+C content of the DNA of al 39 thermophilic
sreptococca strainsstudied varied from 37.8t040.0 mol %
(Table 1), which is a typical range of G+C values for
representatives of the species S. thermophilus[1].

A comparison of the DNA-DNA hybridization val-
ues of strains CK1019-CK1030 showed that eight
(CK1019-CK1021 and CK1024-CK1028) belong to
one DNA homology group with DNA reassociation
values of 80-90% (data not shown). At the same time,
the intergroup DNA-DNA hybridization values were
considerably lower (20-30%). This alowed a particu-
lar species to be reliably assigned to a certain DNA
homol ogy group based onits DNA—DNA reassociation
value with the respective reference strain (the data in
Table 1 represent the maximum DNA-DNA reassocia-
tion values observed). The new group of eight afore-
mentioned strains (Group V1) is sufficiently distant
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Schematic representation of the DNA homology groups of
S. thermophilus strains. For explanation, see text.

from the five DNA homology groups that were estab-
lished earlier. The members of thisgroup are very close
to the type strain ATCC 19258 and show DNA-DNA
reassociation values with this strain at a level of
65—-70% (Table 1). Group VI was found to be closest to
Group |, whose members have 50-60% DNA homol-
ogy with the type strain ATCC 19258 [6]. Two other
strains  from Ganina's collection, CK1029 and
CK1030, were attributed to the homology Group I,
while strains CK1022 and CK1023 were placed in
GroupV (Table 1).

The 16 strains of Collection 2 werefound to fall into
the DNA homology Group | (five strains), Group 111
(one strain), and Group V (nine strains) (Table 1). The
sixteenth strain of this collection, B6415, was the clos-
est to the members of Group V. However, the insuffi-
ciently high level of DNA homology (60-70%) of this
strain with the other strains of this group allowed usto
classify it into an arbitrary Group V', which is presum-
ably another new DNA homology group of lactic acid—
producing thermophilic streptococci. It should be noted
that strain B6415 showed abnormally low DNA homol-
ogy values (18 and 14%, respectively) with the refer-
ence strains of Groups Il and IV.

Among the 10 strains of Collection 3, five were
found to belong to Group 11 (Table 1, nos. 32 through 36).
Two strains, CK 1002 and CK 1010, were assigned to
Group |, and one strain, CK1012, was assigned to the
new DNA homology Group VI. The last two strains of
this collection, CK1005 and CK 1016, which were iso-
lated in Mordovia, were provisionally Placed in the
DNA homology group of thetype strain, Group T, since
they showed very low DNA homology (30—40%) with
the reference strains of al six homology groups (Tables 1
and 2). The strain IL1704, isolated in France, had a
high DNA homology (89%) with the Group T strain
(Table 1).

Table 2 presents the results of determination of the
DNA homology of 20 of the 39 strains under study with
respect to the reference strains of the five DNA homol-
ogy groups established earlier [5]. Data for the other
strains under consideration are incomplete and, for this
reason, are not presented. It can be seen that Groupsl |1,
IV, and V are close, have high DNA homology values
between each other (from 50 to 60%) and, as a rule,
have low DNA homology values (35%) with the refer-
ence strains of Groups | and Il. The exceptions are
some strains of Group V, which showed DNA reassoci-
ation values with members of Group I, ranging from
about 50% (the reference strain B3371) to 63% (strain
CK1022) (see Table 2 and [6]). DNA homology
between Groups | and Il isalso very low (20-30%).

Such low DNA homology values may indicate that
the respective groups of strains belong to different taxa
at the species level, since, as noted above, intraspecies
DNA-DNA hybridization values determined from
DNA renaturation rates are usually not lower than 60%
[7]. Therefore, the new DNA homology Group VI,
which is characterized by relatively high DNA related-
ness (55-70%) to the type strain ATCC 19258, can be
considered a subspecies within the species S. thermo-
philus sensu stricto. As for Groups | and Il, and the
group cluster 111-V, they most likely represent taxa
analogousto sibling species (for detail s, seethe Discus-
sion section).

It should be noted that the DNA-DNA reassociation
vaues of the al strains under study with the type strain
ATCC 19258 are not lower than 35-40% (see Tables 1 and
2 and publication [6]). Thissuggeststhat the DNA homol-
ogy group T isancestra with respect to Groups 1-VI.

DISCUSSION

Based on the DNA-DNA hybridization values
derived, 39 strains of thermophilic streptococci were
found to belong to the previously established DNA
homology Groups | (nine strains), Il (five strains), 111
(one strain), and V (twelve strains). Furthermore, nine
strains were attributed to the new DNA homology
Group VI, and three strains (two of which provision-
ally) were attributed to the DNA homology group of the
type strain S. thermophilus ATCC 19258. Taking into
account that the new Group VI shows arelatively high
level of DNA homology (55-70%) with the type strain
ATCC 19258, this group can be considered a separate
taxon within the species S. thermophilus. At the same
time, the DNA homology values of all other groups
with the type strain are rather low (20-50%), suggest-
ing that they have substantially diverged from the type
strain and cannot be considered as belonging to the
same species.

The results presented in this paper confirm the dis-
tribution pattern of thermophilic streptococci over the
DNA homology groups revealed in our earlier studies
[5, 6]. This distribution reflects the divergent evolution
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of thermophilic streptococci. The situation is schemat-
icaly given in the figure, where various DNA homol-
ogy groups are represented by circles, whose overlap
measures the degree to which the groups are related to
or diverge from each other. The overlap isminimal with
respect to the DNA homology group of the type strain
(this group is represented by the central circle marked
by the uppercase letter T), and this corresponds to the
low level of DNA homology (40-50%) between the
type strain and the majority of the other strains studied.

An elementary unit of the vertical evolution of
eukaryotic and prokaryotic organisms is thought to be
the specieslevel (seg, for instance, [12]). Speciesinteg-
rity is maintained by gene recombination, which
implies a sufficiently high level of DNA homology
within species. The DNA-DNA hybridization values
between particular strains ranging between 20 and 40%
may indicate that these strains belong to different spe-
cies. The data accumulated so far may indicate that
Groups | and Il and cluster 111-V are sibling species of
S. thermophilus sensu stricto.

Reportedly, hybridization between the sibling spe-
cies of the genus Saccharomyces gives nonviable prog-
eny [13]. Such hybridization experiments with the ther-
mophilic streptococci are impossible. However, thelow
level of DNA-DNA hybridization between the strains
studied suggests that regular genetic interactions
between them are absent and therefore, they belong to
genetically isolated populations that are analogous to
the sibling species of yeasts and other organisms. The
aforementioned absence of a viable progeny from the
hybridized twin Saccharomyces cerevisiae species
(S paradoxus and S. bayanus) can be accounted for by
the low level of DNA homology between them: the lev-
elsof DNA homology between S. cerevisiaeand S. par-
adoxus, between S cerevisiae and S bayanus, and
between S. paradoxus and S. bayanus were found to be
50, 20, and 30%, respectively [13, 14].

Thus, the 39 new strains of lactic acid—producing
thermophilic streptococci used in Russia as starters in
thedairy industry fall into four DNA homology groups,
some of which are analogous in the degree of DNA—
DNA hybridization to sibling S. cerevisiae species.
Based on DNA-DNA reassociation values, we infer
that the DNA homology Groups T, I, and Il and the
cluster 111-V represent sibling species, provisionaly
designated as S. thermophilus sensu stricto, S. thermo-
philus I, S thermophilus II, and S. thermophilus I11,
respectively.
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