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Abstract: Cyclodextrin glycosyltransferases (CGTases) are important enzymes in the biotechnology 
field because they catalyze starch conversion into cyclodextrins and linear oligosaccharides, which are 
used in food, pharmaceutical and cosmetic industries. The CGTases are classified according to their 
product specificity in α-, β-, α/β- and γ-CGTases. As molecular markers are the preferred tool for bacterial 
identification, we employed six molecular markers (16S rRNA, dnaK, gyrB, recA, rpoB and tufA) to test 
the identification of a CGTase-producing bacterial strain (DF 9R) in a phylogenetic context. In addition, 
we assessed the phylogenetic relationship of CGTases along bacterial evolution. The results obtained here 
allowed us to identify the strain DF 9R as Paenibacillus barengoltzii, and to unveil a complex origin for 
CGTase types during archaeal and bacterial evolution. We postulate that the α-CGTase activity represents 
the ancestral type, and that the γ-activity may have derived from β-CGTases.
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INTRODUCTION

During a  prospect ion of  cyclodextr in 
glycosyltransferases (CGTase)-producing soil 
microorganisms, several bacteria were identified 
through biochemical tests (Ferrarotti S.A., 
unpublished data). Among them, a peculiar strain 
-DF 9R- attracted our attention because of its 
high cyclodextrin (CD) producing activity and its 
concomitant potential for industrial exploitation. 
Moreover, this strain produces a unique CGTase 
whose structure allowed clarifying the induced fit 
mechanism of these enzymes (Costa et al. 2012). At 
the time, the strain DF 9R was identified as Bacillus 
circulans using morphological, physiological and 
biochemical characteristics (Ferrarotti et al. 1996). 
However, the current widespread use of molecular 
markers for bacterial species identification, and 
the numerous taxonomic re-classifications carried-
out within the genus Bacillus (Ash et al. 1993, 
Kaulpiboon et al. 2010, Deak 2011, Zhao et al. 2017) 
led us to question the identification of strain DF 9R. 
As well, the classification of CGTase-producing 
bacteria has been under review (Kaulpiboon et 
al. 2010). All these revisions were stimulated 
by the availability of molecular tools (Weisburg 
et al. 1991, Rajendhran and Gunasekaran 2011). 
In particular, the small subunit of the ribosomal 
RNA gene (16S rRNA) has been widely used to 
detect, identify and classify microorganisms due to 
its ubiquity and ample nucleotidic variation range, 
based on the presence of conserved and variable 
regions (Santos and Ochman 2004, Rajendhran and 
Gunasekaran 2011, Hwang et al. 2011, Vos et al. 
2012). Still, some drawbacks of rRNA genes have 
been raised in relation to their multigenic nature 
(i.e, the presence in multiple copies per bacterial 
genome) and potential contribution to intragenomic 
variation (Lee et al. 2009, Zeng et al. 2013). 
Nowadays, housekeeping genes have become the 
preferred complementary tools for modern bacterial 
taxonomy (Tanabe et al. 2007, Porwal et al. 2009, 

Hwang et al. 2011, Vos et al. 2012, Gomes et al. 
2018); they are single copy markers that evolve 
faster than the 16S rRNA and show scarce indel 
events (Santos and Ochman 2004).

Bacterial CGTases are key metabolic enzymes 
produced by a wide variety of microorganisms 
such as Bacillus, Brevibacillus, Geobacillus, 
Gracilibacillus, Paenibacillus, Solibacillus, 
Klebsie l la ,  Anaerobranca ,  Pyrococcus , 
Thermoanaerobacter, Thermoanaerobacterium 
and Thermococcus (Costa et al. 2015, Gomes 
et al. 2018). These enzymes are members of the 
Glycoside Hydrolase family 13, also known as 
the α-amylase family (Lombard et al. 2014), 
and catalyze the bioconversion of starch. This 
polysaccharide is the main and most ubiquitous 
plant reserve substance, and a significant source of 
energy for many animals and microorganisms. The 
CGTases are classified as α, β, α/β and γ according 
to their product specificity (Costa et al. 2012). 
The product of CGTases´ activity consists of a 
mixture of cyclic, linear and limit dextrins, among 
which the CDs are the most important. These 
are non-reducing maltooligosaccharides with a 
hydrophilic external surface and a hydrophobic 
central cavity. Because CDs molecules can form 
inclusion complexes with several compounds, they 
are extensively used in food, pharmaceutical and 
cosmetic industries (Kurkov and Loftsson 2013, 
Li et al. 2014). The most common are the α-, β-, 
and γ-CDs, which comprise six, seven or eight 
glucose residues, respectively, linked by α-1,4 
bonds (Costa et al. 2015). The relative composition 
of CDs mixtures mainly depends on the type of 
the CGTase involved in the catalytic reactions. 
In the present study we firstly confronted the 
identification as B. circulans of the rotten potato-
isolated bacterial strain DF 9R by employing six 
molecular markers and a phylogenetic analytical 
context. We also explored, for this particular strain, 
the occurrence of intragenomic variation within 
the 16S rRNA gene. Afterwards, we investigated 
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on the phylogenetic relationships of CGTase-types 
across an ample taxonomic sampling of bacteria 
with experimentally proved product specificity.

MATERIALS AND METHODS

STRAIN AND CULTURE CONDITIONS

The strain DF 9R was isolated from rotten 
potatoes (Ferrarotti et al. 1996) and deposited in 
the “Colección de Cultivos Microbianos, FFyB, 
UBA”, catalog number CCM-A-29:1290 from 
the World Federation for Culture Collections. The 
strain was cultured in a minimum saline medium 
with starch, consisting of 1.5% cassava starch, 
0.4% (NH4)2SO4, 100 mM phosphate buffer pH 7.6, 
0.002% MgSO4 and 0.002% FeSO4 and incubated 
at 37°C and 120 rpm for 48 h (Rosso et al. 2002).

AMPLIFICATION AND SEQUENCING OF 
MOLECULAR MARKERS 

We employed five housekeeping genes, dnaK 
(coding a heat-shock protein of 70 kDa), gyrB 
(subunit β of DNA gyrase), recA (recombinase A 
protein), rpoB (β subunit of RNA polymerase) and 
tufA (elongation factor Tu), and the 16S rRNA. 
Sense and antisense primers were designed for 
dnaK, recA, rpoB and tufA using Primer3Plus 
software (Untergasser et al. 2007). The rpoB gene 
was amplified in two non-overlapping parts (rpoBi 
and rpoBf). For 16S rRNA and gyrB we used 
primers taken from the literature (Weisburg et al. 
1991, Yamamoto and Harayama 1995, Gürtler and 
Stanisich 1996).

Genomic DNA was extracted as described 
previously (Costa et al. 2012). PCR amplifications 
were carried out in a 25 μL final reaction mixture, 
containing 0.2 mM each dNTPs, 1.0 μM primers, 
2.5 U Pfx DNA polymerase (Thermo Fisher 
Scientific), 1X Pfx amplification buffer, 1 mM 
MgSO4 and 20 ng genomic DNA. Amplification 
conditions were: 3 min at 94°C, followed by 35 
cycles of 40 s at 94°C, 30 s at 52°C (for dnaK, tufA 

and recA), at 55°C (for rpoBi and rpoBf ), at 58.5°C 
(for the gyrB) or at 60°C (for 16S rRNA), and 
extension for 1 min (for recA and tufA) or 2 min 
(for the dnaK, gyrB, rpoBi, rpoBf and 16S rRNA) 
at 68°C. PCR products were separated through 1% 
agarose gels electrophoreses and visualized under 
UV light after staining with ethidium bromide; 
selected bands were subsequently purified 
with the Wizard® SV Gel and PCR Clean-Up 
System (Promega) according to manufacturer’s 
instructions. Nucleotide sequences were obtained 
via bidirectional automated sequencing using ABI 
PRISM® BigDye Terminator Cycle Sequencing 
Ready Reaction Kit reagent (Applied Biosystems, 
Foster City, CA, USA) in an Applied Biosystems 
3130xl Genetic Analyzer. The primers used for 
sequencing were the same used for amplification 
(Table I). The nucleotide sequences of dnaK, gyrB, 
recA, rpoB, tufA and 16S rRNA obtained herein 
from strain DF 9R, were deposited in GenBank 
(Table SI).

To investigate the presence of 16S rRNA 
intragenomic variants, an aliquot of the purified PCR 
product was cloned into a pCR2.1-TOPO Cloning 
vector with the TOPO TA cloning kit (Thermo 
Fisher Scientific) according to the manufacturer´s 
protocols. Recombinant clones were selected 
on Luria Broth agar plates supplemented with 
100 μg/mL ampicilin and 50 μg/mL X-Gal, and 
subsequently isolated using the Wizard® Plus SV 
Minipreps DNA Purification System (Promega). 
To confirm the presence of the insert, plasmids 
were digested with 1 U of EcoRI (Thermo Fisher 
Scientific) for 60 min at 37 ºC, and then visualized 
on agarose gel electrophoresis, as detailed above. 
Twenty recombinant clones were sequenced, as 
above, using M13 primers. 

SEQUENCE AND PHYLOGENETIC ANALYSES

Sequences were manually edited for ambiguity in 
Bioedit version 7.2.5 (Hall 1999). The identity of 
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each amplified region was verified through Blast 
searches against the NCBI database (https://blast.
ncbi.nlm.nih.gov/Blast.cgi) using a stringent 
threshold e-value ≤ 10-130. 

A matrix was generated consisting solely of 
the 20 cloned 16S rRNA sequences from strain DF 
9R. After manual alignment, it was used to estimate 
sequence variation as the number of observed 
differences over the total length (i.e., uncorrected 
p-distance) in MEGA 6.0 (Tamura et al. 2013).

To generate data matrices (one per marker 
region) we selected curated nucleotide sequences 
from the leBIBI (Flandrois et al. 2015) and Uniprot 
(Bateman et al. 2014) databases that included 
several sequences from type strains. Sequences 
data from all the bacteria included are detailed in 
Supplementary Material (Table SI, SII). 

Alignments were carried out using MUSCLE 
program (Edgar 2004) with default settings, as 
implemented in MEGA 6.0 (Tamura et al. 2013). 

For coding regions, we firstly translated the 
nucleotides to protein sequences in MEGA and then 
we performed the alignments; afterwards aligned 
sequences were converted to nucleotidic bases for 
further analyses. Thus, the data matrix for dnaK 
consisted of 1857 bp, gyrB of 1155 bp, recA of 816 
bp, rpoB of 2520 bp, tufA of 957 bp and that for 
16S rRNA of 1446 bp. Subsequently, a combined 
matrix was constructed by concatenating the pre-
aligned individual marker matrices in Bioedit; it 
spanned 8838 bp. For the phylogenetic analyses, 
we firstly selected the best-fitting substitution 
model for each matrix by using the information 
criteria implemented in MEGA. Analyses were 
accomplished under the Maximum Likelihood 
criterion, with Subtree Pruning and Regrafting 
(SPR level 3) heuristic search method and a strong 
swapping filtering option. All positions with less 
than 50% site coverage were eliminated from 
the analyses. For rooting purposes, we included 

TABLE I
Primer used for amplification and sequencing.

Primer1 Sequence (5´- 3´)2 Reference

F-ARNr 16S AGAGTTTGATCMTGGCTCAG (Weisburg et al. 1991)

R-ARNr 16S TTGTACACACCGCCCGTC (Gürtler and Stanisich 1996)

F-dnaK GGTATYGACYTWGGWACMAC This work

R-dnaK TCHGCRTCNACBACRTTRTC This work

F-gyrB GAAGTCATCATGACCGTTCTGCA (Yamamoto and Harayama 1995)

R-gyrB AGCAGGGTACGGATGTGCGAGCC (Yamamoto and Harayama 1995)

F-recA GARAARCARTTYGGDAAAGG This work

R-recA TGCTTVGCATTCTCVCKKCC This work

F-rpoBi GTSCGRATYGACCGYACVCG This work

R-rpoBi GCRCGGTTVGAGTCRTCRTTYTC This work

F-rpoBf GARAAYGAYGACTCBAACCGYGC This work

R-rpoBf CCATGTGCGCCAGYTTRATCA This work

F-tufA GGTACDATYGGTCACGTYGA This work

R-tufA GTTRTCRCCWGGCATWACCAT This work
1F: sense; R: antisense;
2Degenerated bases: R = A + G; Y = C + T; S = C + G; W = A + T; K = G + T; M = A + C; B = C + G + T; D = A + G + T; H = A + 
C + T; V = A + C + G; N = A + C + G + T.
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sequences from outgroup taxa, these are indicated in 
the corresponding figure caption. Bootstrap support 
values were estimated with 500 pseudoreplicates in 
MEGA.

PHYLOGENETIC ANALYSIS OF CGTASES

To evaluate the relationship of the different CGTase-
types, only bacterial sequences with demonstrated 
enzymatic activity (i.e., published) and with 
clearly established product specificity were used 
to construct a data matrix. These sequences were 
retrieved from the Carbohydrate Active Enzymes 
(CAZy) database (Lombard et al. 2014). Sequence 
data used for this analysis are detailed in Table 
SII. CGTase nucleotide sequences were translated 
into protein sequences and then aligned with 
MUSCLE, using default settings; this yielded 
a matrix of 680-aligned residues. After model 
selection, the CGTase matrix was analyzed under 
Maximum Likelihood, as previously described. 
We included sequences from Pyrococcus furiosus, 
Thermococcus kodakaraensis, Thermococcus sp., 
Klebsiella pneumoniae and Haloferax mediterranei, 
for rooting purposes. 

In addition, the ancestral CGTase activity-type 
was obtained at each node (i.e., optimized) over the 
Maximum Likelihood phylogram. For this, only the 
branching pattern for the species (i.e., the topology) 
was imported into TNT version 1.1 (Goloboff et 
al. 2008) in parenthetical notation. Optimization 
was accomplished using Farris (1970) optimization 
under the Maximum Parsimony criterion as 
implemented in TNT, considering the CGTase 
activity-types as a single multistate character 
(states: α-, β-, γ-, α/β-), and with equally weighted 
transformations among the four states. The effect 
of uncertainty was evaluated by considering the 
different resolutions and by enumerating all 
possible most parsimonious reconstructions in the 
case of ambiguity.

The GenBank accession number of the dnaK, 
gyrB, recA, rpoB, tufA and 16S rRNA sequences 
from strain DF 9R reported in this paper are 
KM357898, KM357899, KM357900, KM357902, 
KM357901 and KM357896, respectively.

RESULTS

Two variants of the 16S rRNA gene were detected 
in the bacterial genome of strain DF 9R, differing in 
six positions along the gene (one C-T and four A-G 
transitions, and one A-T transversion; p-distance = 
0.424%).

Phylogenetic analyses performed on single-
marker matrices generated topologies which were 
congruent in the unequivocal location of strain 
DF 9R within Paenibacillus clades (97.6-100% of 
bootstrap support, BS) (Supplementary Material, 
Figures S1-S6). Moreover, strain DF 9R showed 
a sister relationship with P. barengoltzii when the 
inferences were derived from dnaK, gyrB, recA 
and tufA (58-94.8% BS) (Supplementary Material, 
Figures S2-S4 and S6, respectively). The rpoB 
topology did not contradict this (Supplementary 
Material, Figure S5). 

The analysis of the 35 taxa concatenated 
matrix verified that the strain DF 9R locates within 
a Paenibacillus clade (100% BS; Fig. 1), and its 
relationship with P. barengoltzii was retrieved with 
full support (100% BS). Also, a strong sister-group 
relationship was recovered between Paenibacillus 
and the clade formed by Brevibacillus and 
Aneurinibacillus (100% BS). Furthermore, 
three lineages were detected for the members of 
Bacillus, one related to bacteria from Geobacillus, 
Anoxybacillus and Planococcus, and two lineages 
formed solely by Bacillus representatives.

The phylogenetic analysis of 53 CGTase 
amino acid sequences showed that the most 
abundantly sampled CGTases, the β-type, were 
scattered over the phylogram, forming at least 
four highly supported clades (A-D in Fig. 2). 



SOLEDAD CAMINATA LANDRIEL et al.	 CGTASE, A RELEVANT BIOTECHNOLOGICAL ENZYME

An Acad Bras Cienc (2019) 91(3)	 e20180568  6 | 11 

Fi
gu

re
 1

 - 
M

ax
im

um
 li

ke
lih

oo
d 

ph
yl

og
ra

m
 d

er
iv

ed
 fr

om
 th

e 
m

ul
ti-

lo
cu

s c
on

ca
te

na
te

d 
m

at
rix

. T
he

 p
hy

lo
gr

am
 (l

nL
= 

-1
38

30
4.

54
) w

as
 o

bt
ai

ne
d 

by
 a

pp
ly

in
g 

th
e 

ge
ne

ra
l t

im
e 

re
ve

rs
ib

le
 (N

ei
 a

nd
 K

um
ar

 2
00

0)
 s

ub
st

itu
tio

n 
m

od
el

 to
ge

th
er

 w
ith

 a
 d

is
cr

et
e 

G
am

m
a 

di
st

rib
ut

io
n 

(G
= 

0.
48

, w
ith

 5
 c

at
eg

or
ie

s)
 to

 m
od

el
 e

vo
lu

tio
na

ry
 ra

te
 d

iff
er

en
ce

s a
m

on
g 

si
te

s, 
an

d 
30

.7
1%

 o
f i

nv
ar

ia
nt

 si
te

s (
I)

; 8
83

8 
po

si
tio

ns
 w

er
e 

co
ns

id
er

ed
. B

ra
nc

h 
le

ng
th

s a
re

 in
 n

um
be

r o
f s

ub
st

itu
tio

ns
 p

er
 si

te
. L

ac
to

ba
ci

llu
s a

ci
do

ph
ilu

s w
as

 u
se

d 
fo

r r
oo

tin
g.

 
B

oo
ts

tra
p 

su
pp

or
t v

al
ue

s >
 5

0%
 a

re
 sh

ow
n 

on
 th

e 
br

an
ch

es
. T

he
 a

rr
ow

 in
di

ca
te

s s
tra

in
 D

F 
9R

.



SOLEDAD CAMINATA LANDRIEL et al.	 CGTASE, A RELEVANT BIOTECHNOLOGICAL ENZYME

An Acad Bras Cienc (2019) 91(3)	 e20180568  7 | 11 

The CGTase protein sequence from strain DF 
9R appeared as the sister group of the clades A 
and B, though with moderate support (61% BS). 
The α-CGTases formed a clade composed by 
accessions of Paenibacillus macerans (clade E, 
100% BS), whereas the γ-CGTases formed another 
clade (F, 100% BS). Finally, the clade G (67% BS) 
included four α/β-CGTases and one sequence of an 
α-CGTase producing bacteria. 

When the CGTase activity types were 
optimized over the topology obtained, the ancestral 
activity appeared to be the α-type (in blue, Fig. 2). 
Then, this enzymatic activity re-appeared twice, 
in parallel. The β-activity (in red) also appeared 
in parallel, at least four times; twice from an 
α-CGTases ancestor and twice from α/β-CGTase 
precursor (in green). The γ-CGTases (in black) 
appeared once from β-forms. The α/β-CGTases 
may have originated two or three times depending 
on the most parsimonious reconstruction of the 
ambiguous node (marked in grey, Fig. 2), but in 
either case, it was from β-activities.

DISCUSSION

Results obtained herein allow us to postulate 
that the cyclodextrin glycosyltransferase-
producing bacterial strain DF 9R is a member 
of Paenibacillus, being P. barengoltzii the 
favored species identification. Several hydrolases 
produced by species of Paenibacillus have been 
described. Particularly, a pullulanase produced by 
P. barengoltzii has been reported (Liu et al. 2016). 
Pullulanases, like CGTases, belong to the family 
13 of glycoside hydrolases (Lombard et al. 2014). 
As no CGTase activity has been documented for P. 
barengoltzii so far, the present report would be the 
first record. Moreover, our results suggested that 
the genus Bacillus seems to be an artificial arrange 
of species (i.e., not forming a monophyletic group) 
and thus, additional surveys would be needed to 
generate a classification based on natural groups.

The molecular markers used in this study 
proved useful for bacterial taxonomic identification 
when assayed in a phylogenetic context. Martens 
et al. (2008) recommended using at least two 
housekeeping genes for bacterial identification, in 
order to minimize the effect of lateral gene transfer 
instances. We herein analyzed five housekeeping 
markers, and the congruent phylogenies obtained 
reflected a common evolutionary history for these 
genes, indicating negligible lateral genetic transfer. 

Even though results derived from the 
simultaneous analysis of the six markers were 
concordant with single-marker analyses, we 
demonstrated that multi-locus simultaneous 
analysis yields more robust identification and 
phylogenetic hypotheses. It is almost certain that 
in a near future whole genome sequencing will be 
the ideal tool for bacterial identification. However, 
as those methodologies are still unaffordable, at 
least in some countries, multi-locus analyses will 
continue to be a valuable source of data. 

The detection of 16S rRNA intragenomic 
variants for strain DF 9R is in agreement with the 
polycistronic nature of ribosomal genes, and also 
with results of Zeng et al. (2013). These authors 
encountered up to 14 copies per bacterial genome 
within Phylum Firmicutes, to which the genus 
Paenibacillus belongs.

The phylogenetic analysis performed on 
carefully selected bacterial CGTase sequences with 
proven product specificity allowed us to postulate 
that the α-CGTase (or an α-CGTase-like enzyme) 
could be the ancestral activity from which the other 
types have diversified (Fig. 2). In the same way, 
the γ-CGTase activity which appeared as derived 
might have been acquired during the evolution 
of β-CGTases. Then, the mixed α/β-CGTases 
could have originated α- or β-CGTases in several 
occasions by mutations that could rise or diminish 
one of the complementary activities. Our protein-
based analysis also revealed that the β-CGTase 
produced by Brevibacillus brevis is more closely 
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Figure 2 - Maximum likelihood phylogram derived from the analysis of CGTase protein sequences. The phylogram (lnL= 
-21347.60) shown was obtained by applying the Le and Gascuel (2008) model plus a discrete Gamma distribution (G= 2.12, with 5 
categories) were used to model evolutionary rate differences among sites. A total of 680 residues were considered. Branch lengths 
are measured in number of substitutions per site. Bootstrap support values > 50% are shown on the branches. For rooting we used 
archeal taxa indicated in Materials and Methods section. The inference of ancestral CGTase activities (optimization, see Materials 
and Methods section) is indicated with symbols and colors: a blue square indicates α-CGTase activity; a red dot, β-CGTase; a black 
square, γ-CGTase; green square and dot, α/β-CGTase; branches in grey indicate ambiguous optimization. Bold capital letters (A-G) 
mark the clades described in the text. The arrow indicates strain DF 9R.
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related to enzymes from Bacillus (clade C) than 
to any other β-producer, in accordance to the 
results of Kelly et al. (2009). We encountered that 
α-CGTases from different strains and accessions 
of Paenibacillus macerans are likely to have a 
common origin (clade E), and that in this group the 
enzymatic activity may had derived from a protein 
showing α/β-CGTase activity; the close relationship 
between P. macerans and P. graminis (α/β-
CGTase producer) coincides with  results of Vollu 
et al. (2008). The two accessions of Geobacillus 
stearothermophillus used herein were reported to 
exhibit different activities, namely α/β-CGTase 
(Fujiwara et al. 1992) and β-CGTase (Chung et al. 
1998). If the data provided by Chung et al. (1998) 
indicating that G. stearothermophillus are capable 
of producing α- and β-CDs in comparable amounts 
is considered, then the ambiguous optimization 
encountered here (grey branches in Fig. 2) could be 
solved in favor of an α/β-CGTase ancestral activity 
for the species involved across clades A, B, E and 
G, plus the aforementioned P. graminis and P. 
barengoltzii. Chemical and genetic modifications 
have been made to understand the CGTases´ 
structural characteristics determining product 
specificity (Kelly et al. 2009) and to alter the type 
of CD generated (Leemhuis et al. 2010), suggesting 
that the diversity of CDs could be a consequence of 
specific amino acid substitutions, insertions, and/or 
deletions in precise active sites (Kelly et al. 2009, 
Li et al. 2009, Xie et al. 2013, Wang et al. 2016). 

Forthcoming phylogenetic approaches, like 
those performed herein and based on our curated 
protein database, will certainly aid in predicting 
enzymatic activities when additional sequences 
from putative or novel CGTases be tested and even 
could assist in delineating downstream procedures. 
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SUPPLEMENTARY MATERIAL

Table SI - Taxon names and accession numbers of sequence 
data used in the phylogenetic analysis.

Table SII - Species names and accession numbers of sequence 
data used in the CGTase phylogenetic analysis.

Figure S1 - Maximum likelihood phylogram obtained for 
16S rRNA. The phylogram (lnL= -8718.049) derived from 
applying Kimura 2-parameter substitution model (Kimura, J. 
Mol. Evol. 1980; 16: 111-120) together with a discrete Gamma 
distribution (G= 0.443, with 5 categories) to model evolutionary 
rate differences among sites, and 49.99 % of invariant sites (I); 
there were 1446 positions in the alignment. Branch lengths are 
in number of substitutions per site. Lactobacillus acidophilus 
was used for rooting. Bootstrap support values > 50 % are 
shown on the branches.

Figure S2 - Maximum likelihood phylogram obtained for dnaK. 
The phylogram (lnL= -30258.786) was obtained by applying 
General Time Reversible (GTR) +G+I [29] substitution model 
(G= 0.890, with 5 categories; I= 33.04 %); 1857 positions were 
considered. Branch lengths are in number of substitutions per 
site. Staphylococcus aureus was used for rooting. Bootstrap 
support values > 50 % are shown on the branches.

Figure S3 - Maximum likelihood phylogram obtained for 
gyrB. The phylogram (lnL= -25426.476) was obtained by 
applying the model GTR+G+I (G= 0.8456, with 5 categories; 
I= 19.31 %); there were 1155 positions. Branch lengths are 
in number of substitutions per site. Lactobacillus acidophilus 
was used for rooting. Bootstrap support values > 50 % are 
shown on the branches.

Figure S4 - Maximum likelihood phylogram obtained for 
recA. The phylogram (lnL= -8848.074) shown was obtained by 
applying the model GTR+G+I (G= 0.5078, with 5 categories; 
I= 27.89 %); there were 816 positions in the alignment. Branch 
lengths are in number of substitutions per site. Staphylococcus 
aureus was used for rooting. Bootstrap support values > 50 % 
are shown on the branches.

Figure S5 - Maximum likelihood phylogram obtained for 
rpoB. The phylogram (lnL= -32390.862) was obtained by 
applying the model GTR+G+I (G= 0.669, with 5 categories; I= 
30.09 %); 2520 positions were considered. Branch lengths are 
in number of substitutions per site. Lactobacillus acidophilus 
was used for rooting. Bootstrap support values > 50 % are 
shown on the branches.

Figure S6 - Maximum likelihood phylogram obtained for 
tufA. The phylogram (lnL= -10115.938) shown derived from 
applying the GTR+G+I model (G= 1.455, with 5 categories; 
I= 45.19 %); 957 positions were considered. Branch lengths 
are in number of substitutions per site. Enterococcus asini was 
used for rooting. Bootstrap support values > 50 % are shown 
on the branches.


