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Abstract

Background/Purpose—The genomes of different Aggregatibacter actinomycetemcomitans
strains contain many strain-specific genes and genomic islands (defined as DNA found in some
but not all strains) of unknown functions. Genetic analysis for the functions of these islands will
be constrained by the limited availability of genetic markers and vectors for A.
actinomycetemcomitans. In this study we tested a novel genetic approach of gene deletion and
restoration in a naturally competent A. actinomycetemcomitans strain D7S-1.

Methods—Specific genes’ deletion mutants and mutants restored with the deleted genes were
constructed by a markerless 10xP/Cre system. In mutants with sequential deletion of multiple
genes loxP with different spacer regions were used to avoid unwanted recombinations between
loxP sites.

Results—Eight single-gene deletion mutants, four multiple-gene deletion mutants, and two
mutants with restored genes were constructed. No unintended non-specific deletion mutants were
generated by this protocol. The protocol did not negatively affect the growth and biofilm
formation of A. actinomycetemcomitans.

Conclusion—The protocol described in this study is efficient and specific for genetic
manipulation of A. actinomycetemcomitans, and will be amenable for functional analysis of
multiple genes in A. actinomycetemcomitans.
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Introduction

Gram-negative facultative Aggregatibacter actinomycetemcomitans is recognized as an
etiology of periodontitisl. There are six serotypes of A. actinomycetemcomitans based on the
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structural distinction of O-antigen of lipopolysaccharide?: 3. Each serotype represents a
distinct clonal lineage that shows little recombination with strains of other serotypes.
Moreover, different serotypes or genotypes of A. actinomycetemcomitans may display
distinct disease-association patterns*-5. However, little detailed information has been known
of the underlying genomic variation among strains.

Recent studies from our laboratory have revealed remarkable genomic differences among A.
actinomycetemcomitans strains’- 8. For example, 0.4-19.5% of the total protein-coding
genes in each genome could differ between strains. Cumulatively among the 14 A.
actinomycetemcomitans there are more than 1,200 accessory genes (ie, genes that are not
shared by all strains), many of which reside in genomic islands and have no known
functions. Approaches to assess the functions of these accessory genes need to be efficient,
able to monitor multiple genes if necessary, and easily adaptable to assays in a variety of
experimental conditions.

The genetic tools for A. actinomycetemcomitans are limited. The most common genetic
markers used for A. actinomycetemcomitans are the resistance gene for spectinomycin,
tetracycline, kanamycin or chloramphenicol®-14. In order to study the functions of multiple
genes, more than one marker are required for deletion or complementation. This may pose
some technical difficulties. This study was initiated to test a genetic protocol that is
amenable for complex genetic analysis that involved multiple genes. Our future goal is to
examine the functions of accessory genes (such as those carried on genomic islands) of A.
actinomycetemcomitans. A markerless gene deletion protocol using loxP with different
spacer regions was developed for single or sequential deletions of multiple DNA in A.
actinomycetemcomitans. Both the accessory genes and core genes (ie, genes shared by all A.
actinomycetemcomitans strains) were tested in deletion experiments. The results
demonstrated that the protocol is highly efficient and specific in gene deletion and
restoration. The protocol for genetic manipulation has not led to unintended deleterious
effects to the growth and biofilm formation of A. actinomycetemcomitans.

Materials and Methods

Bacterial strains, plasmids and growth conditions

The bacteria strains and plasmids used in this study are listed in Table 1 and Table 2.
Bacteria were grown either in a solid Trypticase Soy Broth agar (STSB agar) containing 3%
trypticase soy broth, 0.3% yeast extract, 5% horse serum and 1.5% agar, or Modified
Trypticase Soy Broth (mTSB) composed of 3% trypticase soy broth and 0.6% yeast extract
at 37°C in air supplemented with 5% CO,. The pBluescript 1l KS plasmids (Stratagene, La
Jolla, CA) were replicated in Escherichia coli host strain DH5a by standard methods 1°. For
selection of transformants or mutants, spectinomycin (Spe, 50ug/ml), tetracycline (Tc,
4ug/ml) or ampicillin (Amp, 100ug/ml) were added to the media.

DNA manipulations

A. actinomycetemcomitans genomic DNA was prepared by phenol-chloroform method or
GenElute Bacterial genomic Kit (Sigma, Saint Louis, MO). Plasmid DNA was isolated by
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QIAprep Spin Miniprep kit (Qiagen, Valencia, CA). Transformation of E coli was carried
out by electroporation using a MicroPulser® (BioRad, Hercules, CA). Restriction enzymes,
T4 DNA ligase and Tag DNA polymerase were purchased from New England Biolabs
(Beverly, MA), and used as suggested by the manufacturer. The polymerase chain reactions
(PCR) were performed as described previously!® and the PCR products were purified with
QIAquick PCR purification kit and GIAquick Gel Extraction kit (Qiagen, Valencia, CA).
Table 3 lists the sequences of primers used for cloning, deletion, and mutation.

Construction of vectors containing the wildtype loxP-Spe-loxP cassette and its variants

Vectors cloned with a spectinomycin-resistance marker (Spe) flanked by two l0xP sites or
two of its variants were generated. As an example, for the construction of the Spe cassette
with the wildtype loxP (IloxPW) sites two partially complementary oligonucleotides were
synthesized by Integrated DNA Technologies (Coralville, 1A):

57
TCGACACCACGTGGATCCATAACTTCGTATAATGTATGCTATACGAAGTTA
TCTGCAGATAACTTCGTATAATGTATGCTATACGAAGTTATGTCGACACGT
GGTG%: and

37
GATCCACCACGTGTCGACATAACTTCGTATAATGTATGCTATACGAAGTTA

TCTGCAGATAACTTCGTATAATGTATGCTATACGAAGTTATGGATCCACGT
GGTGY

(loxP sites were underlined, and bold letters indicated the spacer sequence of loxP. Sal I,
Dralll, BamHI, and Pst | were engineered in these two oligonucleotides). These two DNA
fragments were annealed, and cloned into pBluescript Il KS at the Bam HI and Sal | sites. A
1.1 kb Spe' cassette released from Pst I-digested plox2-Spe plasmidl2 was inserted in the
Pst | site between two loxPW sites to generate a plasmid bearing a loxPW-Spe-loxPW gene
cassette. All recombinant plasmids were confirmed by sequencing the PCR products with T3
and T7 primers. With the same strategy plasmids with variants of the loxP-Spe-loxP cassette
were generated (see Table 2 for variant loxP spacer sequences). The variant cassettes
contained a pair of mutant loxP with one or two bases altered in the loxP spacer region
based on their specificity in recombination1®, This will allow successive deletions with the
loxP/Cre system without interference from existing loxP sites of the genome.

Site-specific gene deletion with the loxP /Cre system

The strategy for gene deletion with the loxP/Cre system has been described previously’.
Briefly, three steps were involved: (i) construction of the donor DNA with the loxP-Spe-
loxP cassette flanked by homologous regions upstream and downstream of the gene to be
deleted, (ii) allelic replacement of the target gene in A. actinomycetemcomitans by natural
transformation, and (iii) removal of the loxP-Spe-loxP leaving a loxP scar at the deletion site
(see Fig 1a for an example).

In this study, two approaches were used to construct the donor DNA. The first approach was
by the in vitro ligation. Two pairs of primers were designed to amplify the upstream and
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downstream homologous DNA fragments flanking the deletion target. A Dra Ill site was
engineered in the proximal end of the two homologous DNA fragments (Table 3).
Approximately 1600 ng of PCR amplicons of the upstream and downstream homologous
DNA fragments isolated by QIAquick PCR purification kit (Qiagen, Valencia, CA), were
mixed with approximately 800 ng of recombinant plasmid with a loxP-Spe-loxP cassette,
which had Dra Il sites in each end. The mixture was digested with Dra Il at 37°C for an
hour, then purified by the QIAquick PCR purification kit, and ligated at 16 °C overnight.
After heat inactivation of the ligation reaction, the ligation mixture was used directly for
transformation. The alternative method for donor DNA preparation involved cloning. Two
pairs of primers were designed to generate the upstream and downstream homologous
regions (>500 bp) flanking the deletion target by PCR, and the DNA fragments were cloned
sequentially into the upstream and downstream of the loxP-Spe-loxP cassette in a
recombinant plasmid constructed above. The DNA fragment containing the homologous
regions and the loxP-Spe-loxP cassette was then released from the vector by restriction
enzyme digestion, purified and served as donor DNA. Gene transfer by natural
transformation was performed as described previously!8. The transformants (with the target
gene replaced by the loxP-Spe-loxP cassette) were verified by PCR and designated as
“intermediate” gene deletion mutants. In the final step the spectinomycin-resistance marker
was removed by introducing a vector containing Cre as described previouslyl’. Mutants of
A. actinomycetemcomitans strain D7S-1 with deletions of multiple genes were constructed
step-wise with the loxP/Cre system as described above.

Restoration of the deleted genes

Essentially the reversal of the process of the deletion is applied for gene restoration (see Fig
1b for an example). Two fragments (one of which includes the deleted region) were
constructed by PCR amplification. The two fragments were ligated to a |oxP-Spe-loxP
cassette in vitro and the DNA mixture was used directly for transformation. The
transformants were identified from selective media and the resistance marker spliced out
leaving a loxP scar in the genome. The gene-restored mutants were then confirmed by PCR
analysis and sequencing as before.

Bacterial growth assays in broth

Bacterial suspensions were prepared by the indirect suspension method!. Briefly, bacteria
were collected from agar plates with a sterilized plastic loop and spread as a thin layer
slightly above the solution face on the test tube wall. The bacteria were dispersed into the
mTSB broth by mixing with a Vortex, and the above steps were repeated several times. The
optical density of each starter bacterial suspension was determined (OD of approximately
0.25-0.3) and then diluted 1:5 with fresh broth. Aliquots of 20 pl of the bacterial suspension
were transferred to each well of a 100-well Bioscreen C plate preloaded with 180 ul of
prewarmed fresh media. To prevent evaporation of the liquid culture, 15 pl of mineral oils
were added in each well. The plate was incubated at 37°C for 40 hours with continuous
shaking, and the absorbance at 420-580 nm visible light was recorded every 30 minutes.
Wells containing media served as background controls. The data from duplicate wells for
each strain were averaged to represent one data point. The growth of each strain was
independently tested at least three times on different dates.
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To calculate the doubling time, the exponential phase of the growth was first defined as the
time period between two measurements of the optical density (OD): the minimum OD plus
0.1 and the maximum OD minus 0.1. After subtraction of the background OD (OD of the
media only; without bacteria), the OD was transformed into log, (optical density). A linear
regression of the data points was performed and accepted if the R2 was > 0.95, otherwise the
experiments were repeated. The reciprocal of the slope gives the doubling time directly. The
comparison of doubling time and maximum OD among strains was performed with SPSS
15.0 by using the Student t test or the analysis of variance (ANOVA).

Biofilm formation assay

Results

Aliquots of 20 ul of bacterial suspension of A. actinomycetemcomitans were prepared as
described above and transferred into wells preloaded with 180 pl of prewarmed media. The
plate was incubated at 37°C for 48 hours in air supplemented with 5% CO, After
incubation, the media was gently removed and the wells were washed twice with 200 pl
PBS, then air dried. A solution of 0.1% crystal violet was used to stain the dried wells for 10
minutes. Subsequently, the staining solution was removed, and the wells were washed twice
with 200 ul PBS, then air-dried again. The stained biofilms were destained with 100% (v/v)
ethanol for 5 minutes. The absorbance of the dye was quantified at 540 nm visible light
using a microplate reader. Strains were tested in triplicate for each condition tested.

Construction of mutants

Eight single-deletion mutants were constructed (Table 1). Each set included an
“intermediate” mutant with spectinomycin resistance marker and a final markerless mutant.
The deletion targets were selected to include well-studied core genes that were unlikely to
affect growth and biofilm formation (ItxA and cdtB), four small accessory genes of unknown
functions and two genomic islands of unknown functions. Four sets of mutants with deletion
of multiple genes were constructed (Table 1). They were made to test the protocol for
sequential deletions by the Cre/loxP system. The step-wise process of a quadruple gene-
deletion mutant strain D7SAItxAAcdtBA16A285 is given here as an example. The
construction began from the single gene deletion mutant D7SAItxA with a loxPW scar. This
mutant was transformed with the genomic DNA from the D7SAcdtB::Spe (with |0xP6 sites
flanking the Spe" marker) mutant. The transformants were identified and the resistance
marker subsequently removed, leaving a loxP6 scar in the genome. The same steps were
repeated to generate a triple knockout mutant D7SAItxAAcdtBA16 and the quadruple
knockout mutant D7SAItxAAcdtB 16A285 (leaving a loxPW, a 1oxP6, a loxP5 and a
loxP1scars in the genome).

Growth and biofilm formation

Table 4 provides a summary of the results of the growth assays. Most of the mutants did not
show altered growth. However, it was noted that a mutant with a deletion of the 285-island
appeared to grow faster than the wildtype. The restoration of the island in the deletion
mutant reduced the growth rate to the level of the wildtype D7S-1. The genetic map of the
285-island and its deletion and restoration are illustrated in Figure 1a and 1b. The island is
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6,660 bp, and has 6 predicted ORFs. The deleted region and the restored region are also
marked. The difference in the wildtype and the mutant restored of the 285-island was the
loxP4 scar within the downstream hypothetical protein HP2. The insertion of a loxP within
HP2 is not expected to change the phenotype.

Biofilms formation was evaluated for the wildtype D7S-1 and mutants. There were no
significant differences in the biofilm formation among strains. Instead, the primary
determinant for biofilm formation was the fimbriation status of the test strains (data not
shown).

Discussion

The long-term goal of this study was to identify a suitable genetic approach to examine the
functions of strain-specific genes of A. actinomycetemcomitans. Several genetic protocols
have been developed for mutagenesis and gene complementation of A.
actinomycetemcomitans, including allelic exchange and homologous integration20-22,
insertional mutagenesis?3 24 and transposon-mediated mutagenesisl# 25 26, These methods
involve a cloning step, which could prolong the experiments or present an obstacle if the
cloned products are toxic to the E. coli host. Our approach for genetic manipulation could
prepare the recombinant DNA by PCR amplification and in vitro ligation, and use it directly
as donor DNA for competence-mediated gene transfer. The transformation frequencies of
were approximately 1074 to 107> for naturally competent A. actinomycetemcomitans'2. A
typical experiment generated approximately 100 to 1000 transformants with 2x107
competent bacteria. A gene deletion mutant could be generated in less than a week with
minimal work.

In this study the Cre/loxP recombination system was employed to delete the antibiotic
resistance marker. This approach was taken primarily for the ease of construction of mutants
with deletion of multiple genes, and to avoid the possible effects of antibiotic resistance
markers to the phenotypes of the bacteria. The Cre recombinase catalyzes cofactor
independent recombination between two |oxP sites, which consist of two 13 bp inverted
repeats separated by an asymmetric 8 bp spacer region?’. The Cre/loxP recombination
system shows high recombination efficiency and has been widely used in eukaryotes. For
prokaryotic organisms, Cre/loxP has been involved in genetic works for Escherichia

coli28. 29, |_actobacillus plantarum3, and other species of Gram-negative bacteria31-33, but
limited in use for A. actinomycetemcomitanst’: 34,

A novel feature of our approach is the use of different loxP for construction of mutants with
deletion of multiple genes. Consecutive deletion of genes using the same Cre/loxP may lead
to unexpected deletions or inversions via recombination between the existing loxP of the
genome and the new loxP introduced by the donor recombinant DNA, especially if the loxP
sites were close to each other33. Therefore, we developed several |oxP sites each with a
variant spacer based on the previous study that showed incompatibility of certain |oxP
spacers in recombination16. We successfully generated deletion mutants of multiple genes,
and did not notice any unexpected problem.
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In this study we restored the deleted genes into the same locus as in the wildtype bacteria.
By this process only a loxP scar was introduced into the genome in the gene-restored
mutants. The loxP scar can be placed in a region that does not affect the phenotypes of the
bacteria. Therefore, the restored mutants have exactly the same genetic background, and we
avoid the problems with other complementation analysis that may affect gene expression
due to variable copy numbers of the plasmid, different gene regulation mechanisms of the
plasmid and the genome, or interference from the expression of an antibiotic resistance gene
of the plasmid. Another advantage is the relative lack of size constraint for the restored
genes. It is feasible and efficient to restore genes of 10-20 kb in one experiment.

The growth effect due to the mutation of 285-island was unexpected. The apparently
functional ORFs in the 285-island are secA, acrA, a marR-family transcriptional regulator
and a small hypothetical protein. In E. coli, SecA protein is a major component of the
cellular mechanism that mediates the translocation of proteins across the plasma
membrane3®, and AcrA and AcrB are related to the multidrug efflux pump, known as two
major components of the tripartite efflux system36: 37 The MarR (multiple antibiotic
resistance regulators) family of prokaryotic transcriptional regulators includes proteins
critical for control of virulence factor production, bacterial response to antibiotic and
oxidative stresses, and catabolism of environmental aromatic compounds38: 39, Therefore,
the function of the 285-island could be for regulation of antibiotic resistance. However,
strain D7S-1 has another efflux pump homologue. The deletion of the 285-island may or
may not affect its resistance to antibiotics. The E test was performed to examine the
antibiotics resistance profiles of the 285-island deletion and complementation mutants, but
no corresponding results were shown. More studies are needed to verify the possible
modulation of growth by the 285-island and its mechanism of A. actinomycetemcomitans.

In conclusion, this study has demonstrated the feasibility of employing Cre/loxP
recombination system in genetic manipulation of A. actinomycetemcomitans. The protocols
are relatively easy and efficient in the construction of mutants with deletion of single or
multiple genes. The approach could be used as a tool to identify functional strain-specific
genes or genomic islands for further hypothesis testing.
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Figure 1. Deletion (a) and generestoration (b) of the 285-island of A. actinomycetemcomitans
strain D7S-1

(@) The upstream (1056124-1055349) and downstream (1050261-1049587) regions of the
285-island (1049353-1056070) were amplified and ligated to the loxP1-Spe-loxP1 cassette
invitro. The 2.7 kb fragment was then used as donor DNA by natural transformation to
generate an intermediate deletion mutant A285::Spe(R). Finally, the plasmid pAT/Cre was
introduced and the recombination between two loxP1 sites removed the Spe" marker,
resulting in the markerless deletion mutant A285(R). (b) The upstream (1055865-1050253)
and downstream (1050252-1049645) regions of the 285-island were amplified and ligated to
the loxP4-Spe-loxP4 cassette in vitro. The 7.4 kb fragment was then used as donor DNA by
natural transformation to generate an intermediate 285-island restored mutant A
285C::Spe(R). Recombination between two loxP4 sites removed the Spe" marker, leaving
one copy of loxP4 in the final markerless 285-island restored mutant A285C(R).
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Bacterial strains

Table 1

Page 11

Annotation of affected gene(s);

Strains Feature descriptions deletion sizein bp
D7S-1 Wildtype, fimbriated N/A
D7SAltxA::Spe Deletion of ItxA replaced with a loxPW-Spe-loxPW

LtxA; 934
D7SAltxA Derivative of D7SAltxA::Spe; Spe removed leaving a loxPW
D7SAcdtB::Spe Deletion of cdtB replaced with a 1oxP6-Spe-1oxP6

CdtB; 289

D7SAcdtB

Derivative of D7SAcdtB::Spe; Spe removed leaving a loxP6

D7SAacrB::Spe

Deletion of acrB replaced with a loxP1-Spe-loxP1

D7SAacrB

Derivative of D7SAAcrB::Spe; Spe removed leaving a loxP1

acriflavine resistance protein; 566

D7SApulG::Spe

Deletion of pul G replaced with a loxP1-Spe-loxP1

D7SApulG

Derivative of D7SApul G::Spe; Spe removed leaving a loxP1

pseudopilin; 617

D7SAp2579::Spe

Deletion of gene “p2579” replaced with a |oxP3-Spe-loxP3

D7SAp2579

Derivative of D7SAp2579::Spe; Spe removed leaving a loxP3

PTS system; 989

D7SAp2639::Spe

Deletion of gene “p2639” replaced with a loxP1-Spe-loxP1

oligopeptide transport system
permease protein (p2639 ); 662

D7SAp2639 Derivative of D7SAp2639::Spe; Spe removed leaving a loxP1

D7SA16::Spe Deletion of the 16-island replaced with a loxP5-Spe-loxP5 helicase, hypothetical protein, type
111 DNA modification methylase,

D7SA16 Derivative of D7SA16::Spe; Spe cassette removed leaving a loxP5 protein of unknown function and

hypothetical protein; 7,845

D7SA285::Spe(R)

Deletion of the 285-island replaced with a loxP1-Spe-loxP1

D7SA285(R)

Derivative of D7SA285::Spe(R); Spe cassette removed leaving a loxP1

integral membrane protein, MarR-
family transcriptional regulator,
AcrA protein, hypothetical
protein, SecA-related protein and
acriflavine resistance protein;
5,087

D7SAlItxAAcdtB::Spe

Derivative of D7SAItxA with a deletion in cdtB replaced with a loxP6-
Spe-loxP6

D7SAltxAAcdtB

Derivative of D7SAItxAAcdtB::Spe; Spe removed leaving a oxP6 at
cdtB and a prior loxPW at [txA

See above; 1,223

D7SAltxAAcdtBA16::Spe

Derivative of D7SAItxAAcdtB with a deletion in the 16-island replaced
with a loxP5-Spe-loxP5

D7SAItxAAcdtBA16

Derivative of D7SAItxAAcdtBA16::Spe; Spe removed leaving a loxP5

See above; 9,068

D7SAltxAAcdtBA285::Spe

Derivative of D7SAItxAAcdtB with a deletion in the 285-island
replaced with loxP1-Spe-loxP1

D7SAItxAAcdtBA285

Derivative of D7SAItxAAcdtBA285::Spe; Spe removed leaving a loxP1

See above; 6,310

D7SAItxAAcdtBA16A285::Spe

Derivative of D7SAItxAAcdtBA16 with a deletion within the 285-
island replaced with loxP1-Spe-loxP1

D7SAItxAAcdtBA16A285

Derivative of D7SAItxAAcdtBA16A285::Spe; Spe cassette removed
leaving a loxP1

See above; 14,155

D7SA285C::Spe(R)

Derivative of D7SA285(R) restored with a loxP4-Spe-loxP4 and the
285-island

D7SA285C(R)

Derivative of D7SA285C::Spe(R); Spe removed leaving a loxP4

N/A

D7SAltAACAtBA285C::Spe

Derivative of D7SAItxAAcdtBA285 restored with a loxP4-Spe-loxP4
and the 285-island

D7SAltxAAcdtBA285C

Derivative of D7SAItxAAcdtBA285C::Spe; Spe removed leaving a
loxP4

See above; 1,223
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Table 2

Plasmids used in this work

Page 12

Plasmid Feature descriptions Reference
pBluescript 11 KS | Amp"; Cloning vector Stratagene
pAT/Cre Tc'; shuttle plasmid of E. coli and A. actinomycetemcomitans; pPK1 derivative containing the cre gene 7
. Amp',Spe'; pBluescript 11 KS derivative containing two wildtype loxP sites (the loxPW spacer sequence: .
ploxw-Spe ATGTATGC) flanking a Spe’ gene This work
lox1-Spe Amp',Spe'; pBluescript 11 KS derivative containing two mutant loxP1 sites (the loxP1 spacer sequence: This work
P P ATGcATGC*) flanking a Spe’ gene
lox2-Spe Amp',Spe'; pBluescript 11 KS derivative containing two mutant |oxP2 sites (the 10xP2 spacer sequence: This work
P P ATGgATGC*) flanking a Spe’ gene
lox3-Spe Amp",Spe"; pBluescript Il KS derivative containing two mutant loxP3 sites (the [oxP3 spacer sequence: This work
P P ATGTATaC*) flanking a Spe’ gene
ploxd-Spe Amp",Spe"; pBluescript Il KS derivative containing two mutant loxP4 sites (the loxP4 spacer sequence: This work
AaGTATCC”) flanking a Spe’ gene
plox5-Spe Amp",Spe"; pBluescript Il KS derivative containing two mutant |oxP5 sites (the [oxP5 spacer sequence: This work
ATGTgTaC") flanking a Spe’ gene
r r- i ivati ini i -
plox6-Spe Amp",Spe"; pBluescript Il KS derivative containing two mutant |oxP6 sites (the [oxP6 spacer sequence: 17

AgaTcTGC*) flanking a Spe’ gene

*
the lower case letter(s) indaicated the altered base(s) located in the variant loxP spacer sequences

J Formos Med Assoc. Author manuscript; available in PMC 2015 June 13.



Page 13

Cheng et al.

pue|sI-G8Z ay} Jo uoneuaWa|dwod 10} {(6920S0T-EGZ0S0T) PUBISI-G8Z U} JO Wieansdn OIVOVVLLVIIVIOVILOIDDIDIVILL 11 ¥dn-s582
pue|si-G8Z ay} Jo uonelusWR|dWoD 04 (6E8SG0T-GI8SSOT) PUBISI-G8Z dU} JO Wweansdn VOLOV119199001001V1011VVOOl 4dn-sg8z
o33P pue|si-G8Z Y} 4O UOIELLIUOD 10} ((YEETSOT-GTETSOT) PUBISI-G8Z dU} JO dpisul VVO1VV1vIO9OVIVIOOVID Hui-G8¢
U0113|3P PUE|SI-G8Z BU} JO UOIEWIIUOD 10} (8212S0T-LYy2G0T) PUBISI-G8Z 9U} JO apisul J9VVV1VI1lVIOVVIOLD929 41u1-G8¢
pue|SI-G8Z au} JO Uona|ap 10} {(809670T-285670T) PUBISI-G8Z dU} JO Wealisumoq 000VvOO110VIJ11V1102910 yMa-s8e
pue|sI-G8Z au} JO UOIIAP 104 (E120S0T-9520S0T) PUBISI-GEZ SU} JO WEaLSUMOQ 1999111V11V910919919IVIOVL elg-4ma-sge
pue|sI-G8Z 3y} JO UoNa|ap 10} (L9EGSOT-9SEGSOT) PULISI-G8Z U} JO Wieansdn V1191191991VOI9919IVILD ela-ydn-gge
{pue|si-GBZ ay} JO UOIIIAP 104 (90TISOT-FZTISOT) PUBISI-G8Z dU} JO Wweansdn 909VVOI0900VIOIVVVL 4dn-G8¢

uona|ap puelsi-gT dU} JO UOIBWIUOD 10} (926066T-806066T) PUBISI-QT aU} JO dpIsu] O0VIO0900VIL10910019V dI-9T
UOIAIdP PUEISI-GT B} JO UONBLLIJUOD 10} !(YEYTBEET-CSYTE6T) PUBISI-9T 3y} JO dpIsu| 99911VOVVOVILO9I99D HW-917
pue|SI-9T dU) JO UOIAI3P 10} {(GGEBBBT-GEEBBET) PUBISI-OT dU} JO Weansumod 0011VOVv9O909199011VVID Ima-9t
pUE|SI-9T BU} O UONB|3P 10} '(L06886T-8TES8ET) PUBISI-T U} JO Weallsumod 099IVIVVIILLDIDDIDIVILY elg-4ma-9t
PpuE|SI-9T dU} J0 UONII3P 10} 1(28/966T-LL966T) PUBISI-OT U} JO Weansdn VOVLIOIVIOLVYLIOLIDIDDIHIVIOL elg-y4dn-91

pue|si-gT U} JO UONBI3P 10} 1(292.66T-082L66T) PUBISI-9T 8y} Jo weansdn VV1VO19901091019099 4dn-9t

U0N3|3P GIPO JO UOIRULIUOD 10} {(G220LT2-90202T2) 1P JO dpisul 0099111091VIO919VIVLL d-gipd

uoN3|ap gIPd JO UOIEULIUOD 10} {(E970LTZ-28Y0LTZ) €IPD JO apisul O1VI1909191VVV19919D 4WI-gIpd

G1P0 JO UONIIAP 40} ((0SZEITC-YEZEITE) EIPO JO WEBLSUMOQ

991VVOVVYIOILVILIO1O1D9VIOLVY

JeS-4MQ-gipd

€1p0 JO UonL[ap 404 {(9.T0LTZ-Z6T0LTZ) G¥PO JO Wealisumoq

V.100V.1VOOI91VVIIVIOVIOVIOVL

8ds-4ma-gipd

gIp0 Jo uonalap 104 (T0S0.TZ-8870.TZ) G¥PO J0 weansdn

YVOLOIVIOVVIOOVOVOILIOIVO

oyx-ydn-gipd

€1p2 Jo UonaIap Jo} 1(zL0TLTZ-880TLTC) GIPD JO Wieansdn

VVOIVVIIOIVIVOLIVIOIOOOVLY

edy-4dN-gipd

UOI3I3P WX]| O UONEWLIIJUOD 10} 1(S68865-9.886S) WX} 4O pIsul YVOL191VI9DIVVIDLIOOV v
UOIBIBP X} JO UOIRWLIUO0D 10} ‘(ZTH66S-TEVE6S) WXH 40 8pisul 29VILVVOI9ILVIVIVYOL v
VX3| 4O UONBIBP 10} 1(0GLL6G-9ELL6S) WX3| JO Weansumoq 1911VVVOLO9VOLIDIOOVOOVL | oBS-dma-vxi

VX3| JO UON3IBP 10} {(BELBBS-EGL86S) VX3 JO WaNSUMOQ 19900V0O90199VVVIOVIOVIVL | 8ds-4ma-vxi

VX1| 4O UONB3Iap 10} {(r8I66S-699665) WX JO Weansdn O11VO9VVOLODLLVIOVIIIDLIVL | oyx-ddn-vxi

WX} JO uona|ap 104 {(TTY009-727009) WX} J0 Wweansdn 91VV1OVVLIVI99330999VLY | edv-d4dn-vxi

n_ommm: pue uo17es0] e(£4G)se0usnbeg seWlid

Author Manuscript

€9l|qel

Author Manuscript

Author Manuscript

slawlid 10 1sI7

Author Manuscript

J Formos Med Assoc. Author manuscript; available in PMC 2015 June 13.



Page 14

Cheng et al.

S3)IS UOIOLIISAI BY} B Saouanbas paulispun,,

SjuBINW UON3|AP aleIpaLLIBIUL BdS JO UOIedIILIP! 104 Bush ,adS 4o apisul V.1V29200111VI910VII9 yma-eds

SjuBINW UON|AP aleIpaLLIBIUL BdS JO UOIEdIILIP! 104 Buah ,adS 4o apisul JL1921111VDI199VID 4dn-ads

uonaap OINd 40 UoIeWIUOD 0} (TE6TTI-2L6TT9) DINd JO dpisul LYOVVYVOLOVIOVVIOIVIL d-oind

uonIdp OINd JO UOIRWIUOD 10} !(7252T9-E7SZTI) DINnd o dpisul D0LLLIIVIII901190091 Hwi-9|nd

9Ind Jo uonalap Jo} {(60SETY-LESETY) DINd Jo weansumod VOVVOVLLIVOVVOLIDDDL1VII99199 yma-oind

9Ind 4o uonajap Jo} 1(€65219-9.5219) OInd Jo wealisumod 9991 1111V19991VOLIDIDDIDOVILY 4mg-oind

9ind Jo uona|ap 10} {(Ey6TTY-096TTY) OInd Jo weansdn 190VO0LL111909VOVLIDIDDIDIVILY ydn-oind

9Ind Jo uona|ap 104 (0ZTT9-92TTT9) DInd Jo wesnsdn 1901VO10VVVIVY.LVYVIVYIOVOLIDID 4dn-oind

uongIap GEIZO J81SN[O-d JO UOIFRWIIIU0D 10} {(TIZEG9-082ES9) 6£920-d Ym ulalold Buipoous auab Jo spisul VVVVLVYVOOV1992991100 HII-6£92d
uona|ap 6£9Z0 431SN[o-d JO UoIRLIUD 10} {(66/259-08.259) 6£920-d Yum utalold Buipoous aushb 4o apisul VOLLVOVVYOIDDLYILOVYD 4u1-6£92d
6£920 4215n|o-d J0 UoNBIBp 104 1(€66£59-T20YS9) 6£920-d Yum ursioud Buipoous aush Jo weansumoq LYVYVO209009LLLIVOILDLVIOVILYD ama-ee9zd
6£920 4815N|0-d J0 UONBIBP 104 1(8ZEESI-TTEESY) 6920-d Ynm ureloud Buipoous sush jo weansumoq 01909109090VI9OVVV1IDI9919IVOVY 4Ma-6€9zd
6€920 Ja1snjo-d Jo uonIdP 40} (££92G9-059259) 6£920-d Unm ursjoud Buipodus suab Jo weansdn V190VVI00ILDLIVVYVIIIDOIOIVIOLY ddn-6e9ed

6€920 J31sn[o-d Jo uonddp 10} 1(TZ.TG9-¥69159) 6£920-d Ynm utsjoud Buipoous susb jo weansdn OVIOVIOLVIVOILLIVOVIOVIDLDILY 4dn-6g9zd

uong|ap 6,520 421snfo-d JO UoIRWU0D 10} {(TITOEY-ZrTOEY) 6,520~ Unm uiaold Buipooud auab Jo apisul VV.1990L100V.19090VVVO Hl-6.62d
uongIap 6520 481SN[o-d JO UOIFRWIIU0D 10} {(ETLOEY-ZELOEY) 6,520~ Ynm utalold Buipoous auab 4o spisul LI9L1110VO99111VVI99 H1-6.62d
6.G20 4a1snjo-d J0 uona[dp 104 1(0Z9TEY-0S9TEY) 6.520-d Ynm ursioid Buipoaus aush Jo wesnsumod | L191VO1VIIDDIOLLYVYVIVOOIOVYLLIDD uma-625zd
61520 1215n|o-d 40 UonaIap 104 {(y¥60EY-G260EY) 62520-d Ynm ursioad Buipoous aush Jo weansumoq VOOVOL10100101011VVVOIDDIDIVILY 4ma-6.62d
6520 1815n|o-d J0 uonaIep 104 1(LE6627-8T662Y) 62520-0 Ynm ureload Buipoous aush jo weansdn OVLOL11011190990VOV.LIDIDDID0VILL ddn-6.52d

62520 Ja1snjo-d Jo uonIdp 40} ! (E5E62Y-€2E62Y) 6.520-d Uim usloud Buipodus susb Jo weansdn | VVVOLLIDOVVOVIDLIOVVIVLLII19I99 4dn-6.52d

uon3|3p g.oe JO UOIBLLILUOD 10} (LE8SS0T-9GB8SGOT) G108 0 apisu] 90VOLOVLLID199001001Y Hiul-gioe

uona|3P g0 JO UOIBIU0 10} (L9ESSOT-8EGSOT) G408 JO apisu] VLLOLI91991VO1991909 ul-gaoe

g0 40 uond|ap 104 1(L£L950T-G089S0T) G408 4O Weasisumoq 1OVV11991VVOO19IDILDLLIDVVIVD yma-gioe

g0 40 uona|ap Jo} {(868550T-8.8550T) G408 JO Weansumod | DOVIVVVYVVYVYOLLLLIOIVYIDIDDIDIVIDD 4mQ-gioe

g0 J0 uona|ap o4 {(9625S0T-ETESSOT) G408 J0 weansdn VOLLV1V99VVL0090L19I99190VILY ddn-gioe

g0 JO uoNa|ap o4 {(8ESYSOT-0TSYSOT) 408 Jo weansdn LV 19VOVVVILYLLIO99OVYOVIDILOL 4dn-guoe

puelsI-GgZ 3y} 0 UoeIBW|dWIOD 10} !(2.96¥0T-G96V0T) PUBISI-G8Z 3U} 40 Weansumog LVYV1099VVI1VI19091991101VVID 11 YMa-s58z

pueSI-G8Z 8U} 0 UoNRILUBWRIdLIOD 10} ((9EZ0S0T-2SZ0S0T) PURISI-G8Z 8U} 40 Weansumod 199991919991 11V.1I19199190VIV.L Il 4Ma-s582

n_mmﬂ: puUe uo11ed0 ] e(£4-G)ss0usnbeg sewlid

Author Manuscript Author Manuscript

Author Manuscript

Author Manuscript

J Formos Med Assoc. Author manuscript; available in PMC 2015 June 13.



Page 15

Cheng et al.

T-S.@ UleJis U0 paseq aJe siawiid sy} JO S31euIpI00 3pIIoafonu ay ._.Q

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

J Formos Med Assoc. Author manuscript; available in PMC 2015 June 13.



1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Cheng et al.

Doubling times of A. actinomycetemcomitans wildtype and mutants

Fimbriated wildtype and derived mutants

Strain Doubling Time | P value?
D7S-1 4.86 +0.09 -
D7SAItxA 479171 1.000
D7SAcdtB 5.53 +0.55 0.840
D7SAacrB 5.38+0.21 0.357
D7SApulG 494 +£0.27 1.000
D7SAp2579 5.82+0.30 0.233
D7SAp2639 542 +0.31 0.576
D7SA16 5.47 £ 0.62 0.230
D7SA285(R) 2.86+0.24 0.004
D7SAltxAAcdtB 5.65+0.15 0.054
D7SAltxAAcdtB A16 3.74+0.28 0.135
D7SAltxAAcdtB A285 2.17+£0.15 0.001
D7SAItxAAcdtB A16A285 | 2.09 + 0.24 0.011
Gene-restored mutants

Strain Doubling Time | P value?
D7SA285C(R) 4.86 +£0.53 0.678"
D7SAltxAAcdtB A285C 6.58 + 0.57 0.239""

Table 4

Page 16

The data are the averages of three independent experiments and standard deviations are shown. Significant levels are determined by & One-way

ANOVA or Pthe Student t test.

*
compared to D7S-1,

* %

compared to D7SAItxAAcdtB.
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