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 rs3790506 marker was overrepresented in cases with dmft 
scores higher than 5 (p = 0.05) and dmfs scores higher than 
6 (p = 0.05) compared to controls. The best-fitting model 
showed that dmfs is increased when the following factors 
are present: (1) females and both the anterior and posterior 
teeth are affected simultaneously, (2) when the T allele of the 
 tuftelin  rs3790506 is involved, and (3) the C allele of the  am-
elogenin  rs17878486 is involved. Our study provides support 
that genes involved in enamel formation modify caries sus-
ceptibility in humans.  Copyright © 2008 S. Karger AG, Basel 

 A genetic susceptibility to caries has been proposed 
based on twin studies [reviewed by Shuler, 2001], family 
studies [Klein and Palmer, 1940; Klein, 1946] and animal 
models [Hunt et al., 1944; Rosen et al., 1961]. The earlier 
molecular genetic studies in humans focused on proline-
rich peptides in saliva [Yu et al., 1986; Ayad et al., 2000; 
Young et al., 2002; Zakhary et al., 2007] and enamel for-
mation genes [Slayton et al., 2005; Deeley et al., 2008]. 
More recently, a genome-wide scan searching for caries 
susceptibility and protective loci was performed, and 
suggestive loci influencing caries were proposed [Vieira 
et al., 2008].
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 Abstract 

 There is evidence for a genetic component in caries suscep-
tibility, and studies in humans have suggested that variation 
in enamel formation genes and their interaction with  Strep-
tococcus mutans  levels may contribute to caries. For the pres-
ent study, we used DNA samples collected from 173 unre-
lated children from Istanbul: 91 children with 4 or more 
affected tooth surfaces and 82 caries-free children. Six sin-
gle-nucleotide polymorphism markers were genotyped in 
selected candidate genes  (ameloblastin ,  amelogenin ,  enam-
elin ,  tuftelin 1  and  tuftelin interacting protein 11)  that influence 
enamel formation. Allele and genotype frequencies were 
compared between groups with distinct caries experience. 
Regression analysis was used for the evaluation of individual 
gene effects, environmental effects and gene-environment 
interactions. Overrepresentation of the C allele of the  amelo-
genin  marker was seen in cases with dmft scores higher than 
8 (p = 0.01) when compared to controls. Also, overrepresen-
tation of the T allele of the  ameloblastin  marker was seen in 
cases with dmfs scores higher than 10 (p = 0.05) when com-
pared to controls. In addition, the CT genotype of the  tuftelin 
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  Amelogenesis is under genetic control, and the size, 
shape, shade and even caries susceptibility can be affect-
ed by genetic variation [Simmer and Hu, 2001]. Regard-
ing enamel formation genes,  tuftelin  genotypes appeared 
to interact with levels of  Streptococcus mutans  infection 
in children with early childhood caries. In this study, the 
authors investigated children from 3 to 5 years of age, and 
cases were defined as having 4 or more decayed or filled 
tooth surfaces, while controls were defined as children 
with no evidence of caries (including white-spot lesions) 
[Slayton et al., 2005]. In adults, genetic variation in  am-
elogenin  was associated with higher caries experience 
[Deeley et al., 2008].

  It is well documented that the first studies of complex 
traits suggest a stronger genetic effect than is found by 
subsequent studies. Both bias and genuine population di-
versity might explain why early studies tend to overesti-
mate the disease predisposition conferred by candidate 
gene polymorphisms [Ioannidis et al., 2001]. Our hy-
pothesis is that variation in genes involved in enamel for-
mation contributes to increased caries susceptibility in 
humans. Therefore, we investigated genetic markers in 
genes involved in enamel formation that were previously 
studied [Slayton et al., 2005; Deeley et al., 2008] to pro-
vide independent replication of the original results, which 
suggested that variation in  tuftelin  in the presence of  S. 
mutans  and variation in  amelogenin  contributed to high-
er caries experience in humans.

  Subjects and Methods 

 Subject Screening and Sample Collection 
 Subjects were recruited for this study as approved by both the 

Istanbul University and University of Pittsburgh Institutional Re-
view Boards, and informed consent was obtained. Eligible chil-
dren were from 3 to 6 years of age and were enrolled in the Pedo-
dontics Clinics of Istanbul University and daycare facilities in the 

city of Istanbul. One of the authors (A.P.) carried out the clinical 
examination after being calibrated by an experienced specialist 
(F.S.). The intraexaminer agreement was assessed by a second 
clinical examination in 10% of the sample after 2 weeks, with a  �  
of 1.0. Cases were defined as children with 4 or more decayed or 
filled tooth surfaces, while controls were defined as children with 
no evidence of caries (including no evidence of white-spot lesions) 
and no history of caries. Examinations were done with the use of 
a flashlight and mouth mirror. Caries experience was scored by 
the dmft and dmfs indexes according to World Health Organiza-
tion guidelines. Subjects with dmfs  1 0 but  ! 4 were considered 
intermediate in phenotype and were not included in the current 
study. Most parents reported not brushing the teeth of their chil-
dren. Drinking water in the region is not artificially fluoridated. 
Unstimulated saliva samples were obtained from all participants 
(subjects were asked to spit) and stored in Oragene DNA Self-Col-
lection kits (DNA Genotek Inc.) at room temperature until being 
processed. No centrifugation was performed in the saliva sam-
ples. No plaque samples were collected. DNA was extracted ac-
cording to the manufacturer’s instructions.

   S. mutans  Infection Detection 
 A real-time polymerase chain reaction assay was used to de-

termine the presence of  S. mutans  in the saliva of the subjects 
[Yano et al., 2002]. The assay implements primers targeting  gtf 
 genes of  S. mutans . We used the assay to test if detectable levels of 
 S. mutans  were present in the human genomic DNA samples we 
extracted from the saliva.

  Genotyping and Statistical Analysis 
 Genotyping was carried out using Taqman chemistry [Ranade 

et al., 2001] and performed on an Applied Biosystems 7900 HT 
Sequence Detection System machine. Single-nucleotide polymor-
phism markers were selected within candidate genes involved in 
enamel formation ( table 1 ).

   �  2  and Student t tests were performed to compare gender and 
age frequencies, and to test for deviations in the genotype distri-
butions from Hardy-Weinberg equilibrium. In addition, allele 
frequency comparisons between cases and controls were per-
formed taking into consideration severity of caries (higher vs. 
lower dmft and dmfs scores), presence of  S. mutans  and types of 
affected teeth (posterior vs. anterior). Because there was a statisti-
cally significant difference between the mean ages of the two 
comparison groups ( table 2 ), we used regression analysis to ac-
count for the age difference and to investigate main effect models, 

Table 1. Candidate gene markers studied

Gene Locus Marker public
ID

Base pair
change

Minor allele frequency 
(observed in the 
studied population)

Ameloblastin (AMBN) 4q21 rs34538475 G ] T 0.09
Amelogenin (AMELX) Xp22.31–p22.1 rs17878486 T ] C 0.20
Enamelin (ENAM) 4q13.3 rs3796704 G ] A 0.04
Tuftelin (TUFT) 1q21 rs3790506 T ] C 0.31

rs2337360 G ] A 0.45
Tuftelin interacting protein 11 (TFIP11) 22q12.1 rs134136 C ] T 0.38
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after which interactions (gene/environment, i.e. single-nucleo-
tide polymorphism/ S. mutans ) with covariates-confounders 
(gender, teeth affected) were tested. A power analysis demonstrat-
ed that a statistically significant correlation of 0.3 – with a 2-sided 
test  �  to 0.05 and a power of 80% – can be found with a sample of 
78 or more.

  Results 

 All genotypes were in Hardy-Weinberg equilibrium. 
 Tables 3  and  4  summarize the results of the allele fre-
quency comparisons and regression analysis. Overrepre-
sentation of the C allele of the  amelogenin  marker was 

Table 2. Demographics and caries prevalence of study subjects

Cases (n = 91) Controls (n = 82) p value

Age (mean 8 standard deviation), years 4.8280.81 5.9980.11 t test, p < 0.001
Gender

Females 52 42 �2 = 0.61; p = 0.44
Males 39 40

dmft (mean) 7.282.3 0
dmfs (mean) 11.887.7 0
Affected region

Posterior (molars) only 57 –
Anterior and posterior 34 –

Streptococcus mutans detected
Yes 68 17 �2 = 50.31; p = 7 ! 10–13

No 23 65

Table 3. Summary of the allele and genotype frequency comparisons (dmft/dmfs p values)

Marker Cases
vs.
controls

Moderate + 
severe cases1

vs. controls

Mild cases2

vs.
controls

Moderate
cases3 vs.
controls

Severe 
cases4 vs.
controls

Moderate +
severe cases
vs. mild cases
(analysis
within cases)

Mild vs. mod-
erate vs. severe
cases (analysis
within cases)

S. mu-
tans

Cases with poste-
rior teeth affected 
vs. cases with ante-
rior + posterior 
teeth affected

Allele
rs34538475 AMBN 0.1 0.06/0.07 1.0/0.7 0.04/0.38 0.66/0.05 0.36/0.7 0.45/0.64 0.47 1.0
rs17878486 AMELX 0.3 0.2/0.2 0.47/0.62 0.63/0.6 0.01/0.09 0.31/0.37 0.03/0.27 0.52 0.0085

rs3796704 ENAM 0.11 0.14/0.2 0.28/0.24 0.19/0.1 0.22/0.39 0.53/0.22 0.6/0.83 0.27 1.0
rs2337360 TUFT1 0.2 0.2/0.23 0.64/0.61 0.36/0.59 0.15/0.12 0.96/0.76 0.71/0.67 0.24 0.23
rs3790506 TUFT1 0.71 0.48/0.5 0.24/0.78 0.63/0.89 0.41/0.32 0.13/0.16 0.21/0.53 0.84 0.52
rs134136 TFIP11 0.77 0.55/0.58 0.18/0.94 0.55/0.69 0.76/0.80 0.11/0.24 0.27/0.94 0.96 0.34

Genotypes
rs34538475 AMBN 0.26 0.1/0.14 1.0/0.15 0.08/0.36 0.66/0.09 0.38/0.71 0.57/1.0 0.55 1.0
rs17878486 AMELX 0.63 0.53/0.62 1.0/0.56 0.62/0.63 0.1/0.33 0.83/0.74 0.21/0.18 0.79 0.056

rs3796704 ENAM 0.11 0.21/0.32 0.28/0.19 0.19/0.1 0.22/0.28 0.53/0.22 0.72/0.9 0.26 1.0
rs2337360 TUFT1 0.19 0.23/0.26 0.88/0.25 0.36/0.51 0.35/0.17 1.0/1.0 0.96/0.89 0.42 0.35
rs3790506 TUFT1 0.1 0.05/0.05 0.26/0.56 0.05/0.03 0.56/0.27 0.08/0.14 0.22/0.23 0.89 0.64
rs134136 TFIP11 0.79 0.78/0.8 0.1/0.85 0.8/0.8 1.0/0.97 0.11/0.21 0.25/0.98 0.98 0.59

For explanation of gene symbols, see table 1. Bold indicates p values equal or below 0.05.
1 Cases with dmft scores higher than 4 or dmfs scores higher than 6.
2 Cases with dmft scores equal to 4 or dmfs scores up to 6.
3 Cases with dmft scores between 5 and 8 inclusive or dmfs scores between 6 and 10 inclusive.
4 Cases with dmft scores higher than 8 or dmfs scores higher than 10.
5 Significant result for the C allele in cases with both anterior and posterior teeth affected.
6 Significant result for the CC genotype in cases with both anterior and posterior teeth affected. 
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seen in cases with dmft scores higher than 8 (p = 0.01) 
when compared to controls, and when compared to cases 
with dmft scores between 5 and 8 (p = 0.03). In cases with 
both anterior and posterior teeth affected (p = 0.008), 
overrepresentation of the C allele of the  amelogenin  mark-
er was seen when compared with cases with only poste-

rior teeth affected. Also, overrepresentation of the T allele 
of the  ameloblastin  marker was seen in cases with dmft 
scores between 5 and 8 (p = 0.04) when compared to con-
trols, and in cases with dmfs scores higher than 10 (p = 
0.05) when compared to controls. When genotypes were 
considered, an overrepresentation of the CC genotype of 

Table 4. Summary of regression results

Base model
Null Model: gender as a confounder R2 = 0.021
Ia Model: region of mouth R2 = 0.139
Ia Model: rs3790506 R2 = 0.012
Ia Model: rs17878486 R2 = 0.027
IIa Model: gender + region R2 = 0.148
IIb Model: region + rs17878486 R2 = 0.145
IIc Model: region + rs3790506 R2 = 0.143
IIIa Model: gender + region + rs17878486 R2 = 0.153
IIIb Model: gender + region + rs3790506 R2 = 0.151
IIIc Model: region + rs3790506 + rs17878486 R2 = 0.148
IV Model: gender + region + rs3790506 + rs17878486 R2 = 0.156

With interactions with Streptococcus mutans
IIaa Model: gender + region + gender � region R2 = 0.179***
IIbb Model: region + rs17878486 + region � rs17878486 R2 = 0.145
IIcc Model: region + rs3790506 + region � rs3790506 R2 = 0.146
IIIaaa Model: gender + region + rs17878486 + gender � region R2 = 0.183***
IIIaab Model: gender + region + rs17878486 + region � rs17878486 R2 = 0.153
IIIbba Model: gender + region + rs3790506 + gender � region R2 = 0.185***
IIIbbb Model: gender + region + rs3790506 + region � rs3790506 R2 = 0.153
IIIcca Model: region + rs3790506 + rs17878486 + region � rs17878486 R2 = 0.148
IIIccb Model: region + rs3790506 + rs17878486 + region � rs3790506 R2 = 0.1518

For modeling dmft
Base model
Null Model: gender as a confounder R2 = 0.083
Ia Model: region of mouth R2 = 0.352
Ia Model: rs17878486 R2 = 0.03
IIa Model: gender + region R2 = 0.396
IIaa Model: gender + region + region � gender R2 = 0.402***
IIb Model: region + rs17878486 R2 = 0.353
IIIa Model: gender + region + rs17878486 R2 = 0.397
IV Model: gender + region + region�gender + rs17878486 R2 = 0.403

Modeling dmfs (33 missing observations due to missing values of SNPs)
Base model: intercept
Null Model: gender as a confounder R2 = 0.0
Nullb Model: age as confounder R2 = 0.312 As age increases, dmfs decreases
Ia Model: rs34538475 R2 = 0.027 Presence of T allele increases dmfs
Ib Model: rs17878486 R2 = 0.019 Presence of C allele increases dmfs
IIa Model: age + rs17878486 R2 = 0.33***
IIb Model: age + rs34538475 R2 = 0.317
IIc Model: (age + gender) + age R2 = 0.314
III Model: age + rs17878486 + rs34538475 R2 = 0.343

Region = Posterior teeth affected versus anterior + posterior teeth affected; SNP = single-nucleotide polymorphism. The asterisks 
indicate best-fitting models.
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the  amelogenin  marker was seen in cases with both ante-
rior and posterior teeth affected (p = 0.05) when com-
pared with cases with only posterior teeth affected. In 
addition, the CT genotype of the  tuftelin  rs3790506 mark-
er was overrepresented in cases with dmft scores higher 
than 5 (p = 0.05) and dmfs scores higher than 6 (p = 0.05) 
compared to controls, in cases with dmfs scores between 
6 and 10 (p = 0.03) compared to controls, and in cases 
with dmft scores between 5 and 8 (p = 0.05) and dmfs 
scores between 6 and 10 (p = 0.03) compared to con-
trols.

  We used regression analysis to assess, among the 91 
cases, gene-environment interactions and the effects of 
confounders such as age or gender. Step-wise approaches 
were used and  S. mutans  data were used as an interactive 
term ( table 4  lists the models tested). This analysis dem-
onstrated that age was not correlated with dmft or dmfs 
scores, but gender was (dmft: p = 0.006, R 2  = 0.08; dmfs: 
p = 0.10, R 2  = 0.03) with females having more caries le-
sions than males. The region of the mouth contributed 
most to dmft/dmfs scores with both anterior and poste-
rior teeth affected contributing to dmft (p  !  0.001, R 2  = 
0.30) and dmfs (p = 0.002, R 2  = 0.10). When modeling  S. 
mutans , only the  enamelin  rs3796704 marker (T allele, 
common allele) contributed to  S. mutans  (p = 0.03): –1.77 
+ 1.55  �  rs3796704.

  The best-fitting model incorporating interactions 
(dmfs/dmft =  �  +  �  1  �   X 1  +  �  2  �   X 2  + … +  �  n  �   X n  +  �  1  �   X i  �   X j  
+ … +  � ) were:
  1 dmfs = 9.90 + 1.88  �  mouth region – 0.19  �  gender + 

5.11  �  mouth region  �  gender 
 2 dmfs = 10.88 + 1.75  �  mouth region – 0.18  �  gender – 

0.59  �  rs17878486 + 4.99  �  mouth region  �  gender 
 3 dmfs = 8.83 + 1.63  �  mouth region – 0.35  �  gender + 

0.84  �  rs3790506 + 5.35  �  mouth region  �  gender 

 rs17878486 and rs3790506 being equal to 0 for CC, 1 for 
CT and 2 for TT, with T as the common allele. 

 The signs of the parameter estimates ( � ) indicate that 
the dmfs is increased when females and both the anterior 
and posterior teeth are involved simultaneously, when 
the T allele of ds3790506  (tuftelin)  is involved and when 
the C allele of rs17878486  (amelogenin)  is involved. How-
ever, the involvement of either single-nucleotide poly-
morphism does not significantly increase the fit of the 
model over the involvement of either the affected teeth or 
the gender of the individual.

  Discussion 

 Our report further supports the notion that genetic 
variation in enamel formation genes contributes to caries 
susceptibility. Previous work [Slayton et al., 2005] showed 
that an association between genetic variation of  tuftelin  
and caries could only be detected when the interaction 
with  S. mutans  levels was included in the model. We did 
find evidence for an association between the  tuftelin  
rs3790506 marker and caries experience, but these results 
were not improved by including  S. mutans  in the model. 
However, our  S. mutans  assessment was based on the 
presence or absence of the bacterial DNA in our assay and 
not semiquantitative such as the assessment done by Slay-
ton et al. [2005]. A possible interaction between genetic 
variation and  S. mutans  could be seen for the  enamelin  
marker (p = 0.03).

  Our study has some obvious limitations. We did not 
have bitewing radiographs, and incipient interproximal 
lesions may have not been detected in both the case and 
control groups. Cases and controls were not perfectly 
matched. There were slightly more females than males 
among the cases (although this difference was not statis-
tically significant), and controls were on average 1 year 
older than the cases. Caries experience (dmft and dmfs 
scores) tends to increase with age; however, we do not 
think the difference in the ages between cases and con-
trols greatly impacted our results since controls were old-
er than cases. Finally, population substructure may have 
gone undetected. In Istanbul, 75% of the population is 
Turkish, and the remainder is represented by Kurds, Ar-
menians, Jews and Greeks.

  Our previous work with children older than 12 years 
and adults from Guatemala suggested that variation in 
 amelogenin  contributed to high caries susceptibility 
[Deeley et al., 2008]. It is remarkable to see that we could 
replicate this result in a sample population with several 

Table 5. Reported associations between enamel formation genes 
and caries susceptibility

Genes Slayton
et al. 

Deeley
et al.

Present 
study

Ameloblastin – – +
Amelogenin – + +
Enamelin – – +1

Tuftelin +1 +2 +
Tuftelin interacting protein 11 – – –

1 In the presence of Streptococcus mutans. 
2 Only in less severely affected cases.
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differences: (1) population of Turkey versus Guatemala; 
(2) age groups (3- to 5-year-old children vs. individuals 
12 or older), and caries measurement (dmft and dmfs in-
cluding white-spot lesions vs. traditional DMFT). Both 
studies (in Guatemala and Turkey) had females more se-
verely affected by caries than males. It is unanimous in 
the literature that females are more affected by caries 
than males [Lukacs and Largaespada, 2006]. Multivari-
able logistic regression analysis of data from more than 
2,500 preschool children from Belgium [Declerck et al., 
2008] showed that gender is significantly associated with 
caries experience, independently from age, home situa-
tion (having both parents at home vs. separated parents), 
educational level of parents, presence of dental plaque, 
age at start brushing, help with brushing, frequency of 
brushing, use of nursing bottle, application of sweet on 
pacifier, cleaning of pacifier in the parent’s mouth, snack-
ing between meals and/or at night, and drinking sugared 
liquids between meals and/or at night. In addition, a ge-
nome-wide search of caries genetic susceptibility or pro-
tective loci in 46 Filipino families (in which females were 
more severely affected than males) also suggested a locus 
on chromosome Xq27.1 as harboring a protective caries 
gene (although this region is far from  amelogenin ) [Viei-
ra et al., 2008]. The explanation for the gender bias seen 
in caries may lie in a genetic factor (or multiple genetic 
factors) on chromosome X.

   Amelogenin  is a likely candidate gene for caries sus-
ceptibility in humans and has differential expression in 
males versus females. Mutations and deletions in  amelo-
genin  cause one of the forms of X-linked amelogenesis 
imperfecta [reviewed by Hu et al., 2007]. However, ame-
logenesis imperfecta can be expressed differently de-
pending on the gender of the affected individual. The 
enamel of affected males can be extremely thin and 
smooth, whereas in the teeth of affected females, enamel 
can be of almost normal thickness with defective vertical 
ridging [reviewed by Alvesalo, 1997]. Both the X and Y 
chromosomes have a version of the  amelogenin  gene [Na-
kahori et al., 1991]. However, the amino acid sequences of 
both X and Y  amelogenin  genes seem to differ to some 
extent, and the transcription products of the X and Y 
chromosomes are both quantitatively and qualitatively 
different [reviewed by Alvesalo, 1997]. The Y chromo-
some locus encodes a functional protein even though its 
level of expression is only 10% of that of the locus on the 
X chromosome [Salido et al., 1992]. One can speculate 
that variation of  amelogenin  X alters enamel structure 
and increases susceptibility to caries and that the addi-
tional 10%  amelogenin  expression in males partly ex-

plains why females tend to show higher scores of caries 
experience.

  Our study also suggested for the first time that  amelo-
blastin  may contribute to caries susceptibility.  Amelo-
blastin  is expressed during the differentiation of inner 
enamel epithelium into ameloblasts, with intense local-
ization in the Tomes processes of secretory ameloblasts. 
In contrast to  amelogenin , only modest amounts of  am-
eloblastin  can be detected in enamel matrix [Krebsbach 
et al., 1996].

  The cumulative evidence from our study and from the 
studies of others [Slayton et al., 2005; Deeley et al., 2008] 
strongly suggests a role of the genes involved in the enam-
el formation in caries susceptibility in humans. We hy-
pothesize that genetic variation in these genes contrib-
utes to structural alterations of the enamel that may cause 
higher levels of mineral losses under acidic conditions 
and/or facilitate bacterial attachment and biofilm deposi-
tion. However, there is some variation among the studies 
regarding the genetic associations demonstrated ( table 5 ). 
These differences can be the result of numerous factors 
such as heterozygosity of the genetic markers in the stud-
ied populations and variations in the study designs (data 
on primary vs. permanent dentitions, caries experience 
scores by tooth vs. by surface, availability of  S. mutans  
data). Future studies will focus on the identification of 
functional variants within these genes that may provide 
a clear biological rationale on how variation in genes con-
trolling enamel formation can influence future suscepti-
bility to caries.

  In summary, our results suggest that variation in  am-
elogenin ,  ameloblastin  and  tuftelin  contribute to caries 
susceptibility. In addition, variation in  enamelin  may in-
teract with the presence of  S. mutans  infection.
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