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Abstract
A total of 195 subjects, including 141 exposed workers and 54 farmers, were recruited in China
to evaluate the usefulness of chromium (Cr) in erythrocytes as a biomarker of exposure to CrVI.
The levels of Cr in red blood cells (RBC) were remarkably elevated even in a group of workers
routinely exposed to CrVI as low as 5�15 mg m�3 and showed a significant exposure�response
trend over the exposure range from 0.002 to 1152 mg m�3 (pB0.0001). Multiple linear
regression analyses indicated that age and cigarette smoke were not associated with Cr in RBC.
However, female subjects had lower Cr in RBC compared with their male counterparts for
about the same exposure levels (pB0.05). The genotypes of band III, which encodes for anion
transport protein and may regulate /CrO�2

4 across cell membranes, were also identified and
included for analysis. The ratios of Cr in RBC to CrVI exposure were higher in subjects with a
wild genotype than in those who had heterozygous or homozygous variant alleles. However, the
difference was not statistically significant probably due to the limited number of participating
subjects. In addition, 15 of the 141 workers were selected for multiple exposure monitoring and
blood sample collections to evaluate the inter- and intraindividual variations of Cr in RBC.
Compared with the personal exposure levels, Cr in RBC had small intraindividual variations
with a reliability coefficient of 0.88. The study suggests that Cr in RBC may serve as a sensitive
and reliable biomarker for long-term exposure to CrVI.

(Received 8 October 2007; accepted 4 April 2008)

Introduction

Chromium (Cr) is a generally abundant element in the earth’s crust and occurs in

oxidation states ranging from Cr2� to Cr6�, but only trivalent (CrIII) and hexavalent

(CrVI) forms are of biological significance. CrIII, the more common form, is known to
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be essential for certain physiological functions and does not show significant health

hazard to humans partly due to its poor absorption and inability to cross cell

membranes (NRC 1989, Anderson 1994, Costa 1997). In contrast, CrVI is a strong

oxidizing agent and poses much greater human health hazards than its trivalent

analogue. CrVI has been consistently associated with increased mortality due to

respiratory cancer in numerous studies of workers with occupational exposures, and

therefore, is recognized as a human carcinogen (IARC 1990, Moulin et al. 1990,

Davies et al. 1991, Wang et al. 1994, De Flora 2000). CrVI is present in most of the

Superfund toxic waste dump sites and has been known as a widespread environmental

contaminant; therefore, its potential toxic and carcinogenic effects at ambient levels

on humans have attracted increasing public concern.

Monitoring of Cr in different biological matrices, such as urine, plasma,

erythrocytes, lymphocytes and exhaled breath condensate, etc. has been used as a

biomarker of Cr exposure (McAughey et al. 1988, Minoia et al. 1988, Lukanova et al.

1996, Miksche & Lewalter 1997, Caglieri et al. 2006, Murgia et al. 2006). Unlike

many other metals, CrVI exhibits some chemical properties that significantly affect its

bioavailability in cells. As indicated in a recent review, CrVI readily crosses the cell

membrane as a tetrahedral divalent /CrO2�
4 anion, which is structurally similar to /SO2�

4

and /PO3�
4 anions, and therefore may share with them the same anion transport carrier

identified as a band III protein (Chiu et al. 2004). Band III is a member of a widely

distributed family of proteins present in many tissues. They play important roles in

many cellular processes that involve the exchange transport of anions across

membranes (Alper 1991, Bruce & Tanner 1999). Once entering into cells via band

III-regulated uptake, CrVI is reduced quickly through several steps into CrIII, which

forms octahedral complexes and is trapped inside the cells because it typically crosses

cell membranes by simple diffusion at a rate three orders of magnitude lower than

CrVI (Cohen et al. 1993, Chiu et al. 2004). Intracellular reduction and trapping of

reduced Cr appear to be important determinants of accumulation of chromate in cells,

and therefore, intracellular Cr has been proposed as an indicator of CrVI exposure

(Cohen et al. 1993, Alexander & Aaseth 1995). The present study was conducted in a

Chinese population with a broad range of CrVI exposure to examine the usefulness of

Cr in erythrocytes as an exposure biomarker for CrVI. The study also examines the

potential effects of band III polymorphism on Cr in erythrocytes.

Materials and methods

The human subject protocol for this study was approved by the IRBs of both the New

York University School of Medicine and the Central South University School of

Public Health in China. Written informed consent was obtained from all participating

subjects.

Subject recruitment and personal exposure monitoring of CrVI

A total of 195 subjects were recruited through questionnaire interview, physical

examination and personal exposure monitoring for CrVI. These included 141 workers

from a chromate factory, in which sodium dichromate (Na2Cr2O7) was used as a raw

material to produce chromic anhydride (CrO3), and 54 farmers recruited from an area

about 90 miles away from the chromate facility in Shandong, China. A full-shift (8 h)
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personal-exposure sample was collected for each individual subject onto a 0.8 mm

mixed cellulose ester (MCE) filter. A small personal pump drew air through the lapel-

mounted filter holder at 2 l min�1. For quality control purposes, both blank and

spiked monitors (10% of the total samples) were also prepared in the field. At the end

of personal-exposure monitoring, all subjects were asked to provide 50 ml urine

samples. Each sample was collected in a sterile specimen container and then an

aliquot was transferred into a 15 ml cell culture centrifuge tube. These aliquots of

urine samples were kept at 48C after collection in the field and during transportation

to a local laboratory. All urine samples were then stored at �208C until analysed

for cotinine and creatinine. In addition, a 5 ml blood sample was collected into

a heparinized Vacutainer tube from each of the participating subjects by a local

registered nurse.

NIOSH method 7600 was employed to determine CrVI sampled on the filters (Eller

& Cassinelli 1994). The recovery rate of CrVI from the filters spiked with K2CrO4

standards was 92.193.0%. The limit of detection was 0.06 mg per filter as estimated

based on the measurement of 10 blank filters (mean�3 SD of blank filters). The

concentration (C) of CrVI in air was calculated by the following equation:

C (mg=m3)�[W (mg)�B (mg)]=V (m3)

where W and B are mass of CrVI in each sample and average blank, respectively. V is

the total air volume sampled.

Blood sample preparation and analysis of Cr in red blood cells

Red blood cells (RBC) were separated and prepared according to the method

described by Lukanova et al. (1996). Briefly, haematocrit 1 (Ht 1) was first

determined soon after collection, using a haematocrit centrifuge. Samples were then

left for 30�40 min at room temperature to allow the blood to separate into two

fractions: fraction 1, the supernatant, contained the plasma and white blood cells, and

fraction 2 the residual, contained predominantly red blood cells. The interphase

between the two fractions, containing mainly the lymphocytes, was transferred into

cryogenic vials and stored at �708C for DNA isolation and genotype identification.

The second fraction was resuspended with 0.9% sodium chloride up to the initial

volume of blood collected, allowed to stand at room temperature for 10 min, and

centrifuged for 10 min at 3000 rpm. The same washing procedure was repeated twice

more with 0.9% NS. Haematocrit 2 measurement (Ht 2) and RBC counts were made

just before centrifuging for the last washing. The erythrocyte pellet after the last wash

was diluted to the final volume of the blood sample with Triton X-100 at 0.1%. The

lysed RBC preparations were then ready to use for Cr analysis.

Cr levels in erythrocytes were measured by graphite furnace atomic absorption with

Zeeman background correction as described by Gao et al. (1993) using a Thermo

Elemental Solaar M6 atomic absorption spectrometer. Reference standard solution

(potassium dichromate) certified by Fisher was used to make a series standards for

calculation. The limit of detection in this study was 0.3 mg l�1. To investigate any error

inherent in the procedures of RBC preparation and Cr analysis, we identified one

subject who agreed to provide one single donation of 25 ml of blood samples

(collected in five separate Vacutainer tubes). These tubes of blood, serving as quality

control (QC) samples, were coded to appear like regular study samples so that those
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performing the RBC preparations and analyses of Cr were not aware of the nature of

these QC samples. The coefficient of variation (CV) for Cr levels in erythrocytes of

these QC samples was 12.9%.

DNA isolation and genotype identification of band III gene

DNA was isolated from blood samples using the commercial QIAamp DNA Mini kit

(Qiagen, Valencia, CA, USA).

Band III polymorphism (band III Memphis) at codon 56. Human erythrocyte band III

polymorphism of Lys56Glu was identified by using allele-specific probes in real-time

polymerase chain reaction (PCR). Primers and probes were designed using

PrimerExpress 3.0 software (Applied Biosystems, Foster City, CA, USA). The

primers were: 5?-CACAGACTACCACACCACATCACA-3? (forward) and 5?-AAA

GGCAGCATGGGAAAGAA-3? (reverse). 5?-VICACCCACGAGGTGAGMGB-3? and

5?-FAMACCCACAAGGTGAGGMGB-3? were used as specific probes for A and G

alleles, respectively. Reactions were performed using the Applied Biosystems 7300

real-time PCR instrument in 96-well plates with each well containing 20 ng of

genomic DNA isolated from blood, 1�TaqMan master mix, dual-labelled probes

(100 nM each) and PCR primers (900 nM each). Each plate contained two control

DNA samples for each homozygous genotype and four no template controls. In

addition, 10% of samples were repeated for quality control purpose.

Measurement of urinary cotinine and creatinine

Urinary cotinine, one of the major metabolites of nicotine, was employed to evaluate

the smoking status of study subjects and was quantified by cotinine direct enzyme-

linked immunosorbent (ELISA) kits (Immunalysis, Pomona, CA, USA). In order to

adjust the levels of cotinine in urine samples, urinary creatinine was also determined

using commercially available creatinine assay kits according to the standard procedure

provided (ThermoDMA, Arlington, TX, USA).

Statistical analyses

For statistical analyses, log transformation was performed on levels of Cr in both RBC

and air to improve the normality. Differences in the levels of Cr in RBC among groups

were compared by two-sample Student’s t test. The levels of Cr in RBC and CrVI

exposure among non-smokers, moderate smokers and heavy smokers in participating

farmers were compared using ANOVA. The multiple linear regression analysis was

used to evaluate the impact of CrVI exposure on Cr in RBC while controlling potential

confounders such as age, gender, cotinine levels and genotypes of band III. The data

were analysed using SAS statistical packages (SAS Institute Inc., Cary, NC, USA). All

the p values were two-sided.

Results

The demographic characteristics of the participating subjects and the levels of their

personal exposure to CrVI monitored on the day of biological sample collections are

shown in Table I. Both self-reported data on smoking habits and urinary cotinine
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levels were initially used to discriminate smokers from non-smokers. It was observed

that all self-reported smokers had elevated cotinine levels (]100 mg g�1 creatinine).

On the other hand, almost all non-smokers were found to have cotinine levels far

below 100 mg g�1 creatinine, except three farmers with levels slightly higher than

100 mg g�1 creatinine. Therefore, a cotinine level of 100 mg g�1 creatinine was used as

criteria to affirm smoking status. As shown in Table I, there were no significant

differences in age, sex and smoking status between the two groups. The median

exposure levels of CrVI monitored in the participating workers and farmers on the day

of biological sample collections were 17.8 mg m�3 and 0.06 mg m�3, respectively.

Accordingly, the levels of Cr in RBC in workers were significantly higher than those

in the participating farmers (pB0.0001). To evaluate the sensitivity of Cr in RBC as

a biomarker for CrVI exposure, the study subjects were further divided into six

subgroups according to their exposure levels of CrVI. As shown in Figure 1, the

geometric means of Cr in RBC increased significantly in groups of workers exposed to

CrVI at or above 5 mg m�3 and showed a significant exposure�response trend over the

entire exposure range from 0.002 to 1152 mg m�3 (pB0.0001).

In order to examine the effects of confounding factors including smoking and other

demographic factors, such as age and sex, on the levels of Cr in RBC, an initial

analysis was first conducted to compare the levels of Cr in RBC among non-smokers,

moderate smokers and heavy smokers in the recruited farmers. As shown in Table II,

no significant difference was detected in the levels of Cr in RBC between smokers and

non-smokers. Furthermore, multiple regression analyses of Cr in RBC were

conducted on CrVI exposure in all recruited subjects, controlling for age, gender

and smoking as possible confounders. The results indicated that age and cigarette

Table I. Characteristics of the study subjects, exposure levels and Cr in red blood cells (RBC).

Workers

(n�141)

Farmers

(n�54) p-Values

Female, n (%) 39 (27.7) 11 (20.4) 0.30

Smoking (cotinine �100 mg g�1 creatinine), n (%) 66 (46.8) 33 (61.1) 0.076

Age (years), median (1st and 3rd quartiles) 35 (31, 41) 34 (30, 39) 0.23

CrVI exposure (mg m�3), median (1st and

3rd quartiles)

17.8 (6.8, 46.3) 0.06 (0.01, 0.13) 0.001

Cr in RBC (mg l�1), median (1st and 3rd quartiles) 6.00 (3.75, 11.61) 2.64 (1.44, 3.55) B0.0001

Figure 1. Relationship between CrVI exposure and the levels of Cr in red blood cells (RBC) (geometric

mean and SD). The number shown in the columns represents the subject number in corresponding

subgroup. *Compared with farmers, pB0.0001; **exposure�response trend test, pB0.0001.
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smoke were not among the confounders. However, female subjects may have lower

Cr in RBC compared with male counterparts at about the same exposure levels

(Table III, pB0.05).

To evaluate whether or not genetic variations contribute to the difference in

individuals’ accumulation of Cr in RBC due to CrVI exposure, the band III Memphis

polymorphisms were identified using the real-time PCR technique. The genotype

identification demonstrated that there were only three subjects who had homozygous

variant alleles. Therefore, the data obtained from subjects who had either hetero-

zygous or homozygous variant alleles were merged together and compared with that

from those who had a wild genotype. Because the exposure levels of CrVI were not

comparable between the two genotype groups, it is not appropriate to compare Cr

levels in RBC directly. Alternatively, the ratios of Cr in RBC to CrVI exposure (mg l�1

per mg m�3 of CrVI) were calculated and analysed. They were found to be higher in

subjects with a wild genotype than that in those with either heterozygous or

homozygous variant alleles. However, the differences were not statistically significant

in either occupationally or non-occupationally exposed subjects probably due to the

limited number of participating subjects (Figure 2). A multiple regression analysis

Table II. Effects of cigarette smoking intensity on the levels of Cr in red blood cells (RBC). Values are

median (1st quartile, 3rd quartile).

Groupsa No. of subjects Cr exposure (mg m�3) Cr in RBC (mg l�1)

Non-smokers 21 0.06 (0.02, 0.14) 2.70 (1.76, 3.15)

Moderate smokers 10 0.05 (0.01, 0.08) 3.36 (2.41, 4.30)

Heavy smokers 23 0.05 (0.01, 0.14) 1.84 (1.25, 3.45)

aGrouped according to urinary cotinine levels: non-smokers, B100 mg g�1 creatinine; moderate smokers,

100 to B1000 mg g�1 creatinine; heavy smokers, ]1000 mg g�1 creatinine.

Table III. Least squares regression analysis relating Cr in red blood cells (RBC) to Cr exposure levels with

or without adjustment by sex, smoking, age and band III.

b (SE) p-Values

Cr exposure only without adjustment

Ln Cr exposure 0.16 (0.013) B0.0001

Adjusted for sex

Ln Cr exposure 0.15 (0.013) B0.0001

Sex, female �0.11 (0.054) 0.042

Adjusted for sex, smoking and age

Ln Cr exposure 0.15 (0.013) B0.0001

Sex, female �0.14 (0.063) 0.0309

Log Cotinine �0.05 (0.054) 0.4127

Age �0.003 (0.004) 0.4952

Adjusted for sex, smoking, age and band III

Ln Cr exposure 0.15 (0.013) B0.0001

Sex, female �0.13 (0.065) 0.0486

Log Cotinine �0.014 (0.027) 0.6088

Age �0.003 (0.004) 0.5150

Band III polymorphism 0.003 (0.060) 0.9551
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further suggested that Band III Memphis polymorphism may not significantly affect

the transport of CrVI across membranes of erythrocytes (Table III).

In order to examine further the reliability of Cr in RBC to index CrVI exposure,

15 out of the 141 exposed workers were selected for multiple personal exposure

monitoring and blood sample collections on three consecutive Mondays to evaluate

the inter- and intraindividual variations of Cr in RBC. As shown in Table IV, the

variations in personal exposure levels of CrVI were substantially larger within subjects

relative to between subjects. Compared with the personal exposure levels, Cr in RBC

had relatively small intraindividual variations with reliability coefficient of 0.88,

suggesting that Cr in RBC may serve as a sensitive and reliable biomarker for long-

term CrVI exposure (Table IV).

Discussion

As shown in Table I, Cr levels in RBC were significantly higher in exposed workers

than in participating farmers (pB0.0001); however, the difference appears to be

relatively small compared with the extremely different exposure levels between the two

groups. Because Cr may be lost during the process of erythrocyte preparation the

validity of the results needs to be addressed. According to the literature, the

background levels of Cr in RBC are 2.591.5 mg l�1 (mean9SD) and 4.5 mg l�1

(mean plus 1 standard error) in control subjects (Kerger et al. 1996, Lukanova et al.

1996). Cr in RBC measured in the participating farmers in the present study is

comparable to these reference levels with a median of 2.64 mg l�1. This may suggest

Figure 2. Effects of band III polymorphism on Cr levels in red blood cells (RBC) (mg l�1 per mg m�3 of

CrVI exposure). The number shown in the columns represents the subject number in corresponding

subgroup.

Table IV. Intra- and interindividual variations of Cr in red blood cells (RBC).

Variance Components

Between subjects Within subjects

Reliability

coefficient (R)a

Ln Cr in RBC 0.556 0.077 0.88

Ln CrVI exposure 0.641 0.666 0.49

aReliability coefficient (R)�VarianceBetween/(VarianceBetween�VarianceWithin).

CrVI exposure and biomarkers 473

B
io

m
ar

ke
rs

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

H
ac

et
te

pe
 U

ni
v.

 o
n 

11
/1

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



that there was no significant loss or contamination of Cr in samples collected in

farmers due to the procedure of RBC preparation. Furthermore, the results of QC

sample analyses in this study suggested that there was no significant error inherent

in the procedures of RBC preparation and Cr analysis. Any loss of Cr in RBC during

preparation should be randomly distributed into samples collected from either

exposed or unexposed subjects. It is not likely that a potential loss of Cr due to

preparation procedures will contribute only to the measurement of samples collected

from exposed subjects. Therefore, based on the outcomes of QC sample analyses and

background levels in farmers the Cr levels of RBC in exposed workers should be

reliable. This is further supported by the excellent exposure�response relationship as

shown in Figure 1.

Cr in RBC has long been recognized as a biomarker to index an integrated CrVI

exposure over a lifespan of erythrocytes (approximately 120 days) (Wiegand et al.

1988, Lukanova et al. 1996, Miksche & Lewalter 1997). However, very few studies

have been conducted so far to evaluate how well and reliable a single measurement of

Cr in RBC reflects the integrated exposure level of CrVI within an individual. For this

purpose, the analyses of inter- and intraindividual variations over time with regard to

levels of CrVI exposure and Cr in RBC were performed in this study on 15 subjects

with data gathered on three consecutive Mondays. As shown in Table IV, the results

revealed that the personal exposure levels to CrVI fluctuated greatly within individuals

over time and the intraindividual variations were even greater than interindividual

variations. Unlike personal exposure monitoring, the levels of Cr in RBC were

relatively stable within an individual over time. The within-individual variations of Cr

in RBC were small relative to the between-individual variations with reliability

coefficient of 0.88. These suggest that a single measurement of Cr in RBC is

representative of the average of multiple sample analyses of Cr in RBC, and therefore,

it is appropriate and reliable to use one sample measurement per subject to index his/

her integrated CrVI exposure.

It has been shown that CrVI is not stable in the bloodstream after absorption due to

the presence of various reductants in plasma, such as ascorbic acid and glutathione. As

indicated in a number of studies, following exposure, CrVI can reach the bloodstream

and is subject to further reduction within plasma, which may prevent CrVI uptake by

erythrocytes (Harzdorf & Lewalter 1997, Miksche & Lewalter 1997, Corbett et al.

1998). Harzdorf & Lewalter (1997) investigated an in vitro reduction rate of CrVI in

plasma and found that CrVI concentration faded gradually after a single exposure and

decreased by about 20% within the initial 60 min. This finding may suggest that

plasma reductive capacity is not sufficiently strong to prevent CrVI from penetrating

into cells, including erythrocytes. Other factors should also be considered as potential

confounders when examining confounding effects for Cr uptake by erythrocytes.

Band III is a member of a widely distributed family of proteins present in many

tissues, which play important roles in many cellular processes that involve the

exchange transport of anions across membranes (Alper 1991, Bruce & Tanner 1999].

It was, therefore, proposed that band III proteins may also be important in regulating

CrVI transport across membranes of erythrocytes due to the similarity of /CrO�2
4 with /

SO�2
4 and /PO�3

4 . The role of band III proteins in modulating CrVI uptake by

erythrocytes was first investigated using 51CrVI in human erythrocytes independently

by two groups of researchers (Ottenwaelder et al. 1988, Alexander & Aaseth 1995).

Both studies demonstrated that the uptake of 51CrVI by erythrocytes was fast and

474 Q. Qu et al.
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efficient, and could be significantly inhibited by the addition of 4,4?-diisothiocyana-

tostilbene-2,2?-disulfonic acid, an established band III protein inhibitor. These

findings suggest that CrVI uptake by erythrocytes is indeed dependent on band III

activity. However, there has been no study conducted so far to evaluate if the genetic

variations of band III account for the observed interindividual difference in cellular

uptake of CrVI.

The gene encoding band III protein has been found to be polymorphic. The most

common polymorphism is band III Memphis and represents a widespread poly-

morphism, being detected with a prevalence ranging from 5% to 24% in virtually

all ethnic groups with slightly reduced anion transport activity (Palatnik et al. 1990,

Jarolim et al. 1992, Bruce et al. 1994, Bruce & Tanner 1999). The present study

examined, for the first time, the potential effects of band III Memphis polymorphism

on the relationship between Cr in RBC and CrVI exposure in humans. Our data

indicate that the ratios of Cr in RBC to CrVI exposure were higher in subjects with the

wild genotype than that in those with heterozygous or homozygous variant alleles.

However, the differences were not statistically significant probably for two reasons.

First, the anion transport activity is only slightly reduced in subjects with variant

alleles compared with those with wild genotype. As a result, detection of the weak

effect of variant genotype may need a relatively large number of subjects. In fact, the

number of subjects who have either heterozygous or homozygous alleles is only 27 and

10 in exposed workers and farmers, respectively. Obviously, a further study with

relatively large number of subjects, especially those who have homozygous alleles, is

needed in order to reach a firm conclusion.

The monitoring of Cr in urine provides a useful measure of internal Cr exposure

and has been used in the workplace to assess short-term high-level exposures to CrVI.

However, urinary Cr mainly reflects the most current exposure and is not predictive

for integrated or cumulative exposures since the biological half-life of Cr in urine is

very short (Paustenbach et al. 1997). Most importantly, urinary Cr levels may only

represent the total Cr excretion in urine and do not reflect the real exposure or uptake

of CrVI due to a number of factors which govern the distribution and excretion of CrVI

in the body. In the bloodstream, the absorbed CrVI easily enters into blood cells where

CrVI is rapidly reduced into CrIII and trapped inside the cells (Ottenwaelder et al.

1988, Coogan et al. 1991, Cohen et al. 1993, Corbett et al. 1998). Therefore, the

processes of cellular uptake and intracelluar reduction prevent the absorbed CrVI from

being excreted in urine except for a portion which has been reduced in plasma before

entering the cells. On the other hand, CrIII in blood, whether absorbed as such or

resulting from CrVI reduction in plasma, can bind to plasma protein and the unbound

CrIII is rapidly excreted in urine as cell membranes are impermeable to CrIII

(Christensen 1995, Miksche & Lewalter 1997). Accordingly, urinary Cr seems to

only provide information of total extracellular CrIII burden with no indication of CrVI

uptake. Considering the fact that in cases of CrVI exposure, the CrIII excreted in urine

is actually the detoxified part, its usefulness for hazard evaluation is limited. For all

these reasons, the measurement of urinary Cr was not included in this study.

In conclusion, Cr in RBC may serve as a sensitive and reliable biomarker for long-

term occupational, but not environmental, exposure to CrVI. Statistical analyses

indicate that age and cigarette smoke are not among the confounders. However,

female subjects may have lower Cr in RBC compared with male counterparts at about

the same exposure levels. The band III genotype study may suggest a potential
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downregulation of CrVI uptake by erythrocytes in subjects who have either hetero-

zygous or homozygous variant alleles. This potential effect, however, needs to be

confirmed.
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