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Heritability of Anthropometric Phenotypes in Caste Populations
of Visakhapatnam, India

RECTOR ARYA,' RAVINDRANATH DUGGIRALA,> ANTHONY G. COMUZZIE,> SOBHA
PUPPALA,? SAILEELA MODEM,* BHASKARA R. BUSI,> AND MICHAEL H. CRAWFORD®

Abstract In this study, we used anthropometric data from six Andhra
caste populations to examine heritability patterns of 23 anthropometric phe-
notypes (linear, craniofacial, and soft tissue measures) with special reference
to caste differences. We obtained anthropometric data from 342 nuclear fam-
ilies from Brahmin, Reddy, Telaga, Nagara, Ag. Kshatriya, and Mala castes
of Visakhapatnam, India. These caste groups represent the existing hierarchi-
cal stratification of Indian populations. We used a variance components ap-
proach to determine the heritability (h%) of these 23 anthropometric pheno-
types (height, weight, BMI, etc.). The sample consisted of 1918 individuals
ranging in age from 6 to 72 years (mean = 21.5, S.D. = 13.8). The heritabili-
ties (h* = S.E.) for all anthropometric traits for the entire sample were signif-
icant (p < 0.0001) and varied from 0.25 + 0.05 (BMI) to 0.61 + 0.05 (bizy-
gomatic breadth) after accounting for sex, age, and caste effects. Since data
on socioeconomic and nutritional covariates were available for a subset of
families, we repeated the genetic analyses using this subset, which has yield-
ed higher heritabilities ranging from 0.21 + 0.16 (head breadth) to 0.72 +
0.18 (nasal breadth). In general, craniofacial measurements exhibited higher
h* compared to linear measures. Breadth measurements and circumferences
yielded more or less similar heritabilities. Age and sex effects were signifi-
cant (p < 0.0001) for most of the traits, while the effects of caste, socioeco-
nomic status, and nutritional status were inconsistent across the traits. In con-
clusion, anthropometric phenotypes examined in this study are under
appreciable additive genetic influences.

Anthropometric phenotypes have been used to study the genetic structure of hu-
man populations (Relethford and Lees 1982; Blangero 1990; Chakraborthy 1990;
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Duggirala and Crawford 1994). Anthropometric phenotypes are influenced by ge-
netic and environmental factors, in turn exhibiting continuous phenotypic distri-
butions (Falconer 1989). Besides the genetic influences, these phenotypes have
been shown to be affected by factors such as sex, birth order, birth weight, and by
environmental factors such as nutrition, disease, intrauterine environment, SOcio-
economic status, and secular trends (Mueller and Titcomb 1977; Eveleth 1986;
Kumar and Jain 1988; Tanner 1990; Malik and Singh 1991). As such, anthropo-
metric phenotypes exhibit enormous within- and among-group variation. Numer-
ous studies, using twin and family data, have demonstrated that the variation in
anthropometric traits such as height and weight is under the effects of both genet-
ic and environmental factors (Susanne 1977; Byard et al. 1984, 1985a, 1985b;
Devor et al. 1986a, 1986b, Sharma and Susanne 1991).

India’s unique caste system has attracted the attention of human geneticists
and anthropologists to examine the intricacies involved in biological and socio-
cultural aspects. Morphological diversity among Indian populations is apprecia-
ble, since castes differ from each other phenotypically in varying degrees due to
differences in their genetic make-up as well as differences in nutritional and so-
cioeconomic factors (Malhotra 1978; Singh 1993). Furthermore, genetic diversi-
ty is comparatively high within a given caste group, while the intercaste genetic
differentiation is small (Char et al. 1989). This diversity is largely attributable to
the effects of evolutionary forces, particularly genetic admixture, through succes-
sive historic migrations (Balakrishan 1987; Sharma and Talukder 1987). Thus, In-
dia has a great potential for the study of quantitative genetic variation within and
between populations, and it offers a unique opportunity to examine the genetic
determinants of anthropometric phenotypes of caste groups and to understand the
morphologic and/or genetic diversity among caste populations.

Anthropometric variability (i.e., differences in the size and shape of indi-
viduals of different ages) in Indian populations is remarkable due to the influ-
ences of several factors, such as nutritional and socioeconomic factors (Eveleth
1986; Harrison and Schmitt 1989; Eveleth and Tanner 1990). For example, the ef-
fects of malnutrition in children below 14 years of age, who constitute about 40%
of the Indian population, are more serious and lasting, in turn contributing to the
remarkable morphological variation (Busi et al. 1991; Reddy et al. 1992). An-
thropometric patterns are likely to manifest considerable regional variations in a
country like India because of the influence of a variety of factors such as socio-
economic and nutritional status, diet, education, culture, ethnicity, and genetics
(Eveleth 1986; Sharma and Talukder 1987; Majumder et al. 1990).

Although some attempts have been made to examine the structure of the
caste populations using anthropometric data (e.g., Reddy 1998), knowledge about
the genetic basis of anthropometric traits in Indian populations is limited (Kaur
and Singh 1981; Sharma et al. 1984; Poosha et al. 1984; Byard et al. 1984; Byard
et al. 1985a, 1985b; Sharma 1987). Therefore, in this study we used a variance
component approach to examine the genetic architecture of anthropometric phe-
notypes in Andhra caste populations using nuclear family data. The objectives of
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the present study are: (1) to study the heritability patterns of linear, craniofacial,
and soft tissue measures among caste groups; (2) to evaluate the effects of various
covariates of these phenotypes using subset data with information on nutritional
and socioeconomic status; and (3) to examine the caste-specific heritability pat-
terns with special reference to caste differences.

Materials and Methods

Study Populations. In this study, we used anthropometric data collected as
part of a major study entitled “Nutrition and Growth of Certain Population
Groups of Visakhapatnam” (NAG Project, D.O.En.) from 342 nuclear families
belonging to Brahmin, Reddy, Telaga, Nagara, Akshatriya, and Mala castes. As
shown in Table 1, these six caste populations of Visakhapatnam, Andhra Pradesh,
India (Figure 1), represent the three predominant strata (i.e., varna) of the Hindu

Table 1. Hierarchical Classification of Andhra Castes (Varnas) Showing the Study Caste
Groups (in Boldface)

Caste (Varna)

Upper* Middle (Sudra) Lower (Panchama)
Brahmin (Br) Reddy (Rd) Mala (Ma)
Telaga (Tg)
Nagara (Ng)

Agnikula Kshatriya/Akshatriya (Ak)

a. Upper caste and varna carry the same name.

Figure 1.  Map of Andhra Pradesh, India, showing the study area, Visakhapatnam.
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caste system, which is hierarchically arranged, from top to bottom, into five var-
nas: Brahmin (priests and teachers), Kshatriya (rulers and warriors), Vysyas (mer-
chants and traders), Sudras (occupational groups), and Panchama (lower caste
groups, which are presently called the scheduled castes) (Lamb 1975; Malhotra
1984). Although the first three varnas are also referred to as castes, the last two
varnas (i.e., Sudra and Panchama) have been categorized into a number of prima-
rily occupationally based caste groups. To date, about 3000 castes and subcastes
have been identified among the Indian populations (Lamb 1975; Malhotra 1984;
Singh 1993). Among the study caste groups, the Brahmins are at the top of the hi-
erarchy, while the Reddy, Telaga, Nagara, and Akshatriya belong to the interme-
diate caste group (Sudra), and the Mala belong to the lowest (Panchama) (Table
1). Generally, families within these castes in the present study can be classified
further into the upper, middle, and lower socioeconomic classes.

Families were selected through simple random sampling techniques. The
distribution of the family sample by age, sex, relation, and caste along with sam-
ple sizes used in the genetic analysis is presented in Table 2. The sample consist-
ed of 1918 individuals (males = 988, females = 930) ranging in age from 6 to 72
years. The mean ages of males and females were almost equal. Children above 6
years of age were considered in this study. Age range varied from 6 to 35 years
for sons and 6 to 28 years for daughters, though their mean ages were almost
equal. As shown in Table 2, the proportion of children (55.4%) is slightly higher
than that of the adult sample (44.6%), whereas the proportions of males (51.5%)
and females (48.5%) are more or less similar. The Brahmin caste has the highest
mean age with smaller sample size followed by the Mala caste with largest sam-

Table 2. Descriptive Statistics for Age of Subjects by Sex, Relation, and Caste

Age Range
Sample Size Mean +S.D. (Years)

Sex

Male 988 21.7+15.3 6-72

Female 930 213+ 12.1 6-62
Relation

Father 390 38.6 +£10.0 20-72

Mother 466 31.6 £ 8.0 17-62

Son 598 10.7 4.1 6-35

Daughter 464 10.8 3.9 6-28
Caste

Brahmin 177 255+14.3 6-62

Reddy 204 21.0+12.5 6-51

Telaga 475 169 +11.2 6-60

Nagara 218 19.6 £15.3 6-65

Akshatriya 232 214 +14.1 6-64

Mala 612 248 +14.1 6-72
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ple size. Reddy, Akshatriya, and Nagara castes show similar mean ages, while
Telaga has the lowest mean age.

Anthropometric Measurements.  Twenty-one anthropometric measurements
(head and body), as shown in Table 3, were taken on each individual in a family
using standard anthropometric techniques (Singh and Bhasin 1968; Weiner and
Lourie 1981). Two variables, body mass index (weight in kg/height in meters
squared) and sum of skinfolds (triceps + subscapular skinfolds), were derived
from other variables. Since accuracy of both technique and equipment was im-
portant in collecting anthropometric data, the investigators were trained and the
measurement techniques were standardized until they attained an accuracy that
produced the same values for repeated measures. For example, the accuracy ex-
pected was 0.2 cm in height, 0.1 kg in weight, 0.2 mm in fat fold, and 0.2 cm in
arm circumference, when the investigator measured the subject twice at the same
time. All measurements were taken on the left side of the individual. In order to
minimize the interobserver error, one (male) investigator (R.A.) measured only
male subjects while the other (female) investigator (S.P.) measured only female
subjects. This data-collection strategy is also necessary in societies such as India,
where opposite-sex contact is generally not allowed. For example, Mueller and
Titcomb (1977), Poosha et al. (1984), and Byard et al. (1985a, 1985b) have used
a similar method of data collection.

Socioeconomic and Nutritional Variables. =~ Socioeconomic (e.g., occupation,
per capita income, and education) and nutritional information was obtained in or-
der to assess the environmental component using standard procedures. Socioeco-
nomic and nutritional variables were used as covariates of the anthropometric
traits in the genetic analyses. However, nutritional information was available only
for a subset of the families. To account for the caste differences, five dummy vari-
ables were created in comparison to the reference caste (Mala). Mala caste (ma)
was selected as a reference caste because of its large sample size and its position
as the lowermost caste in the caste hierarchy. Thus, age, sex, and five dummy
variables [i.e. Brahmin (br), Reddy (rd), Telaga (tg), Nagara (ng), and Akshatriya
(ak)] were used as covariates.

Nutritional data pertaining to energy, protein, vitamin A, thiamin, ri-
boflavin, niacin, vitamin C, iron, and calcium were collected by a nutritionist
(S.M.) using 24-hour recall and weighed intake methods to assess individual di-
etary intake to ascertain the nutritional status of caste groups (Jelliffe and Jelliffe
1989; Dwyer 1991). Individual nutrient intake was calculated to obtain more pre-
cise measurements of average nutrient intake of groups for comparisons with oth-
er similar groups, and, in turn, to determine whether there were dietary inadequa-
cies in the study group. The 24-hour intake is fairly easy to obtain by the recall
method, and it is informative because individuals cannot accurately recall food
intake beyond 24 hours (Jelliffe and Jelliffe 1989; Dwyer 1991). Personnel with
relatively little technical background using a standard form and instruction can
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record intake information in a 15- or 20-minute interview. The investigator who
conducted the 24-hour recall method interviews used various sizes of glasses,
spoons, bowls, or food models to help the subject indicate quantities more accu-
rately. However, dietary intake information obtained through retrospective meth-
ods is subject to errors due to recall.

The family dietary intakes were obtained by the interview method. The data
on cooked quantities of foods were converted to raw quantities by using the stan-
dardized amounts. From the raw quantities of food consumption of each individ-
ual, the nutritive value of the diet was calculated using food composition tables
(Gopalan et al. 1987). The per capita consumption was estimated from the fami-
ly’s diet by the use of consumption coefficients (Gopalan et al. 1987). Food com-
position tables based on analysis of foods made at the National Institute of Nutri-
tion, Hyderabad, were used to calculate individual food consumption values.
Additional data pertaining to demographic and socioeconomic factors were also
collected simultaneously through an oral questionnaire method.

Statistical Analyses. = We calculated means and standard deviations, coeffi-
cients of variation, and conducted a ¢ test using the statistical software Minitab
(Minitab 1994). Coefficients of variation were computed for each of the 23 an-
thropometric measurements for combined data as well as for males and females
separately (Sokal and Rohlf 1981). A test of equality of variances following Sokal
and Rohlf (1981) was conducted to determine if two coefficients of variation
were significantly different at the p = 0.05 level in a two-tailed comparison.

Quantitative Genetic Analysis.  The total phenotypic variance of a given trait
can be partitioned into genetic and environmental components. The proportion of
phenotypic variance in a trait that is attributable to additive genetic factors is re-
ferred to as heritability (h?) of the trait (Falconer 1989). Heritability can be esti-
mated from the components of variance using the genetic information contained in
the pedigrees (Hopper and Mathews 1982; Lange and Boehnke 1983). In a simple
variance component model, variances or covariances between relatives as a func-
tion of their genetic relationships can be specified (Hopper and Mathews 1982).
For such a simple model, the covariance matrix (€2) for a nuclear family is given by

Q=2 dc>, + I%, €]

where @ = kinship matrix; ng = the variance due to additive genetic effects, I =
the identity matrix, and o2, = the variance attributable to the individual-specific
random environmental effects.

We estimated heritability along with phenotypic mean, standard deviation,
and covariate effects (e.g., age and sex terms) for each phenotype using maxi-
mum likelihood techniques (Amos 1994; Almasy and Blangero 1998).

Hypothesis Testing.  The significance of the heritability (4%) of a given pheno-
type was tested using the likelihood ratio test. The hypothesis of no heritability
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(h* = 0) for a given phenotype was tested by comparing the likelihood of a re-
stricted model in which the parameter 4> was constrained to a value of 0 against
the likelihood for the general model in which the same parameter was estimated.
Twice the difference between the log-likelihood values of these models yields a
test statistic (A) that is asymptotically distributed as a 1/2:1/2 mixture of a chi-
square distribution with 1 degree of freedom and a point mass at O (Hopper and
Mathews 1982; Self and Liang 1987). A significant test (p < 0.05) is considered
as the evidence for a statistically significant, nonzero heritability. The null hy-
pothesis of no influence of a given covariate (B covariate = 0) was also tested us-
ing the likelihood ratio test, which involves comparison for a given parameter and
has 1 degree of freedom. Given the nature of data structures and analyses used in
this study, a p value of < 0.10 (i.e., suggestive evidence against the null hypothe-
sis) was used for inclusion of covariates, which may help reduce the problem of a
type II error. After evaluating the significance of various parameter estimates,
heritability of a given trait was estimated together with its phenotypic mean, stan-
dard deviation, and the effects resulting from the selected covariates simultane-
ously using a final model. The computer program SOLAR was used to perform
the quantitative genetic analyses of the anthropometric phenotypes (Almasy and
Blangero 1998).

Results

Descriptive statistics, including raw data means and standard deviations for
each of the 23 anthropometric traits of the combined data set, are presented in
Table 3. Though every subject was measured for every trait, sample sizes vary
across the traits. Values that fall above 3 and 4 (if the distribution was continuous)
standard deviations from the mean of a given trait were excluded from the analy-
sis. Means and standard deviations for males and females showed considerable
sex differences. As shown in Table 3, HT, SHT, HIS, ARL, BAD, TRC, HL, HB,
FHT, NB, WB, BCF, and WT means were slightly higher in males than females.
Females showed higher mean values for APC, BCD, ARC, TRS, SSS, BMI, and
SSK than males. Also, coefficients of variation were significantly large (p < 0.05)
for most of the traits, thus indicating more pronounced anthropometric variabili-
ty. Thus, comparison of means and coefficients of variation between males and
females indicated significant sexual dimorphism (p < 0.05) for most of the traits.
In the combined data set, soft tissue measures appear to be more variable, while
linear measures exhibit moderate variability. Craniofacial measures are the least
variable with an exception of nasal height and nasal breadth that exhibit moderate
variability.

Table 4 shows means and standard deviations for the subset of anthropo-
metric (both sexes combined), including nutritional, variables. As shown in Table
4, anthropometric variables showed less variation compared to nutritional vari-
ables. Anthropometric variables ST, SHT, ARL, BAD, HL, HB, FHT, NH, BZB,
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Table 4. Means, Standard Deviations, and Coefficients of Variation of Anthropometric
and Nutritional Variables (Subset Data)

Variable® n Mean £ S.D. C.V. (%)
Height 374 151.42 £ 10.19 6.7
Sitting height 375 77.41 £5.26 6.8
Iliospinal height 375 87.16 £ 12.05 13.8
Upper arm length 373 67.59 +£6.16 9.1
Biacromial diameter 375 33.27 £3.09 9.3
Transverse chest 373 24.15+£2.86 11.9
Anteroposterior chest 371 18.84 £2.51 13.3
Bicristal diameter 374 2549 £3.05 11.9
Head length 376 18.13 £0.80 4.4
Head breadth 372 13.94 +0.53 3.8
Facial height 375 10.25 £ 0.64 6.2
Nasal height 375 435+041 9.4
Nasal breadth 375 3.31+0.36 10.9
Bizygomatic breadth 368 11.79£0.78 6.6
Wrist breadth 376 476 £0.44 9.3
Bicondylar femur 374 8.19+0.67 8.2
Arm circumference 372 2247 £3.57 159
Calf circumference 375 28.65 £ 3.82 133
Triceps skinfolds® 312 9.34 £3.08 33.0
Subscapular skinfolds® 333 11.18 £4.30 38.9
Weight* 375 4526 = 11.96 26.5
Body mass index? 373 19.48 +3.86 19.8
Sum of skinfolds 304 19.83 £6.22 314
Calories (kcal) 376 1455.3 £429.9 29.6
Protein (gm) 376 36.0 £ 14.25 39.6
Calcium (gm) 376 311.9£221.9 71.2
Iron (mg) 376 13.60 + 6.24 459
Vitamin A (ug) 376 200.1 £ 194.4 97.2
Thiamin (mg) 376 0.48 +£0.26 54.2
Riboflavin (mg) 376 0.53 +0.31 58.5
Niacin (mg) 376 7.74 £3.23 41.7
Vitamin C (mg) 375 33.0+31.46 95.4
a. All measurements are presented in cm except where indicated.

b. mm.

c. kg.

d. wt(kg)/ht*(m).
C.V. = coefficient of variation.

WB, and BCF appeared to be less variable, while the rest of the variables exhibit
high anthropometric and nutritional variability.

In this study, variation between the sexes of each caste group was examined
by comparison of means through the 7 test. Table 5 presents the ¢ values for 23 an-
thropometric phenotypes of males and females of six caste groups. Height is not
significantly different between sexes in Brahmin, Reddy, and Telaga castes, while
it is significantly different in Nagara, Akshatriya, and Mala castes. Among the
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Brahmins, ARL, BAD, HL, HB, NH, BZB, BCF, and TRS were significant (p <
0.05). In the Reddy caste, variables such as ARL, BAD, HL, HB, NH, WB, BCF,
CAC, TRS, and SSK were significant (p < 0.05), while TRC, APC, and WT were
significant at p < 0.10. In the Telaga caste, differences between males and females
were significant (p < 0.05) for variables such as BAD, BID, HB, NH, NB, WB,
BCF, CAC, and TRS. Among Nagaras, male and female differences were signifi-
cant for HT, BID, HB, BZB, ARC, TRS, SSS, BMI, and SSK, while SHT, APC,
and WT were significant at p < 0.10. For Akshatriya and Mala castes, male and fe-
male differences were not significant at p = 0.05 for a few variables such as BID,
HL, NB, WT, BMI, and SSK.

Table 6 presents the heritability estimates (h*) and their associated standard
errors for 23 anthropometric traits of the main data set. Also reported in these ta-
bles are the significant covariates (p < 0.10) of a given phenotype. Heritabilities
for 23 anthropometric phenotypes were significant (p < 0.05) and varied from
25% (BMI) to 61% (BZB), after accounting for the effects of phenotype-specific
significant covariates. Among the covariates, age was the significant covariate for

Table 6. Estimates of Heritability Associated with Standard Errors and Significant
Covariates

Phenotype® n h’ +S.E. Significant Covariates
Height 1909 0.358 +0.047 sex, age, ng, ak
Sitting height 1910 0.430+0.179 sex, age

Tliospinal height 1910 0.319 = 0.050 sex, age, ng, ak
Upper arm length 1909 0.268 £ 0.049 sex, age, ng, ak
Biacromial diameter 1906 0.440 = 0.047 sex, age
Transverse chest 1903 0.268 = 0.051 sex, age, rd, tg, ak
Anteroposterior chest 1903 0.402 £ 0.068 age

Bicristal diameter 1903 0.385 £0.047 age

Head length 1916 0.413 £ 0.051 sex, age, rd, tg
Head breadth 1909 0.447 = 0.051 sex, age, br, rd, tg, ng
Facial height 1910 0.414 £0.053 sex, age

Nasal height 1910 0.417 £ 0.051 age, br, ng

Nasal breadth 1910 0.498 +0.049 sex, age, tg, ak
Bizygomatic breadth 1900 0.605 + 0.045 sex, age, rd, tg
Wrist breadth 1916 0.330 £ 0.048 sex, age, rd, tg, ng
Bicondylar femur 1907 0.329 = 0.055 sex, age, br, rd, ng
Arm circumference 1908 0.301 £ 0.046 age

Calf circumference 1917 0.400 = 0.045 sex, age, br, ng, ak
Triceps skinfolds 1747 0.334 +0.052 sex, age, br, ng, ak
Subscapular skinfolds 1786 0.257 =0.053 sex, age, rd, ak
Weight* 1908 0.314 £0.045 sex, age, br, ng, ak
Body mass index 1903 0.250 = 0.047 sex, age, br

Sum of skinfolds 1710 0.312 +0.057 sex, age, rd, ng, ak

a. All heritabilities are significant at p < 0.001 except where indicated; *p < 0.05.
Note: Dummy variables are derived from original group variables; Mala = reference caste; ng = Na-
gara; ak = Akshatriya; tg = Telaga; rd = Reddy; br = Brahmin.
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all the traits, while sex and caste were not significant for four traits. Most of the
traits exhibited moderate A> (30%—40%). Particularly, craniofacial measures
showed higher h* (41%—61%) than the linear (27%—43%) and other measures
(25%—44%). Caste effects were significant for 74% variables used in this study.
Heritability estimates with associated standard errors for the subset data
with significant age, sex, caste, socioeconomic, and nutritional covariates are pre-
sented in Table 7. Heritabilities were obtained after accounting for the significant
covariate effects. Nasal breadth, bizygomatic breadth, wrist breadth, and bi-
condylar femur showed higher heritabilities (52%—72%). Stature, biacromial di-
ameter, facial height, calf circumference, body mass index, sum of skinfolds, sit-
ting height, iliospinal height, biacromial diameter, nasal height, arm
circumference, and triceps and subscapular skinfolds exhibited moderate heri-
tabilities (32%—42%). By contrast, upper arm length, transverse chest, bicristal
diameter, head breadth, and weight yielded lower heritabilities (21%—29%). Age
differences were significant for all traits, while sex differences were not signifi-

Table 7. Estimates of Heritability with Associated Standard Errors for the Subset with
Significant Socioeconomic and Nutritional Covariates

Phenotype n  +S.E. Significant Covariates*
Height 371 0.421 +0.137 sex, age, rd, tg, ses, nia

Sitting height 375  0.347+0.130  age

Iliospinal height 371 0.356 +0.161 br, rd, tg, age, pci, iro, ene, ribo, nia
Upper arm length 373 0.262 +£0.051 sex, tg, ng, age, ene, iro, ribo
Biacromial diameter 372  0.388 +0.168 ak, age, vita

Transverse chest 367  0.290 +0.237 tg, ak, age, cal, vita, thia, nia
Anteroposterior chest 371 0.332 +£0.249 sex, rd, tg, age, pro, cal, iro, nia
Bicristal diameter 371 0.249 +0.191 rd, tg, age, ses, pci, pro, cal,

Head length 373 0.322+0.152 sex, rd, age, ses, pci

Head breadth 369 0212 +0.161 age, cal, thia, rib, nia

Facial height 372  0.480 +0.201 br, tg, age, ene, pro

Nasal height 369  0.336 £0.165 br, tg, ak, age, ses, cal, vita, rib

Nasal breadth 368 0.721 +£0.184 sex, br, rd, ak, age, ses, pci, pro, iro, thia
Bizygomatic breadth 365  0.619 +0.147 sex, age, pci, iro

Wrist breadth 376 0.519 +£0.134 sex, rd, tg, age, iro, ribo

Bicondylar femur 373 0.521 £0.150 sex, rd, tg, age, vitc

Arm circumference 372 0.300+0.171 sex, rd, age, pro, cal, thia, nia

Calf circumference 375  0.449 +£0.251 sex, age, cal

Triceps skinfolds 309  0.342+0.222 sex, age, br, ng, ak, pci, ene, pro, cal, thia, rib, nia
Subscapular skinfolds 330  0.295 £ 0.277 sex, br, age, pci, thia, ribo

Weight 375 0.271 £0.186 ak, age, thia, nia

Body mass index 373 0423 +0212  age

Sum of skinfolds 301 0.443 +0.239 sex, br, tg, ng, age, pci, pro, cal, rib, nia

Note: Abbreviations are as in Table 4; *significant at p < 0.10; ses = socioeconomic status, pci = per
capita income, pro = protein, ene = energy, iro = iron, cal = calcium, vitc = vitamin C, vita = vitamin
A, rib = riboflavin, nia = niacin, thia = thiamine. Mala = reference caste; ng = Nagara; ak = Aksha-
triya; tg = Telaga; rd = Reddy; br = Brahmin. Dummy variables are derived from original group vari-
ables.
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cant for 12 traits. Nutritional and caste effects were significant for most of the
traits, while socioeconomic differences were significant for a few traits (Table 7).

Table 8 presents caste-specific heritability estimates of anthropometric phe-
notypes with associated standard errors for six caste groups. These analyses in-
clude age and sex as covariates. Among Brahmins, heritabilities for 15 traits were
significant at p < 0.05 and for 4 traits (SHT, BAD, CAC, WT) at p < 0.10, while
heritabilities for TRC, APC, BID, and BCF were found to be not significant.
Among Reddies, heritabilities for SHT and NH were not significant, while the
rest of the traits exhibited significant (p < 0.05) heritabilities. In contrast, heri-
tabilities for all the traits were significant (p < 0.05) among Telagas. Among Na-
garas, heritabilities for all traits were significant at p = 0.05 except ARL, WB, and
BCF, which were significant at p < 0.01. Among Akshatriyas, APC, BID, CAC,
SSS, and SSK were not significant at p = 0.05, but all of them were significant at
p < 0.10 except APC, which was not significant. All 23 traits were significant (p
< 0.05) among Malas. Overall, Telaga, Nagara, and Mala castes exhibited signif-
icant within-group differences. In all three analyses, craniofacial measures exhib-
ited higher heritabilities compared to linear and soft tissue measures.

Discussion

Anthropometric phenotypes of Indian caste populations are of particular in-
terest for quantifying the heritable portion of phenotypic variability, since genetic
and environmental factors (or their interactions) including subtle socioeconomic
and dietary differences across the caste groups affect variation in these pheno-
types. Therefore, India has a great potential for the study of quantitative genetic
variation within and between caste populations. In this study, as expected, age
and sex differences were significant for the majority of the traits indicating the
sexual dimorphism. Nutritional and caste effects were significant for most of the
traits, while socioeconomic differences were significant for a few traits. Estima-
tion of heritabilities through the variance components approach yielded a wide
range of heritabilities (25%—61%) for 23 anthropometric phenotypes, and most of
them were significant. Overall, most of these anthropometric phenotypes exhibit-
ed moderate (30%—40%) heritabilities, while some of these heritability estimates
were relatively low compared to those in other studies in the literature (Devi and
Reddy 1983; Poosha et al. 1984; Byard et al. 1985b).

In the total sample, among the covariates, age was significant for all the
traits, while sex and caste were not significant for four traits. Caste effects were
significant for 17 phenotypes in comparison to the reference caste group. How-
ever, it is surprising that craniofacial measures (41%—61%) showed higher heri-
tabilities (h*) than the linear (27%—43%) and other body fat measures (25%—
44%). Specifically, these heritability patterns contradict the observation made by
Osborne and DeGeorge (1959) that the longitudinal measurements tend to have
higher familial correlations, thus implying higher heritabilities than do breadth or
soft tissue measures. In fact, the observed higher heritabilities for craniofacial



338 / ARYA ET AL.

‘sasapuared ur axe sazis ojdwes 270N

'S0°0 = d 1 UBOYIUTIS JON

Y010+ S9T°0 *C91'0FCITO I1€1°0 F69C°0 €CI'0F¥8¢°0 LLT'0 F ¥0¥°0 0ITO0* €v'0 Splojunys Jo wng
§60°0 F ¢CC0 evI'0+09¢°0 SCI'0*+89¢°0 €01°0 F €620 91°0 ¥ 66£°0 PSI'0F S€€°0 xopur ssewr Apog
9L0°0 F SE€€°0 0ET°'0* $9T°0 0€I’'0F91+'0 €60°0 F 1TV 0 ¥91°0 * STH'0 SSI'0+€TT0 SoM
S01°0 + 00C°0 %6510 FTVT0 YCI'0+ L6T0 Cr0F9¢r'0 w10+ ¢r'0 Y8I'0F L0 spojunys Jepndeosqng
2600 F SLEO 8910 F VIO SY1I'0F91C0 C0I'0F¥eco 691°0 F 770 YeCOF 10 spojunys sdoou,
LLO'OF IS0 *6ST°0F ¥PCT0 SET'0F ¥PE0 6800 F €910 0CI'0* 19%°0 LLT'OF LLTO QOURIAWNDIIDS J[e7y
£80°0 F 6££€°0 0€1'0 +CE€T0 8CI'0F €910 601'0F61€0 or1'0+ €65°0 891°0 7 06C°0 QJUSIJWINDILS ULIY
160°0 * 8¢t°0 €CI'0F ELYO YITOF €S0 ¥01°0 F90CT°0 SEI'0F 16€0 *S81'0F L6170 Inuidy reffpuoorg
6L0°0 F9LT0 710+ 96€°0 OLT'0F ¥¥C0 Y11°0 F 00¥°0 6C1'0F 16¥°0 P10+ 0LT°0 UIpealq ISLIA
0800+ 19570 8¢1'0+ 0890 c0C0+8IC0 1010 F 1SS0 860°0 F 65L°0 LST'0F 1850 yIpeaIq onewosAzig
1800 F S6£°0 ovI'0+ S69°0 LYT'OF 1S90 6600 F SSS°0 YSI'0F €290 0LT'0* 8¢S°0 pealq [eseN
€80°0 F eV 0 9TI'0 * €850 0ST°'0 F0ST0 L60°0FSIE0 *9LT'OFVLIO 9G1'0 * LSY'0 WSy [eseN
60°0 F 68£°0 611°0F €LS0 91’0+ 1CE0 0I1°0 F ¥65°0 L9T'0OF LIVO ILT'0F 6LE0 WS1RY [eroe]
S80°0 F €LV'O 881'0F LCVO E€LT'0F S6V°0 LOT"0 F00t°0 6210 F 6¥S°0 I1ST°0 F99%°0 yipealq peoH
101°0 F 0S€0 110+ 18¢°0 6v1°0 F 0¥S°0 7600 F 6£1°0 8C1°0+78¢0 IO+ ¥91°0 Sud peoH
980°0 ¥ 9¢€°0 =Yr1'0F vET0 LYT'0F 1€€°0 0010+ 65C°0 IST°0+ SS+°0 *C81'0F €810 Jojowrerp [esLolg
8LO0F €ITO *161'0F €IT0 LYT'0F 19C°0 8CI'0F LTE0 6910 FCI¥'0 *L91°0 F 691°0 159y Jotrd)sodorajuy
9800 F TLTO 9€1'0 * S¥T0 €S1°0 F SO0V 0 Y11°0 F 08¢0 891°0 F 8LY'0 1810 F 6810 159D SSI9ASUBL],
¥L0'0 F SSE°0 SEI'0F €TY0 Y61°0 F 0¢t'0 9IT'0 FTEV'0 SSI'0FSLEO IS0+ ¥1T0 IojouIelp [eruoloergq
180°0 * ICE0 9I'0* S0 0ET'0F6L1°0 6C1'0F89¢0 YeEI'0F ¥1T0 €CI'0+981°0 p3uey we soddn
8L0°0 F 8LE0 891°0 F L9Y'0 YLT'0 F00€°0 Cro+9I1co YCI'0 F9¢€°0 0ET'0F 661°0 JyStoy reurdsory
€L0'0 F 19¢°0 8IT°0+20v'0 €91'0F SLTO 6600 F 6C1°0 *CL1'0F S0T0 0SI'0+281°0 WSy Sumig
TLO'0F 69¢°0 8CI'0FCIV0 ELI'0FBLTO 611°0*06£°0 0€1'0 F9¢T0 LTT'0*F9CT0 aImnjels
(C19) v (zeZ) v&uvysyy  (817) P4SON  (GLF) PIVIAL (r02) ppoy (£L1) unuynag adSouayq
ASF MY

S9JSB)) XIS J0J SIOLIF PIEpue)S pajeroossy yim sadKjoudyd ommowodonjjuy Jo seyewnsy ANIqeIoy oyroads-a)se) g dqel,



Heritability of Anthropometric Traits in Indian Castes | 339

traits in the present study support the view that head and facial morphology is
largely genetically determined in caste groups, since these differences may be
due to differences in mandibular development (Poosha et al. 1984; Sharma and
Susanne 1991). Remarkable effects of diverse environments on the phenotypic
variance of craniofacial traits may indicate that selection pressures are operating
on craniofacial traits, especially facial and mandibular traits (Sharma and Su-
sanne 1991). For example, culturally associated selection pressures such as
chewing habits, food types, and food preparation methods may exert significant
effect on dentition including occlusion (Corruccini 1984; Sharma and Susanne
1991). However, the general trend in the heritability patterns observed in this
study is in agreement with the findings of Nakata et al. (1974), Susanne (1975),
and Devor et al. (1986a, 1986b), who found similar observations that bony mea-
sures have higher heritabilities than soft tissue measures among different human
populations.

Heritabilities obtained from the subset data (21%—72%) with significant so-
cioeconomic and nutritional covariates were slightly higher for soft tissue mea-
sures compared to those from the main data set (25%—61%), thus indicating the
effects of nutritional and socioeconomic covariates on soft tissue measures. In
contrast, heritabilities were lower for linear and craniofacial traits with the excep-
tion of ST, WB, BF, and NB. In the subset data, however, traits that are more in-
fluenced by nutritional and socioeconomic factors have yielded higher heritabili-
ties after accounting for their (covariate) effects. This pattern attests to the
common notion that socioeconomic factors affect anthropometric phenotypes
through nutritional factors and the incidence and severity of infections (Martorell
and Habicht 1986; Tanner 1990), the most important proximate causes that influ-
ence the anthropometric phenotypes of the populations. Particularly, nutrient
(macronutrients such as energy and protein, and micronutrients such as vitamin
A, thiamin, riboflavin, niacin, vitamin C, calcium, and iron) intake exerts an in-
fluence indirectly on anthropometric phenotypes of human populations (Mar-
torell and Habicht 1986; Gershoff et al. 1988). Therefore, it is important to iden-
tify the effects of nutrient intake in the populations under study, since several of
the families across the caste groups are identified as having low standards of liv-
ing and since dietary habits, in general, are caste-specific.

In these caste populations, as reported by Busi et al. (1987), the energy in-
take of preadolescent children in slum areas is much lower than recommended di-
etary allowance (RDA 1981; Gopalan et al. 1987), whereas the protein intake is
more than RDA in areas that are not slums. Protein intake is higher in upper
castes and higher income groups than the recommended allowances (Busi et al.
1987). Among adolescents the deficit in energy intake is 50% less than the RDA
in all the caste groups as well as in socioeconomic groups (Busi et al. 1987,
1988). Protein intakes are adequate in nonslum areas (low-polluted regions),
while inadequate protein intakes are observed in the other areas. Protein con-
sumption patterns of middle socioeconomic groups correspond well with the
RDAs, while higher-income groups exceeded the RDA. In contrast, lower-in-
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come groups had lower protein intake while all other groups are low in energy
(Busi et al. 1988). Thus, the observed slightly lower heritabilities for some traits
in the larger sample compared to the subset sample may be attributable to the dif-
ferential nutritional intake of a large number of families with poor qualitative and
quantitative dietary habits.

Socioeconomic factors, that is, the children’s environment strictly in terms
of cultural and economic differentials in society, exert their influence through
several pathways, such as nutrient intake and infection, on anthropometric pheno-
types (Martorell and Habicht 1986). Moreover, life-style factors, including infant
feeding and health practices and environmental sanitation, are also determined by
the socioeconomic status of the family (Busi et al. 1987). Thus, in addition to age
and sex differences, nutritional and caste effects were significant for most of the
traits, while socioeconomic differences other than caste were significant for a few
traits. Therefore, in the presence of greater diversity in the environments in terms
of nutritional and socioeconomic factors, the estimated heritabilities would tend
to be lower (Sharma 1987; Khoury et al. 1993).

Since castes are distinct entities, it is also important to determine the caste-
specific heritabilities for all the anthropometric phenotypes to examine the extent
to which the morphological differences among the castes reflect underlying ge-
netic variation. In this study, caste-specific heritabilities were also significant for
most of the traits. In fact, using the main data set that included information from
six caste groups (Table 6), a 5-degrees-of-freedom test for heterogeneity of the
trait-specific K% estimate was performed. About 61% of the traits (ARL, TRC, HB,
FHT, NH, NB, BZD, WB, BID, BCF, ARC, CAC, SSS, and SSK) used in the
study showed evidence of heterogeneity (p < 0.05) for the trait-specific /* esti-
mate among the caste groups. This finding is not surprising since we previously
showed that both linear and craniofacial (Fsr £ S.E. = 0.027 + 0.002) and girth,
breadth, and body fat (Fsr + S.E. =0.043 +0.003) measures exhibited significant
among-group variation (Arya 1999). These observations are consistent with our
present finding that caste effects were significant for most of the variables used in
this study (Table 6).

Given that several of the anthropometric traits are under strong genetic con-
trol in this study, it is appropriate to compare these heritabilities with genetically
similar populations in order to understand the heritability patterns of these an-
thropometric phenotypes. Because of the paucity of data, it is not possible to
compare heritabilities of all the traits of these caste groups with other studies
from same-caste groups. However, heritability estimates of some of the traits of
Akshatriya are compared to a genetically similar Jalari caste, an economically
poor and undernourished fishing caste in Visakhapatnam (Devi and Reddy 1983),
and most of the heritabilities are found to be comparable except that heritabilities
for soft tissue measures of Kshatriya are slightly lower compared to those of
Jalari families (Devi and Reddy 1983). This may be attributable to the differences
in nutritional (i.e., undernutrition) and life-style factors besides the methodologi-
cal differences. Since the heritability is a function of the trait, of the population,
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and of the environmental factors, it should be kept in mind that the heritability es-
timate for a given trait is specific to a given population (Feldman and Lewontin
1975; Sussane 1977; Falconer 1989). And, since additive genetic effects and en-
vironmental causes of variation differ among these caste populations, heritability
estimate of a particular trait must be considered to refer to a particular caste pop-
ulation under particular conditions.

Conclusions

All heritabilities of anthropometric phenotypes were significant in these
caste populations. The 23 anthropometric phenotypes considered in the complete
data exhibited low to high heritabilities. Although heritabilities for some pheno-
types were relatively low compared to the studies in the literature, they are in
agreement with the general observation that the longitudinal and/or craniofacial
measures tend to have higher familial correlations, thus implying higher heritabil-
ities (4?) than the soft tissue measures. Thus, the observation that linear and cra-
niofacial measures are more highly heritable than soft tissue measures is further
verified in these caste populations. However, in this study, linear measures exhib-
ited lower heritabilities compared to craniofacial measures. Overall, variability in
heritabilities of anthropometric phenotypes of caste populations could be due to
the effects of a number of environmental factors, such as low socioeconomic sta-
tus, poor nutrient intake, malnutrition, and infections, on linear measures rather
than craniofacial measures. However, the subset data with nutritional and socio-
economic factors as covariates fail to be in agreement with the pattern that cranio-
facial traits are more heritable than linear and soft tissue measures as indicated by
the complete data. This may be due to the small sample size of the subset data or
sampling error. Heritabilities obtained from the subset data, however, were slight-
ly higher for most of the traits compared to the complete data set. Given that the
caste groups are associated with distinct dietary and socioeconomic conditions, the
heritabilities obtained from the subset data appear to be more precise, since nutri-
tional and socioeconomic variables were included as covariates.

Since caste effects were significant for most of the phenotypes in compari-
son to the reference caste group, it is suggestive that intercaste differences among
these castes are more prominent. However, the heritabilities are different in their
magnitudes across the caste groups. According to the caste-specific analysis, the
observed lower heritabilities for some traits in these caste populations may be at-
tributable to the low standard of living of a majority of the subjects, leading to
poor nutrition (i.e., undernutrition and/or malnutrition) besides low power due to
smaller caste-specific sample sizes. In conclusion, craniofacial measures such as
bizygomatic breadth, nasal breadth, and head breadth showed higher h? followed
by longitudinal measurements such as stature, sitting height with moderate h?,
and soft tissue measures such as weight, skinfolds, and circumferences with low
h* values. Thus, heritability patterns of anthropometric phenotypes observed in
this study exhibited significant anthropometric variation among Andhra caste
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populations. The relatively low heritabilities in these caste populations are large-
ly attributable to extreme environmental effects. We are planning to use informa-
tion on genetics of anthropometric traits obtained from this study to reconstruct
the population structure of these caste populations.
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