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Y-chromosomal insights into the genetic impact of the caste system in India
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The caste system has persisted in Indian Hindu society for around 3,500 years. Like the Y chromosome, caste is defined at birth, and males cannot change their caste. In order to investigate the genetic consequences of this system, we have analysed male-lineage variation in a sample of 227 Indian men of known caste, 141 from the Jaunpur district of Uttar Pradesh and 86 from the rest of India. We typed 131 Y-chromosomal binary markers and 16 microsatellites. We find striking evidence for male substructure: in particular, Brahmins and Kshatriyas (but not other castes) from Jaunpur each show low diversity and the predominance of a single distinct cluster of haplotypes. These findings confirm the genetic isolation and drift within the Jaunpur upper castes, which are likely to result from founder effects and social factors. In the other castes, there may be either larger effective population sizes, or less strict isolation, or both.

Introduction

Modern India is a country of great diversity at many levels: cultural, linguistic and genetic [START_REF] Cavalli-Sforza | The History and Geography of Human Genes[END_REF][START_REF] Majumder | People of India: biological diversity and affinities[END_REF]). One outstanding feature of Indian society is its organization around the Hindu caste system, which is observed by almost 80% of the population and forms one of the world's longest-surviving social hierarchies. This system is based on the division of society into four broad castes, each originally linked to a specific social occupation: Brahmins, the priests; Kshatriyas, the warriors; Vaishyas, the farmers, merchants and businessmen; Sudras, the servants and workers. A fifth caste, the Panchamas (sometimes called Dalits), was added later to include people outside the first four castes. Castes, especially the higher ones, are traditionally endogamous and membership is achieved by birth. Although officially abolished in 1949, this strict social structure has persisted for several thousand years [START_REF] Thapar | A History of India[END_REF][START_REF] Wolpert | A New History of India[END_REF]) and so is likely to have contributed to the substructuring of the Indian gene pool. Quantification of its effects is important not only for historical and anthropological insights, but also for understanding the distribution of the genetic variation that influences health and resolving population stratification issues in disease association studies.

The Y chromosome has proven to be one of the most informative loci for investigating genetic structure on both global and local scales [START_REF] Jobling | The human Y chromosome: an evolutionary marker comes of age[END_REF]. It is particularly relevant to the investigation of the caste system because caste, like the Y chromosome, is paternally inherited, so a Y-chromosomal lineage should remain within its caste of origin. In the last few years, several Y-chromosomal studies have focused on understanding the origin of the Indian castes [START_REF] Bamshad | Genetic evidence on the origins of Indian caste populations[END_REF][START_REF] Cordaux | Independent origins of Indian caste and tribal paternal lineages[END_REF][START_REF] Kivisild | The genetic heritage of the earliest settlers persists both in Indian tribal and caste populations[END_REF][START_REF] Sengupta | Polarity and temporality of high-resolution Y-chromosome distributions in India identify both indigenous and exogenous expansions and reveal minor genetic influence of Central Asian pastoralists[END_REF][START_REF] Wooding | Directional migration in the Hindu castes: inferences from mitochondrial, autosomal and Y-chromosomal data[END_REF]), but fewer have concentrated on quantifying the genetic substructuring in the population as a result of social stratification among the castes [START_REF] Bamshad | Genetic evidence on the origins of Indian caste populations[END_REF][START_REF] Basu | Ethnic India: a genomic view, with special reference to peopling and structure[END_REF][START_REF] Wooding | Directional migration in the Hindu castes: inferences from mitochondrial, autosomal and Y-chromosomal data[END_REF]. To investigate such an effect, we performed a comparative study of Y-chromosomal data from 227 caste samples obtained with informed consent from men unrelated for the last three generations, as described elsewhere [START_REF] Pandya | Hierarchical high-throughput SNP genotyping of the human Y chromosome using MALDI-TOF mass spectrometry[END_REF]. Of these, 141 were collected from men born in 20 different villages spread over several hundred square kilometres in the Jaunpur district, a region of Uttar Pradesh in the north of India, and 86 samples were collected from men born in other Indian states (Jammu & Kashmir, Punjab, Haryana, Rajasthan, Uttar Pradesh (outside Jaunpur), Gujarat, Bihar, West Bengal, Maharashtra, Orissa, Karnataka, Andhra Pradesh and Tamil Nadu). To distinguish throughout this study between the two sample groups, we will refer to the samples from the Jaunpur district as "Jaunpur samples" and those from the rest of India as "Indian samples" although the Jaunpur samples are obviously also from India.

Materials and Methods

Sample collection and DNA extraction were performed as described elsewhere [START_REF] Pandya | Hierarchical high-throughput SNP genotyping of the human Y chromosome using MALDI-TOF mass spectrometry[END_REF]). Twenty-one binary markers were genotyped in all samples by Southern hybridisation or PCR-RFLP as described previously [START_REF] Pandya | Hierarchical high-throughput SNP genotyping of the human Y chromosome using MALDI-TOF mass spectrometry[END_REF][START_REF] Rosser | Y-chromosomal diversity in Europe is clinal and influenced primarily by geography, rather than by language[END_REF], 115 in a hierarchical mode by mass spectrometry [START_REF] Pandya | Hierarchical high-throughput SNP genotyping of the human Y chromosome using MALDI-TOF mass spectrometry[END_REF] and one (M69) by SNaPshot following the suppliers' recommendations (Applied Biosystems). There was some overlap between the marker sets, so the total number of different markers typed was 131, and we were able to measure an error rate of 0.1% in the RFLP-based analyses that arose from restriction enzyme digestion failures. Y-STR genotyping was performed following published methods [START_REF] Ayub | Identification and characterisation of novel human Y-chromosomal microsatellites from sequence database information[END_REF][START_REF] Thomas | High throughput analysis of 10 microsatellite and 11 diallelic polymorphisms on the human Y-chromosome[END_REF]. Statistical analyses, including calculation of summary statistics and Analysis of Molecular Variance [START_REF] Excoffier | Analysis of molecular variance inferred from metric distances among DNA haplotypes: application to human mitochondrial DNA restriction data[END_REF]), multidimensional scaling using SPSS 14.0, construction of networks [START_REF] Bandelt | Median-joining networks for inferring intraspecific phylogenies[END_REF]) and BATWING (run on samples from individual castes) [START_REF] Wilson | Inferences from DNA data: population histories, evolutionary processes and forensic match probabilities[END_REF] were performed as described previously [START_REF] Xue | Male demography in East Asia: a north-south contrast in human population expansion times[END_REF][START_REF] Zerjal | A genetic landscape reshaped by recent events: Y-chromosomal insights into central Asia[END_REF].

Results and Discussion

Samples were typed with 131 binary markers and 16 STRs from the Y chromosome. In all, we found that 27 binary markers were polymorphic and identified 18 haplogroups (Figure 1). All 18 haplogroups were found in the Indian sample group and 13 were present in the Jaunpur samples (Table 1; full data are in Supplementary Table 1). The three most frequent haplogroups accounted for 52% (45/86) of the Indian Y chromosomes but for 76% (108/146) of Jaunpur Y chromosomes. Of these haplogroups, R1a1 and R2 were present in all castes with R1a1 being the most common haplogroup among the Indian caste samples (22%), especially among the Brahmins (35%) while R2 was the most common in the Jaunpur district (36%) and represented 87% of Jaunpur Kshatriya Y lineages. H1a* was the third most common haplogroup present in 16% of the Indian samples, and was equally distributed among all castes except the Vaishyas. In the Jaunpur district it represented 20% of the samples and was particularly frequent among Jaunpur Brahmins (65%). L1 was also well-represented among the Indian samples with a frequency of 10% but was relatively rare in Jaunpur (2%). These haplogroup frequencies are in good agreement with previous studies of caste populations [START_REF] Sengupta | Polarity and temporality of high-resolution Y-chromosome distributions in India identify both indigenous and exogenous expansions and reveal minor genetic influence of Central Asian pastoralists[END_REF], and suggest that our samples are representative of the larger caste population.

Overall, the Jaunpur castes showed a marked reduction in genetic diversity compared with the rest of India. However, this reduction was not equally distributed among the castes, but was instead restricted to the Brahmins and Kshatriyas. Genetic diversity [START_REF] Nei | Molecular Evolutionary Genetics[END_REF]) based on haplogroup frequencies ranged from 0.84 to 0.91 (Standard Error (SE) <±0.08) in the Indian castes, and similar values were also detected among the Vaishyas, Sudras and Panchamas from the Jaunpur district. But it was 0.54 (SE ±0.1) among the Jaunpur Brahmins and only 0.23 (SE ±0.08) in the Jaunpur Kshatriyas (Table 1). A similar pattern was also seen when the microsatellite analysis was carried out. From the 227 samples we identified 156 microsatellite haplotypes, 81 in each sample group. Only 6 haplotypes were shared between the two sample groups and none between haplogroups. Of the 156 haplotypes, 133 (85%) were individual-specific, while the rest were shared by 2 to 27 individuals. As expected for these fast-mutating markers, a high genetic diversity was found in the Indian populations with values between 0.97 and 1 (SE <± 0.06) among the different castes. A similar range was also seen among the Vaishyas, Sudras and Panchamas from the Jaunpur district, but it decreased to 0.83 (SE ±0.06) in the Jaunpur Brahmins and to 0.73 (SE ±0.07) in Jaunpur Kshatriyas. These last two results are particularly striking since they are the lowest ever described using such a large number of microsatellites [START_REF] Qamar | Y-chromosomal DNA variation in Pakistan[END_REF][START_REF] Xue | Male demography in East Asia: a north-south contrast in human population expansion times[END_REF][START_REF] Zerjal | A genetic landscape reshaped by recent events: Y-chromosomal insights into central Asia[END_REF].

To quantify the patterns of genetic variation among castes further, we calculated summary statistics and applied other methods of analysis to reveal features of the structure within each population, concentrating on microsatellite data because of their freedom from ascertainment bias (Table 2, Figures 2, 3 and4). Low-diversity castes showed low θ k values (less than 10) indicating a smaller male effective population size (Helgason et al. 2000b). The θ k statistic also allows us to investigate the effect of the small sample sizes on our conclusions (Helgason et al. 2000a). We calculated the expected number of haplotypes after sampling to saturation (the point at which increasing the sample size by 10 is expected to add less than one new haplotype). The result (Table 2) shows that sampling is incomplete, even in Jaunpur, but that the expected number of haplotypes in a lower caste such as the Panchamas is similar (to within a factor of two) when Jaunpur and the rest of India are compared, but very different (by a factor of 18) when an upper caste such as the Brahmins is examined. A concordant result was also obtained when a Bayesian approach which models both mutational and demographic processes, implemented in the program BATWING [START_REF] Wilson | Inferences from DNA data: population histories, evolutionary processes and forensic match probabilities[END_REF], was used to estimate effective population sizes of the different castes as described [START_REF] Xue | Male demography in East Asia: a north-south contrast in human population expansion times[END_REF]. With this method the Brahmins and the Kshatriyas from Jaunpur again showed the smallest effective population sizes (Table 2, N a ). To measure the mutational distance between all pairs of haplotypes within castes, we calculated Average Squared Distance (ASD) values. Most castes showed ASD values greater than 145; however, the Brahmins and the Kshatriyas from Jaunpur were exceptions to this pattern, with values of 92 and 30 respectively (Table 2). Cumulative numbers of pairwise differences were used to compare the amount of genetic variation between haplotypes for all the castes. The Brahmins and the Kshatriyas from Jaunpur showed outstandingly low numbers of pairwise differences compared to the rest of the castes (Figure 2).

To visualize the haplotype variation within each caste, we constructed a median-joining network from combined binary and microsatellite data using the program Network (version 4.1.1.1) [START_REF] Bandelt | Median-joining networks for inferring intraspecific phylogenies[END_REF]) (Figure 3). Two star-shaped clusters stand out. The most striking one lies among haplogroup R2 chromosomes (M124-derived; lower left corner of the network). In this cluster, the central haplotype is present at high frequency (12% of the entire sample set) and contains mostly (24/27) Jaunpur Kshatriya samples. The surrounding haplotypes (one step away) also belong mainly to this population, while the more distant haplotypes are from a variety of castes from both Jaunpur and India. The second cluster in the network lies in haplogroup H1* (derived for M82; lower right corner of the network) and consists almost entirely of Jaunpur Brahmin chromosomes (13/15) distributed among three haplotypes. These star-like patterns are informative because they are, for neutrally evolving loci like the Y chromosome, the genetic signature of population bottleneck or founder events followed by drift and population expansion [START_REF] Xue | Recent spread of a Y-chromosomal lineage in northern China and Mongolia[END_REF][START_REF] Zerjal | A genetic landscape reshaped by recent events: Y-chromosomal insights into central Asia[END_REF][START_REF] Zerjal | The genetic legacy of the Mongols[END_REF]. It thus appears that in the Jaunpur district such events must have occurred, but only in the Brahmins and Kshatriyas. It is interesting to note that most of the samples in the Kshatriya cluster belong to the Chandel community. An oral tradition in the community claims that they are descendants of a king named Ajhuraj who moved in the Jaunpur area about 400 years ago, providing possible historical support for the genetic evidence of a founder event in this caste. The existence of a haplotype cluster that is highly specific for the Jaunpur Kshatriyas allows the recognition of likely gene flow from this caste to others in the same area, from the sharing of this cluster of lineages. We estimated the TMRCA (mean ± SD) for the Kshatriya cluster using the program Network 4.1.1.2 with the 'evolutionary' mutation rate proposed by Zhivotovsky et al. [START_REF] Zhivotovsky | The effective mutation rate at Y chromosome short tandem repeats, with application to human population-divergence time[END_REF]). Since the shape of the genealogy is not known, we calculated minimum and maximum numbers of meioses corresponding to late or early branching. Assuming that each chromosome from this lineage in another caste represented a single gene flow event, we estimated the rate of Ychromosomal movement out of the Kshatriyas at 0.7% per generation (0.104%-1.48%), somewhat lower than previously proposed rates [START_REF] Wooding | Directional migration in the Hindu castes: inferences from mitochondrial, autosomal and Y-chromosomal data[END_REF]).

Microsatellite haplotype frequencies and their molecular distances were used to calculate the molecular variance (Analysis of Molecular Variance, AMOVA) within and between castes [START_REF] Excoffier | Analysis of molecular variance inferred from metric distances among DNA haplotypes: application to human mitochondrial DNA restriction data[END_REF], and population pairwise genetic distances (Rst) [START_REF] Slatkin | A measure of population subdivision based on microsatellite allele frequencies[END_REF]. When all castes were pooled together in one group, a substantial fraction of variability (14.5%, P<0.0001) was due to differences among castes. This value is higher than those described in previous studies with smaller number of Y binary markers [START_REF] Basu | Ethnic India: a genomic view, with special reference to peopling and structure[END_REF], suggesting a stronger genetic differentiation among the populations examined here. However the "among castes variation" dropped to 1.2% (P>0.05) if the Brahmins and the Kshatriyas from Jaunpur were removed from the calculation. This analysis leads to two important conclusions. First, the majority of the genetic structuring is indeed restricted to the Jaunpur upper castes (Brahmins and the Kshatriyas); second, the other castes are not significantly different from one another by this measure. We displayed the pairwise R ST values obtained from haplotype data as an MDS (Multi-Dimensional Scaling) plot (Figure 4). The Brahmins and the Kshatriyas from Jaunpur appear as outliers, while the rest of the castes are quite tightly grouped. Within this group, however, no clustering is evident, either according to caste or distinguishing the Jaunpur from the Indian samples. We performed the same analysis of molecular variance using haplogroup frequencies and pairwise Φ ST values. The results (not shown) were similar to Figure 4, showing that consistent conclusions can be obtained using different markers.

Conclusions

Four main conclusions can be drawn from these combined findings. First, the Jaunpur district shows a marked reduction in genetic diversity when compared to the rest of India, but this reduction is restricted to the upper castes and is not detectable in the other castes. Second, the Brahmins and Kshatriyas from Jaunpur show a high level of genetic substructuring that is most probably the combined result of a founder effect and social stratification, rather than geography or other factors that are shared by the different castes. Third, Y-chromosomal gene flow between castes was low, <1% per generation. Fourth, no evident genetic differentiation was seen in the other Jaunpur castes, perhaps due to larger population sizes, greater gene flow among them, or a combination of these factors.

Are these features unique to the Jaunpur district or might we expect similar local genetic patterns in other parts of India? The Jaunpur district was selected for this study for reasons unconnected to its genetic makeup, which had not been investigated prior to this work. It seems likely that the stronger substructuring of the Jaunpur upper castes is a consequence of social ranking and is therefore not unique to the Jaunpur district, but is rather a common feature in India. Indeed, the observations of [START_REF] Basu | Ethnic India: a genomic view, with special reference to peopling and structure[END_REF] of higher F ST values among upper castes than lower castes, and a lack of clustering according to caste in neighbourjoining trees, may reflect the same phenomenon. However, its full extent has not been revealed before because most studies have used samples collected from broader areas, and may contribute to the conflicting conclusions reached by different studies about the genetic contribution accompanying the establishment of the caste system (e.g. compare [START_REF] Basu | Ethnic India: a genomic view, with special reference to peopling and structure[END_REF][START_REF] Cordaux | Independent origins of Indian caste and tribal paternal lineages[END_REF][START_REF] Sengupta | Polarity and temporality of high-resolution Y-chromosome distributions in India identify both indigenous and exogenous expansions and reveal minor genetic influence of Central Asian pastoralists[END_REF]). In the process, local differences would have been blended into heterogeneous caste groups characterized by high genetic variability and a lack of the genetic substructure seen in the present study. We conclude that, despite its very large size, the Indian Hindu population is better regarded as a highly substructured set of separate populations with limited gene flow among them than as a single population. Cumulative pairwise differences between microsatellite haplotypes within each caste. The caste samples are indicated by the same colours as in Figure 1: from Jaunpur, Brahmins (J-B), Kshatriyas (J-K), Vaishyas (J-V), Sudras (J-S) and Panchamas (J-P); from the rest of India, Brahmins (I-B), Kshatriyas(I-K), Vaishyas (I-V), Sudras (I-S) and Panchamas (I-P). Median-joining network for all the microsatellite haplotypes found in this study. Binary marker data are also included. Circles represent haplotypes and the size is proportional to the number of chromosomes; the color scheme is the same as in Figure 1. Each line represents a mutational step and parallel lines refer to identical mutational events. Red lines represent binary marker mutations. MDS analysis of population pairwise R ST values based on microsatellite haplotypes. The color scheme and abbreviations are the same as in Figures 1 and2. The stress value was 0.17. 
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 1 Figure 1. Y-chromosomal phylogeny of binary markers. The markers screened in this study are shown on each branch, and the haplogroup or paragroup (marked *) at the end. The haplogroups found in this survey are indicated in red. The pie charts are drawn with an area proportional to the haplogroup frequency, and the colored sectors represent the different castes from India and the Jaunpur district, as shown at bottom left.
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