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Abstract
The genebank at ICRISAT, Patancheru, India conserves a total of 19,063 pearl millet landraces

from latitudes ranging from 33.008 in the Southern Hemisphere (SH) to 34.378 in the Northern

Hemisphere (NH). In the present study, the NH was found to be the major region for growing

pearl millet landraces (80.5%). More landraces were found at lower latitudes (,208) in both

hemispheres than at higher latitudes. The latitude range of 108–158 in the NH and 158–208

in the SH were found to be important source regions for the prevalence of pearl millet,

with 39.6% and 13.1% in the world collection of landraces, respectively. Landraces from

lower-latitude regions on either side of the equator varied widely for all traits. Landraces

from the 58–108N latitude region flowered late and grew tall in the rainy and post-rainy

seasons and produced more tillers. Landraces from the 108–158N latitude region produced

few tillers and had long and thick panicles with larger seeds. Long-bristled bird-resistant land-

races were considerable at latitudes of 108–158S and 208–258S. The minimum temperature at

the collection sites was found to be one of the important factors for determining the patterns

of the prevalence of pearl millet across the latitudes. Late-maturing, tall and high-tillering

landraces from lower-latitude regions were better sources for fodder production. Early-

maturing landraces producing long and thick panicles with large seeds from mid-latitude

regions (158–208) in both hemispheres were useful for developing high-yielding cultivars.

Using the latitudinal patterns of diversity in pearl millet landraces, missions may be launched

to explore high-diversity, under-collected and threatened areas for the collection of materials

of interest at latitudes of 158–208.
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Introduction

Pearl millet [Pennisetum glaucum (L.) R. Br.] is one of the

important cereal crops grown in a wide range of latitudes

(358S to 358N of the equator). It is an important grain crop

in Africa and Asia and a fodder crop in other arid and

semi-arid parts of the world (Andrews and Anand

Kumar, 1992). It is mainly cultivated in Niger, Nigeria,

Burkina Faso, Togo, Ghana, Mali, Senegal, Central Afri-

can Republic, Cameroon, Sudan, Botswana, Namibia,

Zambia, Zimbabwe and South Africa (Africa) and India,

Pakistan and Yemen (Asia) (Upadhyaya et al., 2010).

Latitude, which is the measurement of the distance of

a location on earth from the equator, is the primary

factor that affects unequal heating of the earth’s atmos-

phere. Latitudinal gradient in species diversity has been* Corresponding author. E-mail: h.upadhyaya@cgiar.org
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recognized for nearly a century, and some of these

polar–equatorial trends have been discussed in detail

elsewhere (Darlington, 1959; Fischer, 1960). Plants

experience considerable variations in natural selection

across their latitudinal range for local adaptation, result-

ing in geographic differentiation of populations (Joshi

et al., 2001; Streisfeld and Kohn, 2005; Springer, 2007).

Since solar irradiance, temperature and photoperiod

changes are known to influence many aspects of plant

life (Berry and Raison, 1981), widely distributed plant

species may be expected to show phenotypic variability

across latitudes. Genetically based latitudinal variations

in phenology (Weber and Schmid, 1998), growth

(Chapin and Chapin, 1981) and sexual reproduction

(Aizen and Woodcock, 1992) have been reported in ter-

restrial species. The overall pattern of diversity of crops

including pearl millet largely depends on natural and

human selection and sensitivity to environmental factors

such as day lengths, minimum and maximum tempera-

tures, rainfall patterns, soils, etc.

The world collection of pearl millet germplasm

(22,211 accessions) conserved at the ICRISAT genebank,

Patancheru, India is obtained from regions at a wide

range of latitudes (08–34.378 on both sides of the

equator). Due to its largest collection, the study of latitu-

dinal patterns of diversity in the collection of pearl millet

germplasm becomes very important for its targeted use

in crop improvement programmes. The availability of a

geographic information system and climate data of col-

lection sites have opened up avenues in understanding

latitudinal patterns of diversity. Therefore, in the present

study, patterns of diversity for important morpho-

agronomic traits in pearl millet landraces from different

latitudes were assessed and discussed in relation to the

available information on climate in different latitudinal

ranges on either side of the equator.

Materials and methods

The passport information and characterization data

of pearl millet germplasm (22,211 accessions) conserved

at the ICRISAT genebank, Patancheru, India were used in

the present study. The collection material consisted of

19,063 landraces, 2269 breeding materials, 129 improved

cultivars and 750 wild accessions belonging to 24 species

of the genus Pennisetum. Passport information of the

landraces, particularly the location of collection sites

and corresponding geographic coordinates, was updated

by referring to all related records, collection reports and

catalogues. Using Microsoft EncartaR, an electronic atlas

(MS EncartaR Interactive World Atlas, 2000), geographic

coordinates were retrieved for accessions without co-

ordinates to fill the gaps for landraces having location

information. The accuracy of coordinates was verified

by plotting all the landraces on a political map of

world. Finally, a set of 15,904 landraces having geo-

graphic coordinates was used in the present study. The

collection material includes landraces from regions at

latitudes ranging between 08 and 34.378 on both sides

of the equator, covering almost all major pearl millet-

growing countries across the world.

Pearl millet landraces were characterized in batches of

500 to 1000 every year at ICRISAT, Patancheru (17.538N

latitude, 78.278E longitude and 545 m.a.s.l), in alfisols

during the rainy and post-rainy seasons from 1974 to

2011. These two different seasonal conditions are typical

to semi-arid regions (Reddy et al., 2004). During the rainy

season, the accessions were sown in the month of June

and harvested in the month of October/November. In

contrast, during the post-rainy season, the accessions

were sown in the month of November and harvested in

the month of March of the subsequent year. At Patan-

cheru, the day length decreases from 13.10 h (in June)

to 11.40 h (in November) in the rainy season and increases

from 11.10 h (in December) to 12.00 h (in March) in the

post-rainy season. The monthly mean minimum tempera-

ture varies from 23.68C (in June) to 16.08C (in November)

and the monthly mean maximum temperature ranges

from 34.48C (in June) to 28.98C (in November) in the

rainy season. During the post-rainy season, the monthly

mean minimum temperature increases from 12.98C (in

December) to 19.38C (in March) and the mean maximum

temperature increases from 27.98C (in December) to

35.28C (in March). The mean annual rainfall is 908 mm.

Each accession was grown in two rows of 4 m length

each with a spacing of 75 cm between the rows and

10 cm between the plants within a row, accommodating

a total of 80 plants in two rows. The accessions were ran-

domized in all the evaluations. Fertilizers were applied at

the rate of 100 kg N and 40 kg P2O5/ha. Need-based irri-

gations were applied during the rainy season, while the

crop was irrigated at regular intervals during the post-

rainy season. The crop was protected from weeds,

pests and diseases. By the end of 2011, almost all land-

races were characterized for 19 morpho-agronomic

characteristics following the descriptors mentioned pre-

viously (IBPGR and ICRISAT, 1993). Days to 50% flower-

ing, plant height, panicle length and thickness were

recorded during both rainy and post-rainy seasons,

whereas number of total and productive tillers, panicle

shape, spikelet density, bristle length, seed yield poten-

tial, green fodder yield potential and overall plant

aspect were recorded only during the rainy season. For

panicle density, bristle length, seed yield potential,

green fodder yield potential and overall plant aspect,

landraces were visually scored on a scale of 1 to 9,

where 1 indicates most undesirable and 9 most
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desirable. Observations on grain characteristics, such as

1000-seed weight, seed shape and colour, were recorded

after harvesting during the post-rainy season. Emergence

of stigma in 50% of plants in a plot (accession) was

considered as days to 50% flowering (IBPGR and ICRI-

SAT, 1993). The height from the base to the tip of the

panicle was recorded as plant height (cm). In each

plot, the number of total and productive tillers per

plant was counted and the mean of five plants was

recorded. The mean panicle length (cm) over five

plants was recorded, while the width of the panicle

(mm) was recorded at the maximum thickness of the

panicle. Weight of 1000 seeds (g) drawn from the plot

harvest was recorded. The green fodder yield potential

of accessions was scored on the scale of 1–9, considering

plant height, tillering and leafiness of accessions, while

the seed yield potential of accessions was scored on

the basis of the number of productive tillers, spikelet

density, panicle length and thickness and seed size. The

overall plant aspect was recorded based on important

agronomic traits.

Frequencies were estimated for all qualitative traits

under study for the total collection, Northern

Hemisphere (NH) and Southern Hemisphere (SH) and

for each latitude range with an interval of 5.008 in both

NH and SH. Climatic data, such as monthly mean mini-

mum and maximum temperatures (over the past 30

years), rainfall patterns and day lengths for each collec-

tion site, were retrieved from the website http://www.

worldclim.org/current using the spatial analyst extension

in ArcGISw software in June 2011 (Hijmans et al., 2005).

High-resolution (1 km) interpolated climate surface data

are useful for studying the spatial relationship between

environmental variables and the vegetation existing at

that location. The lowest and highest monthly mean mini-

mum and maximum temperatures and day lengths for the

entire collection and for the NH and SH, as well as lower

(,208) and higher (.208) latitudes and each latitude

range with an interval of 5.008 starting from 0.008 to

35.008 on either side of the equator, were estimated.

Agronomic data were analysed using the residual maxi-

mum likelihood procedure in Genstat 14 release (http://

www.vsni.co.uk) to partition genotypic variance into

between hemispheres, lower (,208) and higher (.208)

latitudes, and latitude ranges within hemispheres. The

respective standard errors were estimated and used to

determine the significance of variance components.

Means, ranges and variances were calculated for 11 quan-

titative characteristics, for the entire collection, hemi-

spheres, lower and higher latitudes and latitude ranges

within each hemisphere. The mean values of different

traits were compared using the Newman–Keuls pro-

cedure (Newman, 1939; Keuls, 1952). The homogeneity

of phenotypic variances was tested by Levene’s (1960)

test. The Shannon and Weaver (1949) diversity index

(H 0) was used to measure and compare the phenotypic

diversity of all the 11 traits for the entire collection, hemi-

spheres, lower and higher latitudes and all latitude ranges

within hemispheres. Measured values of individual acces-

sions for a given trait were standardized by subtracting

the mean value of the trait from each observation and

subsequently dividing by its standard deviation. This

resulted in standardized values for each trait with an aver-

age value of 0 and a standardized deviation of 1 or less.

The principal component analysis (PCA) was carried out

in Genstat 14 release using these standardized values.

The cluster analysis (Ward, 1963) was carried out using

the scores of the first three principal components (PCs)

to cluster different latitudinal ranges.

Results

Frequency distribution

Pearl millet landraces used in the present study were col-

lected from regions at a wide range of latitudes from

33.008 in the SH to 34.378 in the NH. The frequency dis-

tribution of the landraces indicated 80.5% (12,808) of

landraces from the NH and 19.5% (3096) of landraces

from the SH (Table 1). In both hemispheres, more land-

races were found at lower latitudes (,208; 9573 in the

NH and 2687 in the SH) than at higher latitudes (.208;

3235 in the NH and 409 in the SH). The frequency distri-

bution over the entire collection and for each latitude

range on either side of the equator indicated that the lati-

tude range of 108–158 on the northern side and 158–208

on the southern side of the equator were found to be

important source regions for the prevalence of pearl

millet with 39.6% and 13.1% accessions, respectively.

The proportion of accessions at latitudes close to the

equator (08–58) and at higher latitudes (308–358) is very

low (,1%) (Table 1).

Diversity for qualitative traits

Panicle shape
Panicle shape recorded on the basis of the majority of

panicles in the plot is useful for classifying the landraces.

Nine panicle shapes (cylindrical, conical, spindle, club,

candle, dumb-bell, lanceolate, oblanceolate and globose)

are recognized in the collection (IBPGR and ICRISAT,

1993) (Supplementary Table S2, available online).

Landraces producing candle-shaped panicles were

more common in the entire collection, both hemi-

spheres and all latitude ranges except for 258–308 in

the NH and 08–158 and 208–258 in the SH. The latitude

Latitudinal patterns in pearl millet diversity 93
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range of 258–308 in the NH and 108–158 in the SH

were found to be important source regions for pearl

millet with cylindrical-shaped panicles, with 43.4% and

48.9% accessions, respectively. Landraces producing

lanceolate-shaped panicles were predominant in the

latitude ranges of 08–108 and 208–258 in the SH.

Seed colour
Seed colour is an important trait that differentiates

landraces. Ten seed colours (ivory, cream, yellow,

grey, deep grey, grey brown, brown, purple, purplish

black and mixture of grey and white) were found in

the collection, and 50% of the total landraces produced

grey colour seeds and 32% of the landraces produced

grey-brown colour seeds (IBPGR and ICRISAT, 1993)

(Supplementary Table S2, available online). All other

colours were negligible (,8%) in the collection. Both

hemispheres and all latitude ranges were found to be

predominant source regions for grey to grey-brown

seeds. Seed colours such as ivory and cream were

more predominant at latitudes of 08–158N and 108–

208S. Seeds with yellow pericarp were predominant at

latitudes of 58–158N.

Seed shape
Five seed shapes (obovate, oblanceolate, elliptical,

hexagonal and globular) were found in the collection

(IBPGR and ICRISAT, 1993) (Supplementary Table S2,

available online). A maximum of 25.5% of landraces

produced globular-shaped seeds followed by 23.8%

elliptical-, 18% oblanceolate-, 17.3% obovate- and

15.5% hexagonal-shaped seeds. The NH was the

predominant source for globular-, hexagonal- and

elliptical-shaped seeds when compared with the SH,

which was found as the important source for obovate-

and oblanceolate-shaped seeds. The latitude ranges of

108–158N (39.2%) and 58–108N (46.5%) were found to

be important source regions for globular-shaped

seeds. In the SH, the latitudes of 08–158, 158–208 and

208–258 were found to be important source regions

for obovate-, oblanceolate- and globular-shaped seeds,

respectively.

Spikelet density
Spikelet density or panicle density is an important trait

contributing to the yield of pearl millet. A high score of

7 to 9 indicated high panicle density, which is desirable.

Only 12.8% of the landraces in the collection had a high

score (7–9). There were 215 (1.35%) landraces in the col-

lection that scored 8 and five (0.03%) landraces scored 9

for this trait. The NH was found to be the predominant

source for pearl millet landraces with a high score for

this trait. Among the latitude ranges, 58–208 on both

sides of the equator was found to be important source

regions for high-scoring landraces for this trait (Sup-

plementary Table S2, available online).

Bristle length
A high score for bristle length indicates long bristles,

which is a desirable trait. The long bristles of the panicle

will penetrate into the eye of the bird, acting as a self-

defence mechanism to scare birds. More than 96% of

the total landraces produced short bristles (bristles

below the level of the apex of the seed). In contrast,

0.47% (75 landraces) of the total collection produced bris-

tles longer than 2 cm above the seed and scored 7–9. All

landraces scoring 9 were from the SH. Within the SH, the

latitudes of 108–158 and 208–258 were the important

source regions for pearl millet with long bristles (Sup-

plementary Table S2, available online).

Green fodder yield potential
This trait determines the fodder yield potential of land-

races. In the entire collection, about 41% of the landraces

had scored 7, whereas 12% scored 8 and 0.7% scored 9

for green fodder yield potential. More than 50% of the

landraces from both hemispheres had scored more than

6. Within the NH, a maximum of 4.0% of the landraces

from the latitudes of 58–108 had scored 9 (Supplementary

Table S2, available online).

Seed yield potential
This is an important trait contributing to the seed yield of

pearl millet. A maximum of 43% of the landraces scored

6, followed by 14% of the landraces scoring 7, 0.96%

scoring 8 and 0.01% scoring 9. All the landraces that

scored 8 and 9 were from the NH. All the landraces scor-

ing 9 were from the latitudes of 108–158N and 208–258N

(Supplementary Table S2, available online).

Overall plant aspect
This trait indicates the overall agronomic acceptability of

landraces (Supplementary Table S2, available online).

None of the landraces in the collection scored 9. In the

entire collection, only 0.54% landraces scored 8. Only

0.66% landraces from the NH and 0.03% from the SH

scored 8. However, in the NH, landraces scoring 8

occurred at all latitude ranges.

Diversity for quantitative traits

Range and means
A large variation was observed in the collection for all

quantitative traits under study. Landraces from the NH

varied widely for all traits except for panicle width

when compared with those from the SH (Table 1).

Landraces from lower latitudes on either side of the
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equator varied widely for all traits. Among the latitude

ranges, 108–158N showed a high variation for all traits

under study except for panicle width. Earliest flowering

landraces were from the latitude of 208–258N. Very late

flowering (.150 d in the rainy season and .130 d in

the post-rainy season), tall (.480 cm in the rainy

season and .420 cm in the post-rainy season), high-tiller-

ing (35 tillers per plant in the rainy season and .17 tillers

in the post-rainy season), long (.100 cm) and thick

panicle (.50 mm) and large seed (.18 g/1000 seeds)

landraces were from the latitude of 108–158N.

The Newman–Keuls (Newman, 1939; Keuls, 1952) test

of significance for mean values indicated significant

differences between the landraces from the two hemi-

spheres for all traits except for days to 50% flowering in

the rainy season (Table 2). Landraces from the NH flow-

ered early in the post-rainy season, grew short, produced

more tillers and had small, thin panicles and large seeds

when compared with those from the SH. Higher and

lower latitudes within each hemisphere also differed sig-

nificantly for all traits. Landraces from higher latitudes in

the NH flowered early in both seasons, grew short in the

rainy season and tall in the post-rainy season, and pro-

duced more tillers with small panicles and small seeds.

In contrast, in the SH, landraces from higher latitudes

flowered early in the rainy season and late in the post-

rainy season, grew short, and produced more tillers

with small panicles and small seeds. Significant differ-

ences were observed between the latitude ranges in the

NH for all traits. Landraces from the latitude of 58–108N

flowered late and grew tall in both seasons and produced

more tillers. Landraces from the latitude of 108–158N pro-

duced few tillers and had long and thick panicles with

larger seeds. Landraces from higher latitudes (308–358N)

flowered early and grew to a short height in the rainy

season (Table 2).

Variances
The homogeneity of variances of the hemispheres and

latitude ranges within each hemisphere was tested for all

the 11 quantitative traits by Levene’s (1960) test (Sup-

plementary Table S1, available online). The variances

for hemispheres were heterogeneous (P # 0.0001) for

all traits under study and for all traits in the lower and

higher latitudes on either side of the equator. Variances

were heterogeneous (P # 0.0001) for all traits, except

for total and productive tillers per plant, at all latitude

ranges in the NH and for all traits in the SH.

Table 2. Meana values for various traits of pearl millet germplasm from different latitudes on both sides of the equator,
evaluated at ICRISAT, Patancheru, India

Lat DFLR DFLPR PHTR PHTPR TTR PTR PLR PLPR PWR PWPR SDWT

EC 75.5 70.6 255.5 163.5 2.6 2.1 28.4 25.8 24 23 8.6
NH 75.4a 69.4b 250.7b 159.2b 2.8a 2.2a 27.4b 24.5b 23.2b 22.0b 8.7a
SH 75.9a 75.8a 275.3a 181.1a 1.8b 1.5b 32.5a 31.2a 27.3a 27.3a 8.1b
NH-HL 56.55d 66.67d 204.10d 162.10c 3.04a 2.40a 23.40c 20.31d 21.71d 20.64d 7.65c
NH-LL 81.74a 70.27c 266.40b 158.20d 2.76b 2.12b 28.78b 25.87c 23.77c 22.47c 9.09a
SH-HL 67.82c 82.51a 228.10c 175.50b 2.24c 1.68c 28.83b 29.31b 26.61b 28.97a 7.71c
SH-LL 77.10b 74.76b 282.50a 181.90a 1.75d 1.50d 33.05a 31.49a 27.41a 27.08b 8.18b
30–358N 51.3e 64.4e 184.0e 147.5c 3.4a 2.5b 22.9cd 20.0c 20.8d 20.0c 7.4e
25–308N 58.0d 67.8d 220.2d 166.5a 3.0b 2.5b 24.5b 20.8c 21.6c 20.5b 7.6d
20–258N 55.7d 65.5e 183.8e 159.2b 3.0b 2.3cb 21.8d 19.5c 22.0c 21.0b 7.7d
15–208N 65.0c 68.2d 227.4c 161.0b 2.9b 2.2c 22.3d 19.9c 23.2b 22.5a 7.8d
10–158N 82.5b 70.2c 274.4b 157.7b 2.6c 2.0d 31.4a 28.3a 24.1a 22.5a 9.5a
5–108N 104.7a 73.6a 290.7a 157.9b 3.1ba 2.4cb 25.9b 23.4b 22.8b 22.0a 9.0b
0–58N 83.6b 71.9b 230.6c 150.8c 3.2ba 2.7a 23.5cd 21.1c 23.2b 22.7a 8.2c
0–58S 103.4a 87.1a 301.0a 187.5a 1.7b 1.4b 29.2bc 30.3ba 25.7a 28.0a 6.7bc
5–108S 107.8a 93.1a 301.3a 196.0a 1.5b 1.3b 32.2bac 35.1a 24.9a 27.3ba 7.2bac
10–158S 72.3b 68.1b 240.3c 148.8b 3.0a 2.5a 25.4c 23.2b 23.4a 22.2b 6.2c
15–208S 71.6b 72.2b 282.6ba 182.9a 1.7b 1.4b 34.2ba 32.0a 28.2a 27.4ba 8.6a
20–258S 67.9b 82.8a 228.2c 175.4a 2.2ba 1.7b 28.8bc 29.3ba 26.6a 29.1a 7.7bac
25–308S 66.7b 71.0b 216.3c 176.3a 2.5ba 1.9b 29.1bc 29.3ba 27.1a 24.9ba 8.3ba
30–358S 63.4b 68.7b 240.0bc 196.7a 1.7b 1.3b 37.0a 31.0a 27.3a 26.7ba 7.1bac

Lat, latitude; DFLR, days to 50% flowering in the rainy season; DFLPR, days to 50% flowering in the post-rainy season;
PHTR, plant height (cm) in the rainy season; PHTPR, plant height (cm) in the post-rainy season; TTR, total tillers/plant in the
rainy season; PTR, productive tillers/plant in the rainy season; PLR, panicle length (cm) in the rainy season; PLPR, panicle
length (cm) in the post-rainy season; PWR, panicle width (mm) in the rainy season; PWPR, panicle width (mm) in the
post-rainy season; SDWT, 1000-seed weight; EC, entire collection; NH, Northern Hemisphere; SH, Southern Hemisphere;
NH-HL, higher-latitude Northern Hemisphere (.208); NH-LL, lower-latitude Northern Hemisphere (,208); SH-HL, higher-
latitude Southern Hemisphere (.208); SH-LL, lower-latitude Southern Hemisphere (,208).
a Means were tested by Newman–Keuls test and means followed by different letters are significantly different at P ¼ 0.05.
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Phenotypic diversity
The Shannon–Weaver diversity index (H 0) (Shannon

and Weaver, 1949) was calculated for the entire landrace

collection, collections from the two hemispheres, lower

and higher latitudes in each hemisphere and latitude

ranges within hemispheres, to compare the phenotypic

diversity of the 11 quantitative traits (Table 3). A low

H 0 value indicates extremely unbalanced frequency

classes for an individual trait and a lack of genetic diver-

sity in the collection or species. In the entire collection,

the H 0 value ranged from 0.427 ^ 0.020 for total tillers

per plant to 0.632 ^ 0.020 for plant height in the post-

rainy season. Among the hemispheres, mean diversity

over all the traits was more (H 0 ¼ 0.569 ^ 0.019) in

the landraces from the NH than those from the SH

(H 0 ¼ 0.563 ^ 0.027). In the NH, diversity was high at

higher latitudes for all the traits under study except for flow-

ering in the post-rainy season, panicle width in the rainy

season and 1000-seed weight. Within each hemisphere,

mean diversity over all the traits was high at higher latitudes

when compared with that at lower latitudes. Among

the latitude ranges, the diversity index value for all the

traits ranged from 0.571 ^ 0.026 in the latitude of 108–158

to 0.606 ^ 0.009 in the latitude of 258–308 in the NH

and from 0.276 ^ 0.001 in the latitude of 308–358 to

0.583 ^ 0.017 in the latitude of 208–258 in the SH.

Cluster analysis
The PCA carried out using the standardized data of the

11 quantitative traits captured 90% of the total variation

from the first three PCs. A hierarchical cluster analysis

conducted on the scores of the first three PCs resulted

in four clusters of latitude ranges. Landraces from the

latitude of 58–158N formed cluster 1, those from

08–58N, 158–358N and 108–158S formed cluster 2,

those from 08–108S formed cluster 3 and those from

158-358S formed cluster 4 (Supplementary Fig. S1, avail-

able online).

Climate

Day length
The mean annual day length over all the collection sites

was 12.12 h. The mean annual day length in the NH

(12.13 h) differed significantly from that of the SH

(12.07 h). Significant differences were observed in day

length at higher and lower latitudes in both hemispheres.

In the NH, day length was high (12.15 h) at higher latitudes

than at lower latitudes (12.12 h). It was observed that in

both hemispheres, as the latitude range increased, the

minimum, maximum and mean of the lowest monthly

mean for day length decreased, whereas the minimum,

maximum and mean of the highest monthly mean

increased.

Rainfall
The mean annual total rainfall over all the collection sites

was 737 mm. Collection sites in the NH received a signi-

ficantly higher (753 mm) rainfall than those in the SH

(673 mm) (Table 4). Lower latitudes in both hemispheres

received a significantly higher rainfall (772mm in the

NH and 686 mm in the SH) than higher latitudes

(697 mm in the NH and 580 mm in the SH). No clear pat-

terns exist in the rainfall of different latitudinal ranges in

both hemispheres. Only the latitude of 08–108N received

more than 1000 mm rainfall. All latitude ranges in the SH

received ,1000 mm rainfall with a maximum of 982 mm

in the latitude of 108–158.

Temperature
Minimum temperature. The mean annual minimum

temperature over all the collection sites was 19.08C

(Table 4). The mean annual minimum temperature

(20.18C) in the NH was significantly higher than that

of the SH (14.68C). It was less (19.08C in the NH and

12.98C in the SH) in the higher latitudes than in the lower

latitudes (20.58C in the NH and 14.98C in the SH). No

clear pattern exists for different latitudinal ranges in both

hemispheres for the minimum temperature. However,

the minimum lowest monthly mean (217.68C) was

observed in the latitude range of 308–358N. Furthermore,

there was an abrupt reduction in the minimum of the

lowest and highest monthly mean minimum temperature

in the latitude range of 108–158N. The maximum and

mean of the lowest monthly mean minimum temperature

decreased with the increase in latitude in both

hemispheres.

Maximum temperature. The mean annual maximum

temperature over all the collection sites was 32.48C

(Table 4). It was significantly higher (33.38C) in the NH

than in the SH (28.98C). Lower latitudes were

significantly warmer (33.68C in the NH and 29.28C in the

SH) than higher latitudes (32.48C in the NH and 27.28C

in the SH). In different latitudinal ranges of both

hemispheres, the minimum of the lowest and highest

monthly mean maximum temperature did not show any

pattern. There was an abrupt reduction in the minimum

of the lowest and highest monthly mean maximum

temperature in the latitude ranges of 108–158N and

158–208S. The maximum and mean of the highest

monthly mean maximum temperature increased with an

increase in latitude range in the NH, and no such pattern

was observed in the SH.

Latitudinal patterns in pearl millet diversity 97

https://doi.org/10.1017/S1479262113000348 Published online by Cambridge University Press

https://doi.org/10.1017/S1479262113000348


T
ab
le

3.
Sh

an
n
o
n

–
W

ea
ve

r
d
iv

er
si

ty
in

d
ex

(H
0
)

fo
r

va
ri

o
u
s

tr
ai

ts
o
f

p
ea

rl
m

il
le

t
ge

rm
p
la

sm
fr

o
m

d
if

fe
re

n
t

la
ti

tu
d
es

o
n

b
o
th

si
d
es

o
f

th
e

eq
u
at

o
r,

ev
al

u
at

ed
at

IC
R

IS
A

T,
Pa

ta
n
ch

er
u
,

In
d
ia

La
t

D
FL

R
D

FL
P
R

P
H

T
R

P
H

T
P
R

T
T
R

P
T
R

P
LR

P
LP

R
P
W

R
P
W

P
R

SD
W

T
M

ea
n

SE
^

EC
0
.5

8
4

0
.6

0
4

0
.6

2
7

0
.6

3
2

0
.4

2
7

0
.4

3
7

0
.5

6
7

0
.5

6
7

0
.6

1
0

0
.6

0
7

0
.6

1
5

0
.5

7
4

0
.0

2
0

N
H

0
.5

7
6

0
.6

1
0

0
.6

3
2

0
.6

2
2

0
.4

3
2

0
.4

5
0

0
.5

3
7

0
.5

4
4

0
.5

9
8

0
.6

1
2

0
.6

1
6

0
.5

6
9

0
.0

1
9

SH
0
.5

2
6

0
.6

1
0

0
.6

1
2

0
.6

3
7

0
.3

5
9

0
.3

8
3

0
.6

1
0

0
.5

9
9

0
.6

2
6

0
.6

1
0

0
.6

2
0

0
.5

6
3

0
.0

2
7

M
ea

n
0
.5

5
1

0
.6

1
0

0
.6

2
2

0
.6

3
0

0
.3

9
5

0
.4

1
7

0
.5

7
4

0
.5

7
2

0
.6

1
2

0
.6

1
1

0
.6

1
8

0
.5

6
6

0
.0

2
3

SE
^

0
.0

2
5

0
.0

0
0
1

0
.0

1
0

0
.0

0
8

0
.0

3
6

0
.0

3
3

0
.0

3
6

0
.0

2
8

0
.0

1
4

0
.0

0
1

0
.0

0
2

0
.0

0
3

0
.0

0
4

N
H

-H
L

0
.5

9
5

0
.5

7
8

0
.6

3
2

0
.6

2
5

0
.4

9
8

0
.5

2
8

0
.6

3
1

0
.6

0
1

0
.6

2
1

0
.6

1
0

0
.6

1
5

0
.5

9
7

0
.0

1
2

N
H

-L
L

0
.5

8
7

0
.6

0
0

0
.6

2
4

0
.6

1
1

0
.4

1
7

0
.4

1
9

0
.5

6
1

0
.5

4
4

0
.6

1
2

0
.6

2
6

0
.6

2
1

0
.5

6
7

0
.0

2
1

SH
-H

L
0
.6

0
3

0
.6

1
9

0
.5

9
9

0
.6

1
6

0
.4

6
2

0
.4

5
6

0
.5

9
6

0
.6

0
3

0
.6

0
4

0
.6

1
3

0
.5

9
0

0
.5

8
0

0
.0

1
7

SH
-L

L
0
.5

3
4

0
.6

1
9

0
.6

2
0

0
.6

2
6

0
.3

3
0

0
.3

6
6

0
.6

2
6

0
.5

8
9

0
.6

2
4

0
.6

0
3

0
.6

2
2

0
.5

6
0

0
.0

3
0

M
ea

n
0
.5

8
0

0
.6

0
4

0
.6

1
9

0
.6

1
9

0
.4

2
6

0
.4

4
2

0
.6

0
3

0
.5

8
4

0
.6

1
5

0
.6

1
3

0
.6

1
2

0
.5

7
6

0
.0

1
9

SE
^

0
.0

1
6

0
.0

0
9

0
.0

0
7

0
.0

0
4

0
.0

3
6

0
.0

3
4

0
.0

1
6

0
.0

1
4

0
.0

0
5

0
.0

0
5

0
.0

0
7

0
.0

0
8

0
.0

0
4

3
0

–
3
5
8N

0
.6

0
8

0
.5

9
4

0
.6

2
9

0
.6

3
5

0
.5

5
6

0
.5

1
2

0
.6

2
6

0
.6

0
0

0
.5

9
8

0
.6

1
5

0
.6

2
6

0
.5

9
8

0
.0

1
0

2
5

–
3
0
8N

0
.6

2
7

0
.6

2
3

0
.6

2
5

0
.6

1
6

0
.5

3
3

0
.5

6
0

0
.6

0
7

0
.6

0
6

0
.6

3
6

0
.6

1
6

0
.6

0
7

0
.6

0
6

0
.0

0
9

2
0

–
2
5
8N

0
.4

9
3

0
.6

0
0

0
.6

0
4

0
.6

2
4

0
.4

2
7

0
.4

7
7

0
.6

1
9

0
.6

2
3

0
.6

0
1

0
.6

0
7

0
.6

1
9

0
.5

7
5

0
.0

2
0

1
5

–
2
0
8N

0
.5

9
0

0
.5

8
0

0
.6

1
1

0
.6

2
1

0
.4

5
7

0
.4

7
7

0
.5

7
6

0
.5

5
5

0
.6

4
6

0
.6

1
4

0
.6

3
1

0
.5

7
8

0
.0

1
7

1
0

–
1
5
8N

0
.6

0
1

0
.6

2
8

0
.6

2
6

0
.6

2
4

0
.3

8
6

0
.3

8
6

0
.5

7
0

0
.5

6
5

0
.6

1
5

0
.6

1
7

0
.6

1
5

0
.5

7
1

0
.0

2
6

5
–

1
0
8N

0
.5

1
9

0
.5

1
1

0
.6

1
6

0
.6

1
6

0
.5

5
8

0
.5

2
3

0
.5

7
9

0
.5

6
9

0
.5

9
9

0
.6

3
6

0
.6

3
6

0
.5

7
9

0
.0

1
3

0
–

5
8N

0
.3

8
4

0
.6

3
2

0
.6

2
3

0
.6

1
9

0
.5

9
9

0
.6

0
8

0
.6

0
9

0
.6

2
9

0
.5

8
2

0
.5

7
1

0
.5

9
4

0
.5

8
3

0
.0

2
0

M
ea

n
0
.5

4
6

0
.5

9
5

0
.6

1
9

0
.6

2
2

0
.5

0
2

0
.5

0
6

0
.5

9
8

0
.5

9
3

0
.6

1
1

0
.6

1
1

0
.6

1
8

0
.5

8
4

0
.0

1
6

SE
^

0
.0

3
3

0
.0

1
6

0
.0

0
4

0
.0

0
3

0
.0

3
0

0
.0

2
7

0
.0

0
8

0
.0

1
1

0
.0

0
8

0
.0

0
7

0
.0

0
6

0
.0

0
5

0
.0

0
2

0
–

5
8S

0
.4

9
0

0
.5

6
8

0
.6

1
3

0
.6

0
2

0
.4

8
2

0
.3

6
4

0
.6

0
5

0
.5

8
2

0
.5

6
4

0
.5

8
5

0
.5

8
4

0
.5

4
9

0
.0

2
1

5
–

1
0
8S

0
.5

2
8

0
.6

4
1

0
.6

0
6

0
.6

0
4

0
.3

6
4

0
.2

6
8

0
.6

0
2

0
.6

1
3

0
.5

9
5

0
.6

2
6

0
.6

1
2

0
.5

5
5

0
.0

3
4

1
0

–
1
5
8S

0
.5

0
2

0
.6

0
3

0
.5

7
2

0
.6

2
7

0
.4

6
2

0
.4

6
0

0
.6

0
5

0
.6

0
2

0
.5

9
2

0
.6

0
1

0
.6

1
4

0
.5

7
0

0
.0

1
7

1
5

–
2
0
8S

0
.5

7
7

0
.5

9
5

0
.6

2
7

0
.6

1
6

0
.3

5
5

0
.3

5
4

0
.6

2
6

0
.6

2
0

0
.6

2
3

0
.6

3
0

0
.6

2
7

0
.5

6
9

0
.0

2
9

2
0

–
2
5
8S

0
.6

0
3

0
.6

1
7

0
.6

0
1

0
.6

1
7

0
.4

6
2

0
.4

5
7

0
.6

0
2

0
.6

2
0

0
.6

0
8

0
.6

1
5

0
.5

9
3

0
.5

8
3

0
.0

1
7

2
5

–
3
0
8S

0
.3

9
1

0
.3

9
1

0
.4

7
0

0
.4

2
3

0
.3

9
1

0
.3

9
1

0
.4

2
3

0
.4

7
0

0
.3

9
1

0
.5

2
7

0
.5

4
5

0
.4

4
0

0
.0

1
6

3
0

–
3
5
8S

0
.2

7
6

0
.2

7
6

0
.2

7
6

0
.2

7
6

0
.2

7
6

0
.2

7
6

0
.2

7
6

0
.2

7
6

0
.2

7
6

0
.2

7
6

0
.2

7
6

0
.2

7
6

0
.0

0
0

M
ea

n
0
.4

8
1

0
.5

2
7

0
.5

3
8

0
.5

3
8

0
.3

9
9

0
.3

6
7

0
.5

3
4

0
.5

4
1

0
.5

2
1

0
.5

5
2

0
.5

5
0

0
.5

0
6

0
.0

1
9

SE
^

0
.0

4
3

0
.0

5
2
2

0
.0

4
8

0
.0

5
1

0
.0

2
8

0
.0

2
9

0
.0

5
1

0
.0

4
8

0
.0

5
1

0
.0

4
8

0
.0

4
7

0
.0

4
2

0
.0

0
4

La
t,

la
ti

tu
d
e;

D
FL

R
,

d
ay

s
to

5
0
%

fl
o
w

er
in

g
in

th
e

ra
in

y
se

as
o
n
;

D
FL

P
R

,
d
ay

s
to

5
0
%

fl
o
w

er
in

g
in

th
e

p
o
st

-r
ai

n
y

se
as

o
n
;

P
H

T
R

,
p
la

n
t

h
ei

gh
t

(c
m

)
in

th
e

ra
in

y
se

as
o
n
;

P
H

T
P
R

,
p
la

n
t

h
ei

gh
t

(c
m

)
in

th
e

p
o
st

-r
ai

n
y

se
as

o
n
;

T
T
R

,
to

ta
l

ti
ll

er
s/

p
la

n
t

in
th

e
ra

in
y

se
as

o
n
;

P
T
R

,
p
ro

d
u
ct

iv
e

ti
ll

er
s/

p
la

n
t

in
th

e
ra

in
y

se
as

o
n
;

P
LR

,
p
an

ic
le

le
n
gt

h
(c

m
)

in
th

e
ra

in
y

se
as

o
n
;

P
LP

R
,

p
an

ic
le

le
n
gt

h
(c

m
)

in
th

e
p
o
st

-r
ai

n
y

se
as

o
n
;

P
W

R
,

p
an

ic
le

w
id

th
(m

m
)

in
th

e
ra

in
y

se
as

o
n
;

P
W

P
R

,
p
an

ic
le

w
id

th
(m

m
)

in
th

e
p
o
st

-r
ai

n
y

se
a-

so
n
;

SD
W

T,
1
0
0
0
-s

ee
d

w
ei

gh
t;

EC
,

en
ti

re
co

ll
ec

ti
o
n
;

N
H

,
N

o
rt

h
er

n
H

em
is

p
h
er

e;
SH

,
So

u
th

er
n

H
em

is
p
h
er

e;
N

H
-H

L,
h
ig

h
er

-l
at

it
u
d
e

N
o
rt

h
er

n
H

em
is

p
h
er

e
(.

2
0
8)

;
N

H
-L

L,
lo

w
er

-l
at

it
u
d
e

N
o
rt

h
er

n
H

em
is

p
h
er

e
(,

2
0
8)

;
SH

-H
L,

h
ig

h
er

-l
at

it
u
d
e

So
u
th

er
n

H
em

is
p
h
er

e
(.

2
0
8)

;
SH

-L
L,

lo
w

er
-l

at
it

u
d
e

So
u
th

er
n

H
em

is
p
h
er

e
(,

2
0
8)

.

H. D. Upadhyaya et al.98

https://doi.org/10.1017/S1479262113000348 Published online by Cambridge University Press

https://doi.org/10.1017/S1479262113000348


Discussion

Pearl millet is well adapted to areas characterized by

drought, low soil fertility and relatively high temperature.

It also performs well in soils with high salinity. Because

of its tolerance to various stress conditions, it can be

grown in areas where other cereal crops, such as maize

or wheat, do not perform well. Adaptation of crops to

the challenges of climate change will involve the exploi-

tation of the continually developing technologies,

resources and expertise. The world collection of pearl

millet landraces used in the present study is obtained

from a wide range of latitudes (34.378N to 33.008S). The

frequency distribution of landraces indicated the unequal

prevalence of pearl millet across the latitudes. The main

factors influencing the adaptation of pearl millet include

natural and human selection, photoperiods, tempera-

tures, soils and rainfall patterns. The results of the present

study revealed that the higher mean annual day length

(12.13 h), minimum (20.18C) and maximum (33.38C) tem-

perature and rainfall (753.6 mm) in the NH compared

with those in the SH (minimum temperature 12.18C and

maximum temperature 28.98C and rainfall 672 mm) has

led to a high prevalence of pearl millet in the NH, result-

ing in a larger number of landraces. Because of a wide

variation in climatic factors, landraces from the NH are

highly variable for all traits except for panicle thickness

and was found to be a good source for early as well as

late maturity, short and tall, high-tillering landraces.

Bidinger and Rai (1989) reported early flowering in

pearl millet under a 12 h photoperiod and a delay in

flowering under a long photoperiod (14 h). Kipp (2007)

reported the direct effect of heat stress on plant growth

and development. Ong (1983) reported 128C as the

base temperature, 30–358C as the optimum temperature

and 458C as the lethal temperature for pearl millet.

A higher proportion of landraces (9573 in the NH and

2687 in the SH) from lower latitudes than from higher

latitudes (3235 in the NH and 409 in the SH) indicate a

high prevalence of pearl millet and an intensive collec-

tion of germplasm from lower latitudes. These results

may be attributed to the near-optimum and significantly

higher annual minimum (20.58C in the NH and 14.98C

in the SH) and maximum (33.68C in the NH and 29.28C

in the SH) temperature and rainfall (772 mm in the NH

and 686 mm in the SH) in lower latitudes (Ong, 1983; Ers-

kine et al., 1990). A high range of variation in landraces

for all traits from lower latitudes can be attributed to a

highly variable mean annual rainfall (647–1595 mm)

and near-optimum minimum and maximum temperature

at collection sites in addition to the variation due to natu-

ral and human selection over the years (Tables 1 and 4).

The pearl millet landraces adapted to low mean annual

temperatures, inconsistent rainfall patterns and longer

days at higher latitudes are expected to flower late and

grow tall. Due to the near-optimum minimum (20.88C)

and maximum (30.68C) temperature and shorter days at

the Patancheru location (latitude 17.538) than at collec-

tion sites, landraces from higher latitudes flowered early

and grew short (Hijmans et al., 2002). Near the equator,

day length is constantly around 12 h and facilitates crop

growth all the year around. Pearl millet is a facultative

short-day species, flowering at all photoperiods, although

much earlier with short days (Ong, 1983). The critical

Table 4. Range of variation of climatic variables in different latitudinal ranges on either side of the equator

Minimum
temperature (8C)

Maximum
temperature (8C) Day length (h)

LMMb HMMc LMM HMM LMM HMM
Mean annual
rainfall (mm)Latitude Min Max Min Max Min Max Min Max Min Max Min Max

30–358N 217.6 7.7 6.6 28.9 29.2 21.3 17.7 43.4 9.9 10.3 14.0 14.0 559.4
25–308N 0.7 10.6 23.6 30.2 15.8 25.8 34.9 43.9 10.3 10.6 14.0 14.0 681.4
20–258N 7.2 15.7 21.9 28.9 23.2 31.2 30.5 43.1 10.6 10.9 13.0 14.0 765.6
15–208N 0.2 21.0 11.5 29.3 18.2 34.3 26.7 43.0 10.9 11.2 13.0 13.0 675.5
10–158N 20.8 21.7 9.7 28.8 16.5 36.6 22.2 42.4 11.3 11.5 13.0 13.0 703.8
5–108N 10.0 23.0 16.7 27.3 23.3 34.6 30.3 39.6 11.5 11.8 12.0 13.0 1218.0
0–58N 9.2 22.0 11.0 23.8 22.7 28.7 26.5 34.0 11.8 12.1 12.0 12.0 1595.0
0–58S 6.1 19.3 10.4 23.1 16.3 28.9 20.8 33.1 11.8 12.1 12.1 12.4 797.4
5–108S 9.3 19.5 14.3 24.4 21.5 30.0 26.4 33.5 11.6 11.8 12.4 12.6 705.6
10–158S 5.8 17.7 15.2 23.0 20.2 29.4 26.9 36.1 11.2 11.5 12.7 12.9 981.5
15–208S 3.9 17.1 13.1 23.5 15.4 29.2 22.8 37.2 10.9 11.2 13.0 13.3 647.0
20–258S 2.9 12.5 15.4 21.2 18.3 27.3 25.4 35.0 10.6 10.9 13.3 13.6 579.9
25–308S 21.1 10.8 14.9 21.0 15.8 25.0 28.5 32.3 10.2 10.4 13.7 13.9 577.5
30–358S 3.9 7.2 14.5 16.6 17.8 20.2 24.9 27.5 9.9 10.1 14.0 14.2 718.0

LMM, lowest monthly mean; HMM, highest monthly mean; N, Northern Hemisphere; S, Southern Hemisphere.
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photoperiod and temperature required to trigger flower-

ing is species and cultivar specific. Almost all cultivars

show some response to temperature and photoperiod

according to their specific geographical adaptation,

particularly the latitude (Ong, 1983; Bidinger and Rai,

1989; Joshi et al., 2005). Wareing and Phillips (1981)

reported that in many plant species, a day-length

change as short as 15–20 min will have a significant

effect on flowering. Pearson and Coaldrake (1983)

reported the delay in flowering by 4–5 d per degree lati-

tude. McIntyre et al. (1993) reported a 2-d reduction in

the length of the growth period of pearl millet for each

degree rise in temperature. The results of the present

study are in conformity with those of Ong and Everard

(1979) who reported delayed flowering due to long days

and that each short day results in a reduction of 1.4 d to

reach anthesis, leading to early flowering in pearl millet.

Climate will not be homogeneous over a relatively

larger area of the hemisphere. Therefore, the assessment

of diversity patterns in relation to the crop ecology of

more homogeneous and smaller latitudinal ranges reveals

the patterns of diversity in a better way (Upadhyaya et al.,

2007). The prevalence of diverse pearl millet in smaller

regions such as different latitudinal ranges in the present

study can be attributed to the differences in adaptation

levels of cultivars/genotypes to the prevailing day

length, minimum and maximum temperatures, soils, rain-

fall patterns, duration of rainfall and natural and human

selection in each latitude range. The high prevalence

of landraces in the latitude ranges of 108–158N and

158–208S can be imputed to the near-optimum minimum

of the lowest and highest monthly mean minimum and

maximum temperature prevailing in the region, indicat-

ing the minimum temperature at the collection sites as

an important factor in determining the adaptation pat-

terns of pearl millet (Table 4). Hellmers and Burton

(1972) found a substantial effect of temperature on the

flowering of pearl millet. A deviation in climate from

the latitude ranges of 108–158N and 158–208S is reflected

in the reduced prevalence of pearl millet and less number

(,1%) of landraces. This was evidenced in latitudes close

to the equator (08–58) and in higher latitudes (308–358).

These results indicate a stronger association of latitude

and the factors responsible for patterns of diversity

(Ong, 1983; Erskine et al., 1990; Upadhyaya et al.,

2012). Ashraf and Hafeez (2004) reported an optimum

temperature of 33–348C for pearl millet and its growth

retarded when the temperature is too high or too low.

Because of favourable climate for pearl millet, the

latitude range of 108–158N was found to be the good

source for almost all panicle shapes, seed colours and

shapes. Long-bristled landraces, which were considered

to be bird resistant, are relatively more in the latitudes

of 108–158S and 20–258S. When a species or crop has a

wide range of distribution, there is a considerable

difference in the latitude between its northern and

southern limits, resulting in different ecotypes, which

differ in their response to temperature and day length

(Wareing and Phillips, 1981; Santamaria, 2003). Small

deviations in the patterns of diversity in the present

study can be attributed to the varying local conditions,

elevations, date of sowings, soils, etc. in different

latitudes. Natural selection pressure for adaptation to

different latitudes coupled with farmers’ selection for

cultivation of a specific type of material in adverse con-

ditions in some areas might have also accounted for the

observed patterns of diversity.

Clustering of different latitudinal ranges of both hemi-

spheres was in agreement with natural geographic regions

(hemispheres), except for the deviation of 108–158S

into cluster 2 along with 08–58N and 158–358N. This devi-

ation can be attributed to the near similarity in climate

for collection sites, especially mean annual rainfall,

which was maximum in the latitude range of 08–58N in

the NH and 108–158S in the SH.

The genetic resource base for developing new climate

change-ready crop cultivars has not been adequately

explored or shared. Scientists have already embarked

on a hunt to identify climate change-ready cultivars of

crops in germplasm collection. Studies on different

crops have shown that a careful investigation of climatic

variables can lead to the identification of germplasm with

useful and predictable attributes (Rick, 1973; Klebesadel

and Helm, 1986). Exploitation of the germplasm for

developing cultivars suitable for specific locations in a

wide range of latitudes is possible only when the infor-

mation on temperature and photoperiod responses,

patterns of geographical adaptation and agronomic

performance of the parental material is available. Late-

maturing, tall and high-tillering landraces from lower

latitudes (,208) are better sources for fodder production

(Burton and Powell, 1968). Early-maturing photoperiod-

insensitive landraces producing long and thick panicles

with large seeds from mid-latitudes (158–208) in both

hemispheres are useful in developing cultivars suitable

for diverse latitudes (Upadhyaya et al., 2012). Latitudes

of 58–158N, which were an important source for land-

races with light-coloured seeds, high scoring for spikelet

density, fodder yield potential, seed yield potential and

overall plant aspect, may be explored. Recording

location-specific geo-reference data while collecting the

germplasm is critical in studying the agronomic perform-

ance of pearl millet landraces.

Using the latitudinal patterns of diversity evidenced in

pearl millet landraces under study, cost-effective missions

may be launched to explore areas of high-diversity,

under-collected and threatened areas for the collection

of materials of interest. Although the evaluation data
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used in the present study are preliminary in nature and

recorded over years, these data reflect the differences in

the genetic make-up of the landraces in terms of clear

patterns of diversity (Upadhyaya et al., 2007). Further-

more, the present study helps in identifying suitable

sites for the regeneration and evaluation of trait-specific

germplasm and the introduction of appropriate pearl

millet into different regions, and emphasizes similar

studies on germplasm collections of other crops for

their enhanced use in crop improvement programmes.
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To view supplementary material for this article, please
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Acknowledgements

The authors sincerely acknowledge all former and present

staff of the genebank at ICRISAT, Patancheru, India for

their contribution to the collection, assembly, characteriz-

ation and conservation of pearl millet genetic resources.

The authors appreciate D. Bapa Rao, G. Dasaratha Rao,

G. Ram Reddy, Shaik Babu and Mohd Ismail (all research

technicians) for their help in recording observations, docu-

mentation and retrieval of geo-reference and climate data.

References

Aizen MA and Woodcock H (1992) Latitudinal trends in a
corn size in eastern North American species of Wuercus.
Canadian Journal of Botany 70: 1218–1222.

Andrews DJ and Anand Kumar K (1992) Pearl millet for food
and forage. Advances in Agronomy 48: 89–139.

Ashraf M and Hafeez M (2004) Thermotolerance of pearl millet
and maize at early growth stages: growth and nutrient
relations. Biologia Plantarum 48: 81–86.

Berry JA and Raison K (1981) Responses of macrophytes to
temperature. In: Lange OL, Nobel PS, Osmond CB and
Ziegler H (eds) Physiological Plant Ecology I. Responses to
the Physical Environment. New York: Springer-Verlag,
pp. 277–337.

Bidinger FR and Rai KN (1989) Photoperiodic response
of paternal lines and F1 hybrids in pearl millet. Indian
Journal of Genetics and Plant Breeding 49: 257–264.

Burton GW and Powell JB (1968) Pearl millet breeding and
cytogenetics. Advances in Agronomy 20: 50–69.

Chapin FSIII and Chapin MC (1981) Ecotypic differentiation
of growth processes in Carex aquatilis along latitudinal
and local gradients. Ecology 62: 1000–1009.

Darlington PJ (1959) Area, climate and evolution. Evolution 13:
488–510.

Erskine W, Ellis RH, Summerfield RS, Roberts EH and Hussain A
(1990) Characterization of responses to temperature and
photoperiod for time to flowering in a world lentil collec-
tion. Theoretical and Applied Genetics 80: 193–199.

Fischer AG (1960) Latitudinal variation on organic diversity.
Evolution 14: 64–81.

Hellmers H and Burton GW (1972) Photoperiod and tempera-
ture manipulation induces early flowering in pearl millet.
Crop Science 12: 198–200.

HijmansRobert J,Guarino L andRojas E (2002)DIVA-GIS, version 2.
A Geographic Information System for the Analysis of Bio-
diversity Data Manual. Lima: International Potato Center.

Hijmans RJ, Cameron SE, Parra JL, Jones PG and Jarvis A
(2005) Very high resolution interpolated climate surfaces
for global land areas. International Journal of Climatology
25: 1965–1978. doi:10.1002/joc.1276. Available at: http://
www.worldclim.org/current (accessed June 2011).

IBPGR and ICRISAT (1993) Descriptors for Pearl millet [ Pennise-
tum glaucum (L.) R. Br. ]. Rome/Patancheru: International
Board for Plant Genetic Resources/International Crops
Research Institute for the Semi-Arid Tropics, p. 43.

Joshi J, Schmid B, Caldeira MC, Dimitrakopoulos PG, Good J,
Harris R, Hector A, Huss-Danell K, Jumpponen A, Minns A,
Mulder CPH, Pereira JS, Prinz A, Scherer-Lorenzen M,
Siamantziouras ASD, Terry AC, Troumbis AY and Lawton JH
(2001) Local adaptation enhances performance of common
plant species. Ecology Letters 4: 536–544.

Joshi AK, Pandya JN, Mathukia RK and Dangaria CJ (2005)
Initial evaluation for photosensitivity in pearl millet. Seed
Research 33: 218–220.

Keuls M (1952) The use of the “Studentized range” in connec-
tion with an analysis of variance. Euphytica 1: 112–122.

Kipp E (2007) Heat stress effects on growth and development in
three ecotypes of varying latitude of Arabidopsis. Applied
Ecology and Environmental Research 6: 1–14.

Klebesadel LJ and Helm D (1986) Food reserve storage, low-
temperature injury, winter survival, and forage yields
of Timothy in sub arctic Alaska as related to latitude of
origin. Crop Science 26: 325–334.

Levene H (1960) Robust tests for equality of variances. In: Olkin I
(ed.) Contributions to Probability and Statistics: Essays
in Honor of Harold Hotelling. Stanford, CA: Stanford
University Press, pp. 278–292.

McIntyre BD, Flower DJ and Riba SJ (1993) Temperature and
soil water status effects on radiation use and growth of
pearl millet in a semi-arid environment. Agriculture and
Forest Meteorology 66: 211–227.

MS EncartaR Interactive World Atlas, (2000) 1995–1999 Micro-
soft Corporation. Redmond, WA: One Microsoft Way,
pp. 98052–106399.

Newman D (1939) The distribution of range in samples from a
normal population expressed in terms of an independent
estimate of standard deviation. Biometrika 31: 20–30.

Ong CK (1983) Response to temperature in a stand of pearl
millet (Pennisetum typhoides S & H): II. Reproductive
development. Journal of Experimental Botany 34:
337–348.

Ong CK and Everard A (1979) Short day induction of flowering
in pearl millet (Pennisetum typhoides) and its effect
on plant morphology. Experimental Agriculture 15:
401–410.

Pearson CJ and Coaldrake PD (1983) Pennisetum americanum
as a grain crop in eastern Australia. Field Crops Research 7:
265–282.

Reddy KN, Kameshwara Rao N and Irshad Ahmed M (2004)
Geographical patterns of diversity in pearl millet germ-
plasm from Yemen. Genetic Resources and Crop Evolution
51: 513–517.

Latitudinal patterns in pearl millet diversity 101

https://doi.org/10.1017/S1479262113000348 Published online by Cambridge University Press

https://doi.org/10.1017/S1479262113000348


Rick CM (1973) Potential genetic resources in tomato species.
Clues from observations in native habitats. In: Srb A (ed.)
Genes Enzymes and Populations. New York: Plenum
Press, pp. 255–269.

Santamaria L (2003) Why are most aquatic plants broadly
distributed? Dispersal, clonal growth and small-scale
heterogeneity in a stressful environment. Acta Oecologica
23: 137–154.

Shannon CE and Weaver W (1949) The Mathematical Theory of
Communication. Urbana, IL: University of Illinois Press.

Springer YP (2007) Clinal resistance structure and pathogen
local adaptation in a serpentine flax–flax rust interaction.
Evolution 61: 1812–1822.

Streisfeld MA and Kohn JR (2005) Contrasting patterns of floral
and molecular variation across a cline in Mimulus auran-
tiacus. Evolution 59: 2548–2559.

Upadhyaya HD, Reddy KN, Gowda CLL, Irshad Ahmed M and
Singh Sube (2007) Agroecological patterns of diversity in
pearl millet [Pennisetum glaucum (L.) R. Br.] germplasm
from India. Journal of Plant Genetic Resources 20:
178–185.

Upadhyaya HD, Reddy KN, Irshad Ahmed M and Gowda CLL

(2010) Identification of gaps in pearl millet germplasm

from Asia conserved at the ICRISAT genebank. Plant

Genetic Resources: Characterization and Utilization 8:

267–276.
Upadhyaya HD, Reddy KN, Irshad Ahmed M, Dronavalli Naresh

and Gowda CLL (2012) Latitudinal variation and distri-

bution of photoperiod and temperature sensitivity for

flowering in the world collection of pearl millet germplasm

at ICRISAT genebank. Plant Genetic Resources: Character-

ization and Utilization 10: 59–69.
Ward JH (1963) Hierarchical grouping to optimize an objective

function. Journal of the American Statistical Association

58: 236–244.
Wareing PF and Phillips IDJ (1981) Growth and Differentiation

in Plants. 3rd edn. Oxford: Pergamon Press, p. 353.
Weber E and Schmid B (1998) Latitudinal population dif-

ferentiation in two species of Solidago (Asteraceae)

introduced into Europe. American journal of Botany 85:

1110–1121.

H. D. Upadhyaya et al.102

https://doi.org/10.1017/S1479262113000348 Published online by Cambridge University Press

https://doi.org/10.1017/S1479262113000348

