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Abstract Total seed storage proteins were studied in 50

accessions of A. hypogaea (11 A. hypogaea ssp. hypogaea

var hypogaea, 13 A. hypogaea ssp. hypogaea var hirsuta,

11 A. hypogaea ssp. fastigiata var fastigiata and 15 A.

hypogaea ssp. fastigiata var. vulgaris accessions) in SDS

PAGE. These accessions were also analysed for albumin

and globulin seed protein fractions. Among the six seed

protein markers presently used, it was found that globulin

fraction showed maximum diversity (77.2%) in A. hypo-

gaea accessions followed by albumin (52.3%), denatured

total soluble protein fraction in embryo (33.3%) and

cotyledon (28.5%). The cluster analysis based on combined

data of cotyledons, embryos, albumins and globulins seed

protein fractions demarcated the accessions of two sub-

species hypogaea and fastigiata into two separate clusters

supported by 51% bootstrap value, with few exceptions,

suggesting the genotypes to be moderately diverse. Native

and denatured total soluble seed storage proteins were also

electrophoretically analysed in 27 wild Arachis species

belonging to six sections of the genus. Cluster analysis

using different methods were performed for different seed

proteins data alone and also in combination. Sec-

tion Caulorrhizae (C genome) and Triseminatae (T gen-

ome) formed one, distantly related group to A. hypogaea

and other section Arachis species in the dendrogram based

on denatured seed storage proteins data. The present

analysis has maintained that the section Arachis species

belong to primary and secondary genepools and, sections

Procumbenetes and Erectoides belong to tertiary gene

pools.
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Introduction

The genus Arachis contains around 80 annual and peren-

nial species. Based on morphological similarities, cross-

compatibility and viability of the hybrids, the genus has

been divided into nine taxonomic sections (Krapovickas

and Gregory 1994; Valls and Simpson 2005). The section

Arachis is constituted by largest number of species with

either 2n = 2x = 20 or 2n = 4x = 40. Cultivated A.

hypogaea (2n = 4x = 40) belongs to section Arachis. A.

hypogaea is further classified into two subspecies, subsp.

fastigiata Waldron and subsp. hypogaea Krap. et Rig. with

four botanical varieties, var. vulgaris, var. fastigiata, var.

peruviana, and var. aequatoriana, and two varieties, var.

hypogaea and var. hirsuta, respectively.

Based on chromosome morphology and cross-compati-

bility data, the diploid (2n = 2x = 20) species of section

Arachis have been assigned A/B/D genomes (Smartt et al.

1978b; Gregory and Gregory 1979; Singh and Moss

1982, 1984; Singh 1986; Stalker 1991; Stalker et al. 1990;

Fernandez and Krapovickas 1994; Peñaloza and Valls

2005). Two more genomes (F, K) have been reported in

species in section Arachis based on physical location of

rDNA loci and that of heterochromatin (Robledo and Seijo

2010). Despite the abundance of published information on

multiple disciplinary approaches (Singh et al.
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1991, 1994, 1996; Raina and Mukai 1999; Kochert et al.

1991; Paik-Ro et al. 1992; Raina et al. 2001; Bechara et al.

2010; Koppolu et al. 2010; He et al. 2014; Cunha et al.

2008) the level of speciation and evolutionary relationships

between taxa within section Arachis and that of conclusive

identification of two diploid wild progenitors of allote-

traploid A. hypogaea is as elusive and controversial as ever.

Seed proteins are product of multigene families and are

quite stable, uniform, reproducible and seldom affected by

environmental fluctuations and management practices

(Dunhill and Fowden 1965; Adriaanse et al. 1969; Gray

et al. 1973; Basha 1979; Javaid et al. 2004; Masoumi et al.

2012; de Lumen 1990). They have sometimes provided

better resolution of taxonomic and phylogenetic problems

(Ladizinsky and Hymowitz 1979; Sathaiah and Reddy

1985; Panda et al. 1986; Panigrahi et al. 2007; Bianchi-Hall

et al. 1993; Lanham et al. 1994; Singh et al. 1991, 1994;

Cherry 1975; Savoy 1976; Basha 1979; Klozova et al.

1983a, b; Bertozo and Valls 2001; Liang et al. 2006;

Calbrix et al. 2012; Malik et al. 2009; Tripathy et al. 2016;

Emre 2009; Song et al. 2016) in various plant taxa

including Arachis. The present study, based on the data on

total seed storage proteins and that of two fractions,

including albumins and globulins, provides new and useful

information regarding the evolution, diversification and

genomic constitution of the taxa belonging to six of the

nine sections of genus Arachis.

Materials and methods

Plant material

The list of 78 accessions belonging to 30 species, sub-

species and varieties investigated is given in Tables 1 and

2. The seed samples were obtained from International Crop

Research Institute for Semi-arid Tropics (ICRISAT),

Hyderabad, India and voucher specimens are available

from the germplasm resources Unit of ICRISAT.

Protein Extraction

Total soluble proteins in cotyledons

Seeds of each accession were decorticated and the cotyle-

don and embryo components were separated out. The

cotyledon seed components were ground in mortar and

pestle. About 5 mg fine powder was used for total soluble

protein extraction in 500 ll of 0.1 M Tris–HCl (pH 7.5)

buffer. The sample was incubated at 4 �C for 5 h. After the

lapse of incubation period, the sample was centrifuged at

4000 rpm for 10 min at room temperature (RT) in a

table top Beckman centrifuge. The clear supernatant

Table 1 The Arachis hypogaea (2n = 4x = 40, AABB) subspecies

and varieties used in the present study

S.

no.

Species/subsp. Variety Accession

no.

Origin

1. A. hypogaea L. ssp.

hypogaea Krap. & Rig.

hypogaea ICG102 Sudan

2. ICG495 India

3. ICG543 Nigeria

4. ICG623 Senegal

5. ICG707 USA

6. ICG745 India

7. ICG1576 Australia

8. ICG3799 Zaire

9. ICG3814 Nigeria

10. ICG3879 Tanzania

11. ICG4232 India

12. A. hypogaea L. ssp.

hypogaea Krap. & Rig.

hirsuta ICG826 India

13. ICG836 India

14. ICG844 Unknown

15. ICG875 India

16. ICG932 Sudan

17. ICG934 Uganda

18. ICG942 India

19. ICG963 India

20. ICG965 India

21. ICG970 India

22. ICG1003 India

23. ICG1025 India

24. ICG1053 India

25. A. hypogaea ssp.

fastigiata Waldron

vulgaris ICG164 India

26. ICG221 India

27. ICG434 USA

28. ICG1104 India

29. ICG1151 Unknown

30. ICG1249 India

31. ICG1319 India

32. ICG1362 India

33. ICG1366 India

34. ICG1367 India

35. ICG1369 Zaire

36. ICG1374 Zaire

37. ICG2960 India

38. ICG7827 India

39. ICG13941 India

40. A. hypogaea L. ssp.

fastigiata Waldron

fastigiata ICG469 Brazil

41. ICG1410 Argentina

42. ICG1588 India

43. ICG1613 USA

44. ICG1672 USA
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containing the total soluble proteins was taken and kept in

- 20 �C till further use. Similar procedure was followed

for total soluble protein extraction from cotyledon seed

components of each accession.

Total soluble proteins in embryos

The embryo seed components were ground separately in

mortar and pestle. A similar procedure as above, was fol-

lowed for total soluble protein extraction from embryo seed

components of each accession.

Albumins and globulins protein fraction

The decorticated seeds were used for extraction of albumin

and globulin proteins separately. Their extraction was lar-

gely based on the method of Przybylska et al. (1977) with

slight modifications made by Schroeder (1982). The

cotyledons of each accession were separately ground in

pestle and mortar. The fine powder was defatted with

petroleum ether (1:9 w/v). About 1 g of the defatted meal

was stirred for 1 h in 10 ml of 0.2 M NaCl adjusted to pH

7.0 by 50 mM phosphate buffer. The samples were cen-

trifuged at 10,000g for 30 min. The supernatant was col-

lected and the residual meal was again used for protein

extraction. Pooled supernatant was filtered through two

layers of miracloth pre-wetted with extraction buffer. The

samples were then precipitated with solid ammonium sul-

phate at the rate of 0.7 g/ml and centrifuged at 10,000g for

30 min. The pellet was dissolved in an appropriate volume

of 0.2 M NaCl (pH 7.0) and dialysed for 72 h at 4 �C
against distilled water, using 4–5 changes during 24 h.

After centrifuging at 12,000g for 30 min at 4 �C, the

supernatant contained albumin proteins whereas the pellet

contained the globulins which was resuspended in 0.5 M

NaCl (pH 7.0) after a wash with distilled water. The

albumin proteins were lyophilized.

The protein extracts of soluble proteins, albumins and

globulins were estimated for quantity (lg/ml) with

Bradford Reagent (Bradford 1976), and stored at 4 �C till

further use.

Native PAGE

One dimensional discontinuous polyacrylamide gel elec-

trophoresis (PAGE) was carried out in native system

according to Laemmli (1970). A 12.5% separating gel

(0.375 M Tris–HCl, pH 8.8) and 4% stacking gel (0.125 M

Tris–HCl, pH 6.8) was cast. Protein samples extracted from

seed cotyledons, before loading were treated with anchor

solution [0.5 M Tris–HCl (pH 6.8), 10% w/v glycerol, 1%

bromophenol blue] in 1:1 ratio of anchor solution and

protein sample. The electrode buffer was Tris–glycine, pH

8.3 (0.025 M Tris, 0.192 M glycine). The gels were elec-

trophoresed initially at 20 mA and subsequently at 35 mA.

The current was stopped when the tracking dye was

approximately 1.5 cm above the lower end. The staining of

the gel was carried out overnight in a solution containing

0.2% Coomassie Brilliant Blue R 250, 40% methanol and

10% acetic acid. The destaining was done in a solution of

40% methanol and 10% acetic acid, without the dye.

SDS PAGE

Cotyledon seed protein fraction

One dimensional discontinuous Sodium dodecyl sulphate

(SDS) PAGE was carried out in the same way as for native

PAGE. In the case of SDS PAGE the constituents and the

buffer solutions remained the same, except that 10% SDS

was added in separating gel, stacking gel, running buffer

and anchor solution. The protein samples were heated for

10 min before loading onto the gel.

Equal quantity of protein (50 lg) for each analysed

accession was mixed (1:1) with loading buffer and loaded

in full in each lane.

Protein molecular weights, in case of SDS gel was

estimated by using high molecular weight kit (GIBCO

BRL). The standard marker gave seven bands in the order

of myosin 200 kd, phosphorylase B 97.4 kd, bovine serum

albumin 68 kd, ovalbumin 43 kd, carbonic anhydrase 29

kd, b-lactoglobulin 18.4 kd and lysozyme 14.3 kd.

Embryo seed protein fraction

The SDS PAGE of embryo protein samples was carried out

in the same way as for cotyledon protein fractions.

Albumin protein fractions

For albumins, 1 mg protein in each analysed accession was

dissolved in 100 ll of sterile distilled water, of which 50 ll

Table 1 continued

S.

no.

Species/subsp. Variety Accession

no.

Origin

45. ICG1678 Argentina

46. ICG1700 Brazil

47. ICG3309 S. Africa

48. ICG3310 Belgium

49. ICG3580 India

50. ICG4890 Argentina
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in 50 ll of loading buffer was used for loading. The SDS

PAGE of albumin proteins was carried out in the same way

as for cotyledon protein fractions.

Globulin protein fractions

For each analysed accession, 20 lg of protein was mixed

with loading buffer (1:1) and loaded in each lane. The SDS

PAGE of globulin proteins was carried out in the same way

as for cotyledon protein fractions.

Scoring and Data Analysis

Based on molecular weights and Rf values of protein or

protein fraction bands, Quantity One Software (Bio-Rad

Laboratories) was used for data analysis. The presence (1)

and absence (0) of the bands, in both cases, was scored as

binary data matrix. Similarity/dissimilarity matrices and

subsequent clusterings were done using Numerical Tax-

onomy and Multivariate Analysis system (NTSYS) ver

2.02 k package (Rohlf 1993). Similarity matrices with

Jaccard and Dice coefficients were made, using program

SimQual of NTSYS. The resultant similarity matrix was

used to make dendrograms using Unweighted Pair Group

Method with Arithmatic Mean (UPGMA) (Sneath and

Sokal 1973) and Neighbour-Joining (NJ) (Saitou and Nei

1987). Consensus tree was made by CONSENSUS option

in NTSYS.

The distance matrices were also made with Dice dis-

similarity coefficient and phylogenetic trees were made by

Neighbor Joining method using DARwin (Dissimilarity

Analysis and Representation for Windows) software (Per-

rier and Jacquemoud-Collet 2006). Consensus tree was

made using Consensus and Tree distances option.

Results

A total of 50 accessions belonging to A. hypogaea ssp.

hypogaea var. hypogaea, A. hypogaea ssp. hypogaea var.

hirsuta, A. hypogaea ssp. fastigiata var. fastigiata and A.

hypogaea ssp. fastigiata var. vulgaris were investigated for

SDS PAGE of protein fractions isolated separately from

cotyledons and embryos. The albumins and globulins

protein fractions were also analysed.

Variation within Arachis hypogaea

SDS PAGE protein profile

Cotyledon seed protein fractions In the SDS PAGE, the

number of bands per lane in cotyledon proteins in 50

accessions of A. hypogaea consisting of A. hypogaea ssp.

hypogaea var. hypogaea (11 accessions), A. hypogaea ssp.

hypogaea var. hirsuta (13 accessions), A. hypogaea ssp.

fastigiata var. fastigiata (11 accessions)and A. hypogaea

ssp. fastigiata var. vulgaris (15 accessions), ranged from 18

to 21 with molecular weights 95.02–12.22 kd (Fig. 1;

Table 3). The band of 48.03 kd was highly polymorphic. It

was absent in one, seven and eight accessions of A.

hypogaea ssp. hypogaea var hirsuta (No. 12 as per

Table 1), A. hypogaea ssp. fastigiata var. vulgaris, A.

hypogaea ssp. fastigiata var fastigiata, respectively. Band

of 28.10 kd was also polymorphic. It was absent in five,

one, six and three accessions of A. hypogaea ssp. hypogaea

var hypogaea, A. hypogaea ssp. hypogaea var hirsuta, A.

hypogaea ssp. fastigiata var vulgaris and A. hypogaea ssp.

fastigiata var fastigiata, respectively. Band of 14.15 kd was

absent in single accession of A. hypogaea ssp. hypogaea

var hirsuta (No. 20 as per Table 1) and A. hypogaea ssp.

fastigiata var fastigiata (No. 46 as per Table 1).

Embryo seed protein fractions In embryo seed protein

fractions, the number of bands varied from 17 to 22 with

molecular weights ranging from 95.02 to 12.22 kd (Fig. 1;

Fig. 1 Gel electrophoresis in

cotyledon and embryo seed

protein fractions in SDS PAGE,

where C cotyledon, E embryo
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Table 3). The percentage polymorphism in cotyledon and

embryo profiles was 28.5 and 33.3%, respectively. The

most polymorphic protein marker was band of 28.10 kd.

Albumins proteins In SDS PAGE of albumin seed protein

fractions, 15–20 bands in the range of 108.8–11.26 kd were

scored (Fig. 2; Table 3). In accession number 1003 of A.

hypogaea ssp. hypogaea var. hirsuta, five bands of 89.19,

84.02, 68.18, 57.37 and 53.98 kd were absent. The per-

centage polymorphism in albumin protein fraction was

52.3%.

Globulins proteins By comparison, 22 bands of

96.02–14.42 kd in globulin fraction were scored of which

17 (77.2%) were polymorphic (Fig. 3; Table 3).

Based on SDS PAGE data of cotyledon, embryo, albu-

min and globulin seed protein fractions, four dendrograms

were generated using UPGMA clustering method. One

dendrogram based on combined data was also made. Very

little difference in topologies was observed. Here dendro-

gram based on the combined data is described (Fig. 4).

Two well defined clusters were identified. Cluster I and

Cluster II joined each other with 51% bootstrap value.

Cluster I consisted of 28 accessions. In cluster I, all the

accessions belonging to A. hypogaea ssp. hypogaea, except

one (No. 22 in Table 1) are grouped together. Of these,

eleven and ten accessions were of A. hypogaea ssp. hy-

pogaea var. hypogaea (Nos. 1–11 in Table 1) and A.

hypogaea ssp. hypogaea var. hirsuta (Nos. 12–21 in

Table 1), respectively. In Cluster I, a subcluster consisted

of seven accessions of A. hypogaea ssp. fastigiata var.

vulgaris (Nos. 33–39 in Table 1). In Cluster II, 22 acces-

sions were grouped. It consisted of all the accessions from

A. hypogaea ssp. fastigiata except the two from A. hypo-

gaea ssp. hypogaea var. hirsuta (Nos. 23–24 in Table 1). In

the cluster II, a subcluster grouped all the accessions of A.

hypogaea ssp. fastigiata var. fastigiata together except one

of A. hypogaea ssp. fastigiata var. fastigiata (No. 49). In

Table 2 The Arachis species used in the present study

Species Section Accession no. Series Origin 2n Genome

A. monticola Krap. et Rig. Arachis ICG8197 Amphiploides Argentina 40 AABB

A. monticola Krap. et Rig. Arachis ICG8135 Amphiploides Argentina 40 AABB

A. monticola Krap. et Rig. Arachis ICG811549 Amphiploides 40 AABB

A. batizocoi Krap. et Rig. Arachis ICG8210 Annuae Bolivia 20 BB

A. benensis Krap. et Greg. et Simpson Arachis ICG11551 Bolivia 20 BB

A. cardensaii Krap. et Greg. Arachis ICG11564 Perennes 20 AA

A. correntina Krap. et Greg. Arachis ICG8132 Perennes Argentina 20 AA

A. diogoi Krap. et Greg. Arachis ICG4983 Perennes Paraguay 20 AA

A. duranensis Krap. et Greg. Arachis ICG8199 Annuae Argentina 20 AA

A. hoehneii Krap. et Greg. Arachis ICG8190 20 AA

A. helodes Krap. et Greg. Arachis ICG8952 Perennes Brazil 20 AA

A. ipaensis Greg. et Greg. Arachis ICG8206 Annuae Bolivia 20 BB

A. kemepff Krap. et Greg. Arachis ICG8164 20 AA

A. magna Krap. et Greg. Arachis ICG8960 20 BB

A. stenosperma Greg. et Greg. Arachis ICG8137 Perennes 20 AA

A. valida Krap. et Greg. Arachis ICG8193 Annuae 20 BB

A. villosa Benth. Arachis ICG13258 Perennes Unknown 20 AA

A. appressipila Krap. et Greg. Procumbentes ICG8945 Procumbensae Brazil 20 EE

A. chiquitana Krap. Procumbentes ICG11560 Procumbensae Bolivia 20 EE

A. kretschmeri Krap. et Greg. Procumbentes ICG13235 Procumbensae Brazil 20 EE

A. matiensis Krap. Procumbentes ICG11557 Procumbensae Bolivia 20 EE

A. rigonii Krap. et Greg. Procumbentes ICG8904 Procumbensae Bolivia 20 EE

A. stenophylla Krap. et Greg. Erectoides ICG8215 Paraguay 20 E2E2

A. paraguarensis Chodat & Horsd. Erectoides ICG8973 Brazil 20 E2E2

A. sylvestris A. Chev. Heteranthae ICG13167 Brazil 20 Am

A. pusilla Benth. Heteranthae ICG13213 Brazil 20 Am

A. triseminata Krap. et Rig Triseminatae ICG8131 Brazil 20 TT

A. pintoi Krap. et Greg. Caulorrhizae ICG13222 Brazil 20 CC
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another subcluster, remaining seven A. hypogaea ssp.

fastigiata var. vulgaris accessions grouped together (Nos.

26–32).

Variation between species

Native PAGE protein profile

In the 15 wild species and A. hypogaea (Acc. No. ICG 495)

belonging to Section Arachis, the number of bands ranged

from 6 to 11 (Fig. 5; Table 4). The least number (6) of

bands were detected in A. villosa and A. stenosperma.

There were eight bands each in A. benensis, A. hoehneii, A.

ipaensis and A. kemepff. In A. monticola, A. batizocoi, A.

correntina, A. diogoi, A. helodes, nine bands were scored.

A. cardenasii and A. valida, and A. duranensis and A.

hypogaea were characterized by 10 and 11 bands, respec-

tively. In A. magna seven bands were scored. The per-

centage polymorphism among the section Arachis species

was found to be 82.3%.

Both the species A. pusilla and A. sylvestris in Sec-

tion Heteranthae had eight bands. However, only four

Table 3 Variation in banding pattern of Arachis hypogaea accessions in SDS PAGE

Seed

protein

fractions

Accession

number

Number

of bands

Mol wt

range (kd)

Polymorphic bands Percentage

polymorphism

Monomorphic bands

Cotyledons 50 21 95.02–12.22 48.03, 35.06, 29.28, 28.10, 21.53,

14.15

28.5 95.02, 68.16, 55.88, 52.55, 40.17,

38.32, 32.37, 30.82, 29.28, 24.50,

20.65, 18.76

Embryos 50 21 95.02–12.22 35.42, 29.28, 28.10, 21.53, 15.92,

14.15, 12.22

33.3 95.02, 68.16, 55.88, 48.03, 40.17,

31.68, 30.82, 24.50, 20.65, 18.76,

16.71

Albumin 50 21 108.8–11.26 108.8, 89.19, 84.02, 68.18, 57.37,

53.98, 34.22, 26.27, 16.96

52.3 96.58, 41.98, 39.63, 37.58, 35.69,

31.68, 30.34, 25.18, 19.53, 11.26

Globulins 50 22 96.08–14.42 69.15, 63.65, 52.65, 41.76, 34.39,

33.06, 28.0, 27.37, 23.31, 21.29,

15.40, 14.42

77.2 96.08, 40.34, 30.47, 24.82, 90.14

Fig. 2 Gel electrophoresis patterns in Albumin proteins in A. hypogaea ssp. hypogaea (a), A. hypogaea ssp. fastigiata (b)
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bands of Rf values 0.02, 0.08, 0.14, 0.25 were common

between the two species. It was found that the percentage

polymorphism in section Heteranthae was 66.6%. The two

species A. paraguarensis and A. stenophylla of Sec-

tion Erectoides had nine and eight bands, respectively. A.

paraguarensis was distinguished by the presence of bands

of Rf values 0.05, 0.17, while a band of Rf value 0.35 was

present in A. stenophylla alone. The percentage polymor-

phism in section Erectoides was 30%. The number of bands

in the five species of Section Procumbentes ranged from

seven in A. chiquitana and A. kretschmeri to 10 in A.

appressipila. The bands of Rf values 0.07 and 0.35 were

only present in A. appressipila. The percentage polymor-

phism in section Procumbentes was 30%. The only repre-

sentative species A. triseminata of Section Triseminatae

had eight bands of Rf values 0.02–0.55. Single species A.

pintoi belonging to Section Caulorrhizae had 10 bands of

Rf values of 0.02–0.60. The band of Rf value 0.49 was

unique to the species.

The band with Rf value 0.02 was common to all the 16

species in six taxonomic sections. This was followed by a

band of Rf value 0.08 in four sections.

SDS PAGE protein profile

The number of bands in 16 species in Section Arachis

ranged from 16 to 21 (Fig. 6; Table 5). The maximum 21

bands were scored in A. hypogaea and A. helodes followed

by 20, 18, 17 and 16 in A. monticola; A. cardenasii, A.

benensis, A. ipaensis; A. correntina, A. batizocoi, A. diogoi,

A. duranensis, A. hoehneii, A. kemepff, A. magma and A.

valida and A. stenosperma and A. villosa, respectively. The

band of 61.98 kd was absent in all but A. correntina and A.

duranensis. Band of 12.99 kd was unique to A. hypogaea.

The band of 19.57 kd was absent in A. ipaensis alone.

Barring A. batizocoi, all other species possessed 25.8 kd

band. Similarly, 27.31 kd band was present in all but A.

cardensaii. The percentage polymorphism in section Ara-

chis was 64%. Both the species of section Heteranthae, A.

pusilla and A. sylvestris had 18 and 21 bands, respectively.

Four bands (28.05, 17.35, 14.06 and 12.99 kd) were present

in A. sylvestris but were absent in A. pusilla, whereas the

36.81 kd band was present in only A. pusilla. The per-

centage polymorphism in section Heteranthae was 22.7%.

In species of section Erectoides, a total of 16 and 18 bands

were present in A. paraguarensis and A. stenophylla,

respectively. Apart from the two bands, 31.79 and 19.57

kd, present in A. stenophylla, the protein profiles were

Fig. 3 Gel electrophoresis patterns of Globulin proteins in A. hypogaea ssp. hypogaea (a), A. hypogaea ssp. fastigiata (b)

Physiol Mol Biol Plants (May–June 2018) 24(3):465–481 471

123



similar in both the species. The percentage polymorphism

in section Erectoides was 11.1%. The number of protein

bands in the five species of section Procumbentes ranged

from 18 in A. kretschmeri to 21 in A. chiquitana. The bands

of 17.35 and 16.88 kd, and that of 32.57 kd were present in

A. chiquitana and A. appressipila, respectively. A.

kretschmeri was devoid of the 45.23 kd protein fraction

band. The percentage polymorphism in section Procum-

bentes was 33.3%. Sections Triseminatae and Caulorrhizae

were represented by single species of A. triseminata and A.

Fig. 4 Dendrogram of A. hypogaea accessions based on combined matrices of cotyledon, embryo, albumin and globulin proteins
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Fig. 5 Gel electrophoresis

patterns of Arachis species in

Native PAGE
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pintoi, respectively. Nineteen bands were found to occur in

A. triseminata. It was marked by the absence of bands of

42.84, 45.23, 41.89, 32.57, 17.35, 12.99 and 10.13 kd,

which are otherwise present in most other Arachis taxa. A.

pintoi showed unique profile of 21 bands, of which 61.98,

42.84, 41.89, and 17.35 kd were mostly absent in other

taxa.

The band of 61.98 kd present in the two species of

section Arachis was absent in the sections Heteranthae,

Erectoides, and two species of section Procumbentes. The

band of 41.89 kd was absent in sections Arachis, Heter-

anthae, Erectoides, Triseminatae and in some species of

section Procumbentes. The band of 36.81 kd was absent in

sections Erectoides, Procumbentes and Caulorhizae. The

band of 32.57 kd present in A. appressipila, was absent in

sections Erectoides, Triseminatae and Caulorhizae, and in

most species of sections Arachis and Procumbentes. Band

of 18.08 kd was absent in section Heteranthae but was

present in sections Erectoides, Procumbentes, Triseminatae

and Caulorhizae.

Cluster analysis

The cluster analysis of 27 Arachis species based on neigh-

bor joining tree with dice coefficient (Fig. 7) using native

seed storage proteins data shows two clusters. Cluster I

recognises two subclusters. In one subcluster, section Ara-

chis species A. hypogaea is grouped with A. monticola, A.

correntina and section Triseminatae species A. triseminata,

which is very distantly related. In the same subluster, A.

sylvestris (section Heteranthae) is also grouped. In another

subcluster, section Arachis species A. duranensis, A. car-

densaii, A. diogoi, A. benensis, A. batizocoi form one group.

A. hoehneii is joined as separate unit. Section Caulorrhizae

species A. pintoi also forms a separate unit. Cluster II

groups seven species in one subcluster A. rigonii, A.

kretschmeri, A. chiquitana, A. appressipila, A. matiensis (all

in section Procumbentes), A. stenophylla (Erectoides) and

A. kemepff (section Arachis). In another subluster, six spe-

cies are grouped together. Section Arachis species A. val-

ida, A. helodes, A. magna, A. ipaensis and two species A.

Table 4 Variation in banding pattern of Arachis species in Native PAGE

Section Species Rf value No. of

bands

Polymorphic bands Percentage

polymorphism

Monomorphic bands

Arachis 16 0.02–0.60 17 0.07, 0.10, 0.12, 0.14, 0.17, 0.19, 0.20,

0.22, 0.25, 0.29

82.3 0.02, 0.05, 0.08

Procumbentes 5 0.02–0.60 10 0.05, 0.07, 0.35 30 0.02, 0.08, 0.14, 0.19, 0.25,

0.31, 0.60

Erectoides 2 0.02–0.60 10 0.05, 0.17, 0.35 30 0.02, 0.08, 0.14, 0.19, 0.25,

0.31, 0.60

Heteranthae 2 0.02–0.60 12 0.05, 0.10, 0.17, 0.19, 0.20, 0.29, 0.31,

0.60

66.6 0.02, 0.08, 0.14, 0.25

Triseminatae 1 0.02–0.60 8 0.07, 0.12, 0.18, 0.55 0.02, 0.05

Caulorrhizae 1 0.02–0.60 10 0.18, 0.17, 0.25, 0.49 0.02, 0.05
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SDS PAGE
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paraguarensis, A. pusilla of sections Erectoides and

Heteranthae, respectively. Two section Arachis species A.

villosa and A. stenosperma are joined separately.

The cluster analysis of 27 Arachis species based on

neighbor joining tree with dice coefficient in SDS seed

storage proteins data recognises three clusters (Fig. 8).

Cluster I groups A. villosa, A. stenosperma, A. valida, A.

kemepff, A. ipaensis, A. hoehneii, A. duranensis, A. cor-

rentina, A. diogoi. In a subcluster three species A. chiqui-

tana, A. sylvestris, A. batizocoiare grouped together. In

Table 5 Variation in banding pattern of Arachis species in SDS PAGE

Section Species Mol wt

range (kd)

No. of

bands

Polymorphic bands Percentage

polymorphism

Monomorphic bands

Arachis 16 94.85–10.13 25 61.98, 42.84, 40.24, 41.89, 36.81,

32.57, 27.31, 25.8, 17.53, 12.99

64 94.85, 66.80, 53.97, 50.27, 28.05,

23.20, 14.06, 12.17, 10.13

Procumbentes 5 94.85–10.13 24 61.98, 42.84, 17.53, 36.81, 16.88,

32.57, 45.23, 10.13

33.3 94.85, 66.80, 53.97, 50.27, 40.24,

34.03, 31.79, 28.05, 16.88, 12.17

Erectoides 2 94.85–10.13 18 31.79, 19.57 11.1 94.85, 66.80, 53.97, 40.24, 23.20,

12.17

Heteranthae 2 94.85–10.13 22 36.81, 28.05, 17.53, 14.06, 12.99 22.7 94.85, 66.80, 53.97, 50.27, 40.24,

23.20, 12.17, 10.13

Triseminatae 1 94.85–10.13 19 61.98, 36.81, 16.88 94.85, 66.80, 53.97, 50.27, 23.20,

12.17

Caulorrhizae 1 94.85–10.13 21 42.84, 41.98, 18.08 94.85, 66.80, 53.97, 50.27, 23.20,

12.17

Fig. 7 Neighbor joining tree of Arachis species based on Native PAGE data
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Cluster II, A. hypogaea is grouped with A. monticola, A.

pusilla (section Heteranthae), A. helodes, A. cardensaii. In

Cluster III there are two small subclusters. In one sub-

cluster, section Erectoides species A. paraguarensis, A.

stenophylla along with A. appresipila (Procumbentes) and

two section Arachis species A. benensis, A. magna are

grouped. In another subcluster, A. rigonii, A. matiensis, A.

kretschmeri (all in section Procumbentes) are grouped

together. The two species A. triseminata (section Trisem-

inatae) and A. pintoi (section Caulorrhizae) also form part

of Cluster III.

Consensus tree (Fig. 9) based on combined data of

native and SDS PAGE recognises three main clusters. In

Cluster I, mostly species of section Arachis are present (A.

hypogaea, A. monticola, A. duranensis, A. correntina, A.

diogoi, A. cardensaii, A. batizocoi and A. benensis).

However, it also groups A. triseminata (section Trisemi-

natae) and A. pintoi (section Caulorrhizae) in the same

cluster. Cluster II consists of mainly section Arachis spe-

cies, A. ipaensis, A. hoehneii, A. villosa, A. stenosperma, A.

kemepff, A. valida in one subcluster. In another subcluster

section Arachis species, A. magna and A. helodes together

with A. pusilla (section Heteranthae) are grouped. In

Cluster III, there are two subclusters. In one subcluster,

section Procumbentes species A. rigonii, A matiensis, A

kretschmeri, A appressipilla and two section Erectoides

species A stenophylla, A paraguarensis are closely

grouped. In another small subcluster A. chiquitana (section

Procumbentes) is joined with A. sylvestris (section

Heteranthae).

Discussion

In the present study, fifty accessions belonging to two

subspecies (A. hypogaea ssp. hypogaea, A. hypogaea ssp.

fastigiata) of A. hypogaea and four varieties (A. hypogaea

ssp. hypogaea var. hypogaea, A. hypogaea ssp. hypogaea

var. hirsuta, A. hypogaea ssp. fastigiata var. fastigiata and

A. hypogaea ssp. fastigiata var. vulgaris) were elec-

trophoretically characterised by seed proteins in cotyledon

and embryo fractions, as well as for albumin and globulin

protein markers. Among the various seed protein markers

presently used, it was found that globulin fraction showed

maximum diversity (77.2%) in A. hypogaea accessions

followed by albumin (52.3%), denatured soluble protein

fraction in embryo (33.3%) and cotyledon (28.5%). Based

on the results of this data, the cluster analysis of total

Fig. 8 Neighbor joining tree of Arachis species based on SDS PAGE data
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soluble proteins analysed in the cotyledon and embryo seed

fractions, and albumin and globulin protein fractions,

demarcated the two subspecies A. hypogaea ssp. hypogaea

and A. hypogaea ssp. fastigiata into discrete clusters with

bootstrap value confidence of 51% (Fig. 4). Although the

grouping of var. hypogaea, var hirsuta, var vulgaris

accessions differed to some extent in the analysis, but it

was seen that var fastigiata accessions grouped together.

The ratio of albumin to globulin proteins in the present

study was less than one, implying that the amount of

globulin proteins per seed sample was much more than the

albumin proteins. On the whole, it was observed that

polymorphism in globulin protein fraction proved more

succesful in demarcating the two subspecies and four

varieties. The earlier investigations on seed proteins in

Arachis (Bianchi-Hall et al. 1993; Lanham et al. 1994;

Singh et al. 1991, 1994; Cherry 1975; Savoy 1976; Basha

1979; Klozova et al. 1983a, b; Krishna et al. 1986; Liang

et al. 2006) detected low to moderate polymorphism and

used a far less number of accessions. Though the number of

accessions has been increased in subsequent studies, it is

still too low to adequately represent the total variability of

world germplasm collections, and to permit drawing of

valid conclusions on genetic diversity in the groundnut.

The total seed proteins extracted from 12 different

genotypes of cultivated peanut (A. hypogaea L.)

comprising, A. hypogaea ssp. hypogaea and A hypogaea

ssp. fastigiata could be separated by electrophoresis on

both one-dimensional and two-dimensional PAGE (Liang

et al. 2006). Bertozo and Valls (2001) have studied total

seed storage protein profiles of 28 accessions of A. pin-

toi and one of A. repens, belonging to Caulorrhizae section

and compared it by native-PAGE and SDS-PAGE. Seed

storage protein profiles between the accessions of the cul-

tivated groundnut found very little variation (Singh et al.

1991, 1994). However in another study, no distinct dif-

ferences between four peanut cultivars belonging to the

two subspecies were found on one dimensional SDS-

PAGE, but differences were found in two dimensional

electrophoresis of seed proteins (Kottapalli et al. 2008).

Similarly, even after analyzing, one hundred and fifty one

accessions of groundnut germplasm originated from vari-

ous sources and differed from the material used by other

researchers, low genetic diversity was revealed by SDS

PAGE of total soluble proteins (Javaid et al. 2004).

On the basis of wide natural distribution and diverse

populations cultivation under diverse agroclimates of the

world and the observed wide morphological variation, high

incidence of markers polymorphism was expected on

screening nucleotide sequences among accessions of A.

hypogaea. A range of molecular markers such as RFLP,

RAPD, AFLP and SSR markers were used for peanut

Fig. 9 Consensus tree of Arachis species based on combined Native and SDS PAGE data
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germplasm characterization in the past (Hilu and Stalker

1995; Singh et al. 2002; Kochert et al. 1996; Subramanian

et al. 2000; Dwivedi et al. 2001; He and Prakash 2001;

Herselman 2003; Bravo et al. 2006; Koppulu et al. 2010)

showing low to moderate polymorphism. Other studies

using SSRs have been used for differentiating botanical

varieties and the two subspecies (He et al. 2005; Frimpong

et al. 2015; Wang et al. 2015; Xiong et al. 2013; Jian et al.

2012; Khera et al. 2013). Similarly, isozyme markers could

detect that the two subspecies were distinguished from

each other by a few markers (Lu and Pickersgill 1993;

Grieshammer and Wynne 1990). Eleven accessions of

groundnut germplasm were analysed by SDS PAGE and

study showed that diversity exists for seed storage protein

profiles but the germplasm was not well characterized into

subspecies or varieties (Masoomeh et al. 2015). An attempt

was made to characterize 35 peanut cultivars raised by

different pedigree using total soluble seed proteins sepa-

rated by SDS-PAGE (Rao et al. 2013). A wide variation

was observed in the pattern of protein bands of studied

cultivars (Rao et al. 2013). However, Subramanian et al.

(2000) detected highly polymorphic RAPD markers

between A. hypogaea accessions. Raina et al. (2001) based

on RAPD and ISSR data also reported high incidence of

polymorphism. The dendrograms created in the latter study

precisely organized five botanical varieties of two sub-

species into five clusters.

Based on the present results, it can be ascertained that

Arachis hypogaea is moderately genetically diverse. The

genetic diversity analyses showing variation within the

species in the present study reveals that seed protein frac-

tions can serve as an important marker to assess the vari-

ability among germplasm and also distinguish between the

subspecies and varieties.

Despite the abundance of information on morphological,

cytogenetic, seed protein, isozyme, genome size, RFLP and

RAPD analysis, FISH mapping and rDNA loci ITS

sequences (Seetharam et al. 1973; Varsai Muhammad

1973; Krapovickas et al. 1974; Gregory et al. 1973; Gre-

gory and Gregory 1976; Smartt et al. 1978a, b; Gregory

et al. 1980; Singh and Moss 1982; Smartt and Stalker 1982;

Klozova et al. 1983a, b; Krishna and Mitra 1987; Singh

1986, 1988; Kochert et al. 1996; Singh et al. 1991; Lu and

Pickersgill 1993; Lanham et al. 1994; Stalker et al. 1994;

Kochert et al. 1996; Singh et al. 1996; Robledo and Seijo

2010; Bechara et al. 2010; Halward et al. 1991, 1992), the

phylogenetic relationships between taxa within Arachis

sections and particularly on ancestry of cultivated A.

hypogaea remains unclear and inconsistent. However, most

study conclude that A. hypogaea is an allotetraploid

(AABB) originated from wild allotetraploid, A. monticola

(Krapovickas and Rigonii 1957; Smartt and Gregory 1967).

In the present study, wild allotetraploid Arachis monticola

(AABB) showed the same protein profile as that of culti-

vated allotetraploid (AABB) A. hypogaea. It shared the

same subcluster with the cultivated species in the cluster

analysis based on native proteins, SDS PAGE and com-

bined data analysis. The present work, therefore, supports

the view of previous authors (Gregory and Gregory

1976; Krapovickas and Gregory 1994; Moretzsohn et al.

2004; Seijo et al. 2004, 2007; Koppolu et al. 2010) that A.

monticola is the most probable ancestor to A. hypogaea.

Several diploid species in section Arachis have been

proposed as the possible donor of the A genome (Smartt

et al. 1978a, b; Klozova et al. 1983a; Krishna and Mitra

1988; Singh et al. 1991; Kochert et al. 1991; Paik-Ro et al.

1992; Lanham et al. 1994; Raina and Mukai 1998, 1999;

Raina et al. 2001; Milla et al. 2005; Seijo et al. 2007;

Moretzsohn et al. 2013; Calbrix et al. 2012). Similarly,

many species have been proposed for B genome (Singh

et al. 1991; Stalker and Moss 1987; Kochert et al. 1996;

Fernandez and Krapovickas 1994; Raina and Mukai 1998;

Moretzsohn et al. 2013) without any firm conclusion.

Our results based on the seed protein profiles also do not

show conclusive evidence of proposing two species in

section Arachis which might have contributed A and B

genomes in the synthesis of allotetraploid (AABB) A.

hypogaea in nature.

The consensus tree created on the basis of combined

data of native and denatured seed storage proteins revealed

A. duranensis, A. correntina, A. diogoi, A. cardensaii, A.

benensis, A. batizocoiclose to the two tetraploid species

(Fig. 9). Thus, in the present study, one of the four A

genome species, i.e. A. duranensis, A. correntina, A. car-

denasii, A. diogoi, and one of the two B genome species A.

batizocoi, A. benensis appear possible ancestors of A.

hypogaea. Smartt et al. (1978a), Klozova et al. (1983a),

Krishna and Mitra (1988) and Lanham et al. (1994) sup-

ported A. cardensaii for being one of the most probable

donor of A genome. But this claim is contradicted by other

works of Kochert et al. (1991, 1996), Moretzschon et al.

(2012), Calbrix et al. (2012) in support of A. duranensis, A.

helodes, and A. simpsonii (Millow et al. 2005). Cross-

compatibility, chromosome pairing, and hybrid fertility

suggest that A. batizocoi or A. hoehnei contributed B

genome and A. duranensis, A. villosa or A. cardenasii

contributed A genome (Smartt et al. 1978a; Singh and

Moss 1984; Singh 1986, 1988; Mallikarjuna et al. 2006).

Out of the 26 diploid peanut species studied, only A.

duranensis (A genome) and A. ipaensis (B genome) con-

tained the correct complement of seed storage protein

coding regions (Calbrix et al. 2012).

The cluster analysis (Fig. 7) also shows that B genome

species A. valida, A. ipaensis, A. magna grouped separately

from other A genome species. A. magna and A. ipaensis

were closely related by Bechara et al. (2010).
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At generic level, two species each were analyzed in

sections Erectoides and Heteranthae. Two species A.

pusilla and A. sylvestris of section Heteranthae do not

cluster together. The species of section Erectoides and

Procumbentes grouped together in the same cluster except

one (A. chiquitana), supporting the observations of Singh

et al. (1994), Lanham et al. (1994) and Koppolu et al.

(2010). Among the five species of section Procumbentes,

A. matiensis and A. rigonii were the closest as they shared

the same node. Earlier, Procumbentes was considered to be

a series of section Erectoides (Bechara et al. 2010). The

relationship of sections Procumbentes and Erectoides is to

be further resolved as supported by He et al. (2014). On the

basis of SDS PAGE of seed proteins, Section Arachis was

found to be phylogenetically closest to section Erectoides

followed by Procumbensae, Ambinervosae, Caulorhizae,

Triseminatae and Extranervosae, respectively (Singh et al.

1994). The present phylogenetic analysis has maintained

the assigned primary, secondary genepools to section

Arachis and tertiary gene pools to Procumbentes and

Erectoides sections among Arachis species (Singh and

Nigam 2016).

However, the placement of single accessions of A.

triseminata (section Triseminatae) and A. pintoi (section

Caulorrhizae) along with section Arachis species in the

same cluster is a very different observation here, though

both the species have quite distinct seed protein profiles.

The two species also form distantly related units in phy-

logenetic trees based on native and SDS proteins data

separately. In many studies A. triseminata is not closely

related to section Arachis species (Krapovickas and Gre-

gory 1994; He et al. 2014; Bechara et al. 2010). Similarly,

Caulorrhizae was most distantly placed section, corrobo-

rating the results of many workers (Singh et al. 1994;

Friend et al. 2010; Bechara et al. 2010).

It is suggested that the number of accessions within the

cultivated and related wild species should be increased for

better understanding of genomic relationships. In conclu-

sion, the present seed protein results provide one of the

most comprehensive information on genetic diversity

within the cultivated peanut (A. hypogaea), and the diver-

gence of wild species of other sections, to facilitate con-

servation and their use in genetic improvement of

groundnut.
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