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Tubers of six accessions of ahipa (Pachyrhizus ahipa) contained between 0.77 and 1.34% nitrogen
on a dry weight basis. This corresponds to 4.8 to 8.4% crude protein based on a nitrogen to protein
conversion factor of 6.25; but detailed analysis of AC230 showed that although 93% of the total N
was extracted with buffer containing 1.0 M NaCl, about a third of this was lost on dialysis. It was
calculated, therefore, that salt-soluble proteins comprise about 60% of the total tuber nitrogen, with
low-molecular-mass nitrogenous components comprising a further 30%. Electophoretic analysis of
the salt-soluble proteins showed similar patterns of components in the six accessions, with none
being present in amounts sufficiently high to suggest a role as storage proteins. Furthermore, light
microscopy failed to show significant deposits of protein within the tuber cells. Five “major” protein
bands, which together accounted for about 19% of the total salt-soluble protein fraction were purified
and subjected to N-terminal amino acid sequencing. Comparison of these with sequences in protein
databases revealed similarities to R-amylases, chitinases and chitin binding proteins, cysteine
proteinases (including major components from P. erosus tubers), a tuberization-specific protein from
potato, and proteins induced in soybean and pea by stress or the plant hormone abscisic acid,
respectively. It was concluded that the primary roles of these proteins are probably in aspects of
tuber metabolism and development and/or conferring protection to pests and pathogens, and that
true storage proteins are not present. The absence of storage proteins is consistent with the biological
role of the tubers as storage organs for carbohydrates (cf cassava tuberous roots) rather than as
propagules (cf yam and potato tubers).
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INTRODUCTION

Tuber crops are widely grown, particularly in the tropics
where cassava (Manihot esculenta, Euphorbiaceae), sweet potato
(Ipomoea batatas, Convolvulaceae), and yams (Dioscoreaspp,
Dioscoreaceae) are the most important species. Similarly, potato
(Solanum tuberosum,Solanaceae) and sugar beet (BetaVulgaris,
Chenopodiaceae) are important in temperate countries. Despite
the fact that tuberous organs may have different botanical origins
(roots, stems, or hypocotyls) and the crop species are not closely
related taxonomically, all are characterized by storing high levels
of carbohydrates (starch and/or sugars) with low protein. Hence,
they must be combined with more protein-rich foods (e.g.,
legume seeds or animal protein) to provide the protein require-
ments of humans or livestock.

Pachyrhizusis a genus of legumes, native to South and
Central America, with several species being cultivated for their
tuberous roots rather than seeds. These areP. tuberosus, which
is cultivated in Bolivia, Peru, Equado, and Brazil;P. erosus,
which is cultivated in Central America and the Caribbean; and

P. ahipa (ahipa), which is native to the Andean valleys of
Bolivia and Northern Argentina (1, 2). Although the tubers of
these species are rich in carbohydrates, they have also been
reported to contain between about 5 and 15% crude protein
(2-6), which is between 1.5 and 5 times the protein levels
reported for other tuberous crops (7).

We have therefore reinvestigated the protein composition of
P. ahipatubers to determine the total amount and identify major
components which could contribute to its nutritional quality or
be exploited in the food industry.

MATERIALS AND METHODS

Plant Cultivation. Seeds of AC230 were sown in 10-cm pots (1 L)
containing a mixture of a peat-based compost (Levington M2) and a
slow release fertilizer (Osmocote, 4.1 g/L). The plants were kept at
25-30°C with a 16-hour day. Once established (about 6 true leaves),
the plants were transferred to 20-cm pots (5 L) containing supports
and watered automatically via capillary matting. Reproductive pruning
was carried out to ensure tuberization (8) and to minimize the effects
of day length.

Localization of Tuber Protein. To establish the distribution of the
protein within the tubers, tissue prints of both longitudinal and transverse
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sections were taken. The cut surface of the tuber was blotted dry with
tissue to prevent smudging and to remove excess starch, and then
pressed firmly onto nitro-cellulose membrane presoaked in 10%
C-TBST-75. The membrane was placed in a total protein stain (60%
(v/v) ethanol, 20% (v/v) acetic acid, 20% (v/v) distilled water, and 1
mg of Coomassie BB R250/cm3), and then destained (60% (v/v) ethanol,
20% (v/v) acetic acid, and 20% (v/v) distilled water).

Protein Extraction. Tubers of the sixP. ahipavarieties (AC102,
229, 230, 251, 254, 526) andP. erosus(cV. Catalina) were peeled, cut
into 2-cm3 pieces, and freeze-dried. The dry pieces were ground to
flour which was sampled for total N analysis (Kjeldahl method,9).
The remainder of the flour was used for extraction. A 100-g portion of
flour was mixed with 1 L of extraction buffer (0.05 M sodium phosphate
buffer, pH 7.4, 100 mM PMSF, 1 M NaCl) and stirred continuously
for 2.5 h at 4°C. The mixture was then filtered through two layers of
muslin. The solid residue was retained, and the filtrate was centrifuged
at 10,000 rpm (4°C) for 25 min. The supernatant was collected and
stored at 4°C. The pellet was combined with the residue from the
muslin filtration, re-suspended in 1 L of extraction buffer, and stirred
at 4 °C for 2.5 h. This process was repeated three times. The
supernatants from the three extractions were pooled and labeled the
salt soluble fraction. An aliquot of this fraction was retained for total
N analysis and SDS-PAGE using 12% Tris/glycine gels (10). The gel
separations were quantified using the Bio-Rad Geldoc 1000 system.

Proteins remaining after extraction of the soluble fraction were
extracted from the residue using 1 L ofsodium phosphate buffer (pH
7.4, containing 1% (w/v) SDS and 2% (v/v) 2-mercaptoethanol). The
solution was stirred at 4°C for 2.5 h, followed by centrifugation
(10,000 rpm, 4°C, 25 min). The supernatant (insoluble fraction) was
retained, dialyzed against distilled water overnight, and freeze-dried
for total N analysis and SDS-PAGE. The residue was retained for total
N analysis to determine the efficiency of the extraction process.

The soluble fraction was further fractionated using ammonium
sulfate precipitation at 30, 50, and 90% saturation. Following centrifu-
gation at 10,000 rpm (4°C), the pellets were re-suspended in 0.05 M
sodium phosphate buffer, pH 7.4, and dialyzed (using a low cut-off
membraneMr 3,500) against distilled water overnight. The three
fractions were then freeze-dried, and a sample of each was separated
by SDS-PAGE. To purify the individual proteins, a sample of each
fraction was re-suspended in 0.05 M Tris/HCl buffer, pH 7.5, and
separated on an anion exchange column (DEAE Sepharose). Bound
proteins were eluted with a 0-0.5 M linear gradient of NaCl. The
fractions from peaks containing protein were pooled, dialyzed against
water, freeze-dried, and separated by SDS-PAGE.

Five fractions were selected forN-terminal amino acid sequence
analysis. These samples were separated on 10% Tris/Tricine gels (11)
and blotted onto Pro Blot PVDF membrane, and stained for protein,
and the bands of interest were excised for sequencing. Automated
Edman degradation was carried out using a pulsed liquid mode PVDF
program on an Applied Biosystems model 491 procise sequencer.

Western Blotting. The tuber salt-soluble proteins and total seed
proteins (0.25 mg of crushed seed in 1 mL of sample buffer; 0.0625
M Tris/HCl, pH 6.8, 2% (w/v) SDS, 10% (v/v) glycerol, 5% (v/v)
2-mercaptoethanol, and 0.002% (w/v) bromophenol blue) were sepa-
rated by SDS-PAGE using 12% Tris/glycine gels (10). The separated
proteins were blotted onto nitro-cellulose membrane and incubated with
polyclonal antibodies raised against pea globulin proteins (legumin,
vicilin, and convicilin) (1:100 dilution) followed by a goat anti-rabbit
alkaline phosphatase conjugate secondary antibody (1:6250). Bands
were visualized using BCIP/NBT alkaline phosphatase color develop-
ment solution.

Total Nitrogen Analysis. The total N content was calculated using
Kjeldahl analysis (9). A typical sample size of 0.5-0.7 g dry weight
was used and analyzed using KB8S Kjedatherm digestion system
(Gerardt).

RESULTS

Comparison of the Protein Content and Composition of
P. ahipaAccessions andP. erosus.Six accessions ofP. ahipa
were grown in a replicate random block experiment in the

glasshouse at IACR-Long Ashton withP. erosuscv. Catalina
being grown under similar conditions. Samples of peeled tubers
from the five replicate plants were bulked, and their dry weights
and nitrogen contents were determined. TheP. ahipa tubers
contained about 75-80% water with Kjeldahl N contents
ranging from about 0.77 to 1.34% dry weight (Table 1).
Assuming a conversion factor of 6.25, this corresponds to
between 4.8 and 8.4% protein on a dry weight basis and 1.3 to
2.3% on a fresh weight basis. In contrast, theP. erosustubers
contained more water (88.6%) and less protein, 2.7 and 0.35%
on dry and fresh weight bases, respectively (Table 1).

Preliminary studies with freeze-dried tubers ofP. ahipa
AC230 showed that 93% of the total tuber nitrogen was
extracted with 0.05 M phosphate buffer, pH 7.4, containing 1.0
M NaCl and PMSF to inhibit endogenous proteinases. Of this,
about 31% was lost on dialysis with a low cut-off (Mr 3500)
membrane, demonstrating that about 62% of the total tuber
nitrogen consisted of salt-soluble proteins and about 31% low
Mr nitrogenous compounds (presumably peptides, amino acids,
etc.). A further 3.3% of the nitrogen was recovered by further
extraction with the same buffer containing 1% (w/v) SDS and
2% (v/v) 2-mercaptoethanol (with 1.5% being lost on dialysis)
leaving about 2% of the total tuber nitrogen in the insoluble
residue. It was, therefore, concluded that the bulk of the tuber
nitrogen comprised salt-soluble proteins, and further studies were
focused on this fraction.

SDS-PAGE of the salt-soluble proteins from all sixP. ahipa
accessions showed that each contained multiple components
with no apparent differences between them (Figure 1). In
particular, all contained five “major” bands ofMr about
44,000, 30,000, 27,000, 22,000, and 17,000 (labeled P1-5 in
Figure 1, track g) which were calculated by image analysis of
gel separations of AC230 to account for about 2.1, 5.4, 6.4,
2.4, and 2.8%, respectively, of the total fraction. Therefore, the
five proteins together accounted for about 19% of the total
fraction. Because the salt-soluble proteins accounted for 62%
of the total nitrogen in AC230, it can be calculated that P1-P5
together accounted for about 12% of the total nitrogen in this
accession.

No bands corresponding to the major seed storage proteins
of P. ahipa(see below) were observed in the salt-soluble protein
fractions fromP. ahipaor P. erosustubers and no reactions
were observed when western blotting was carried out with
antibodies to the seed storage globulins (legumin, vicilin, and
convicilin) of pea (results not shown). This contrasts with the
results obtained whenP. ahipaseed proteins were blotted (see
below) and indicates that the tubers do not contain typical
legume seed-storage globulins.

Purification of P1-P5 from Tubers of P. ahipa AC230.
The total salt-soluble proteins were initially fractionated by
precipitation with ammonium sulfate (to 30, 50, and 90%
saturation), and the three precipitates were separated by ion

Table 1. Contents of Water, Nitrogen, and Total Protein (N × 6.25) in
Tubers of Accessions of P. ahipa and P. erosus cv. Catalina

protein

species
accession/

cultivar
H2O

% FW
N

% DW % FW % DW

P. ahipa 102 79.0 1.34 2.22 8.4
P. ahipa 229 77.5 1.02 1.85 6.4
P. ahipa 230 78.8 0.77 1.28 4.8
P. ahipa 521 78.0 0.77 1.36 4.8
P. ahipa 524 80.0 1.23 1.92 7.7
P. ahipa 526 76.0 1.18 2.33 7.4
P. erosus Catalina 88.6 0.43 0.35 2.7
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exchange chromatography on DEAE-Sephacel. SDS-PAGE
showed that individual fractions from the ion exchange separa-
tions were enriched in bands P1-5, which were blotted from
the SDS-PAGE gels onto Pro-Blot membrane forN-terminal
sequencing. The sequences obtained for the first 10 amino acid
residues of P1-P5 are compared with those of related proteins
identified in the SWISS-PROT database inTable 2.

The sequence determined for P1 showed homology with the
N-terminal sequences of cerealR-amylases and this identification
is also consistent with theMr determined for P1 by SDS-
PAGE: approximately 44,000 compared with 45,000 for
R-amylases (12). Similarly, P2 ofP. ahipa(Mr approximately
30,000) is clearly homologous with two cysteine proteinases
purified from tubers ofP. erosus(Mr 26,000 and 28,000) by
Gomes et al. (13) and with a developmentally regulated cysteine
proteinase from the slime moldDictyostelium(14) (sequence
not shown). The sequence of P4 is related to the chitin-binding
domains of basic (class I) chitinases (including the bean and
Arabidopsisproteins shown inTable 2) and other chitin-binding

proteins including lectins (not shown) and hevein from rubber
latex (also shown inTable 2) (15). These chitin binding domains
are at theN-termini of the mature hevein and chitinase proteins,
as in P4. TheMr of P4 (approximately 22,000) differs from
those of the mature herein polypeptide (4695) and those of basic
chitinases (the bean andArabidopsisenzymes havingMr of
approximately 35,000 and 34,000, respectively (16, 17)).

P. ahipaproteins P3 and P5 also showed homologies with
proteins in the SWISS-PROT database, although the functions
of these proteins can only be inferred from their regulatory
properties. Thus, P3 showed homology with an internal sequence
in a protein encoded by a tuberization-specific gene from potato
(Accession number P33191, entry name TUB8_SOLTU) (18),
whereas P5 showed homology with proteins encoded by mRNAs
induced by stress (including possibly osmotic stress) in soybean
(19) and the hormone abscisic acid (ABA) in pea (20). The Mr
of P5 (= 17,000) was also similar to those of the soybean
(16,772) and pea (16,629) proteins. As ABA is itself induced
by water stress (20), it can be suggested that P5 plays a role in
the response of the tuber to water availability.

Localization of Protein in P. ahipa AC230 Tubers. The
homologies demonstrated for P1-P5 are consistent with these
proteins playing roles in the development and metabolism of
the tuber, in defense against pests and pathogens, or in resistance
to abiotic stresses, rather than as storage proteins. We therefore
carried out analyses to determine whether protein deposits were
present in the mature tubers. Initial studies by tissue printing
(Figure 2) showed that protein was uniformly distributed across
the tuber. Blocks of tissue from within the tuber were, therefore,
sectioned and stained for protein for light microscopy. The
staining was largely restricted to the cell walls and cytoplasm
with no evidence for protein accumulation in the vacuole as
reported for storage proteins in a range of systems including
storage tubers of yam (Dioscorea rotundata) (21, 22) and sweet
potato (23), and seeds of many species including legumes (24).
Similarly, there was no evidence for accumulation of protein
elsewhere in the cell (results not shown). It was concluded
therefore, that tubers ofP. ahipado not accumulate deposits of
specialist storage proteins.

Analysis of P. ahipa Seed Proteins.Comparative studies
were also carried out on seeds of the six accessions ofP. ahipa.
Their water contents varied from about 5.1 to 5.6%, with protein
contents calculated (as N× 6.25) to range from 42.9 to 48.6%
dry weight.

Figure 1. SDS-PAGE of total protein fractions extracted from P. ahipa tuber samples: (a) marker proteins of Mr 76,000, 66,000, 42,000, 30,000, and
17,000; (b−g) fractions from AC 102, 229, 230, 521, 524, and 526, respectively. The arrows indicate the five “major” proteins discussed in the text.

Table 2. N-terminal Sequences and Mr Determined for Proteins P1 to
P5 from Tubers of P. ahipa Compared with Those of Related Proteins
Identified in the SWISS−PROT Database

species protein sequence Mr reference

P. ahipa P1 1AL(L)F(Q)(G)(F)(N)8 44,000 this study
wheat R-amylase 2QI LFQGFNWE11 45,370 12
rice R-amylase 3QI LFQGFNWD12 48,872 32
P. ahipa P2 1DDLPDYVDDR10 30,000 this study
P. erosus cysteine proteinase

YGB1

1DDLPDYVDXR10 28,000 13

P. erosus cysteine proteinase
YGB2

1DDLPDYVDWR10 26,000 13

P. ahipa P3 1AEPEPVVDKQ10 27,000 this study
potato tuberisation specifc

protein

56EEPAPVVEKE65* 22, 638 18

P. ahipa P4 1EQ(C)GRQAGGK10 22, 000 this study
rubber hevein 1EQCGRQAGGK10 4695 15
arabidopsis chitinase 1EQCGRQAGGA10 34,609 17
bean chitinase 1EQCGRQAGGA10 35,444 16
P. ahipa P5 1GVFVFSDETS10 17,000 this study
soybean stress response

protein

2GVFTFEDEIN11 16,772 19

pea ABA-response
protein

2GVFVFDDEYV11 16,629 20

* N-terminus not known.
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SDS-PAGE of the total seed proteins showed multiple bands
with Mr ranging from below 20,000 to above 80,000 (Figure
3A). Western blotting with antibodies to 11S (legumin) (Figure
3B track a) and 7S (vicilin and convicilin) (Figure 3B tracks b
and c) storage globulins of pea revealed the presence of related
subunits inP. ahipaseeds. Groups of components ofMr about
22,000 and 35,000 (brackets A and B inFigure 3A track g)
clearly corresponded to the major acidic and basic chains,
respectively, of 11S globulin subunits and were estimated to
account for about 14% and 14.5%, respectively, of the total
fraction. However, the western blotting showed the presence
of additional immunoreactive bands of intermediateMr. Bands
of about Mr 25,000, 50,000, and 70,000 reacted with the
antibodies to the pea 7S globulins vicilin and convicilin.

DISCUSSION

Our results show that tubers ofP. ahipa contain between
about 0.8 and 1.3% nitrogen on a dry weight basis. Although
multiplication by a standard factor of 6.25 would indicate that
this represents about 5-8% protein, analyses of one accession
(AC230) indicate that only 60-70% of the total nitrogen
actually derives from protein. The true values are, therefore,

likely to range from about 3 to 5% crude protein. This value is
certainly higher than the protein contents reported for cassava
(1-2% dry weight, (25)) and yams (1-3% dry weight, (26))
and is within the range reported for sweet potato (1-10% dry
weight, (27)) and potato (calculated as about 3-6% dry weight
based on data in Burton (28)). However, it is below the values
reported forP. ahipaby others, 5-11% by Gruneberg et al.
(4), 5-10% by Grum et al. (5), about 7% by Tadera et al. (3),
and about 8-20% by Sørensen et al. (2). Similarly, the value
of over 9% protein reported for yam bean (presumablyP.
erosus) by Barnes and Gomes (7) is considerably higher than
that determined forP. erosushere (2.7%). The protein contents
of tuberous crops can be expected to vary with growth
conditions, but the levels in field grown tubers are unlikely to
exceed those of tubers grown under more optimal conditions
in the glasshouse. It can be concluded, therefore, that the protein
content ofP. ahipa tubers is sufficiently high to contribute
significantly to its nutritional properties but not high enough
for it to be grown as a specialized protein crop.

Over 60% of the total nitrogen inP. ahipatubers was present
in nondialyzable salt-soluble components (presumably proteins)
and these accounted for about 90% of the total protein in the

Figure 2. Longitudinal and transverse sections of a tuber of P. ahipa (AC230) stained for total protein.

Figure 3. SDS-PAGE of total protein fractions extracted from seeds of P. ahipa. (A) Gel stained with Coomassie BBR250: (a) marker proteins of Mr

76,000, 66,000, 42,000, 30,000, and 17,000; (b−g) fractions from AC102, 229, 230, 521, 524, and 526, respectively. The major groups of 11S and 7S
globulin subunits are indicated in track g. (B) Western blots of the fraction from AC230 reacted with antibodies to (a) 11S legumin; (b) 7S vicilin; and
(c) 7S convcillin proteins of pea.

1942 J. Agric. Food Chem., Vol. 50, No. 7, 2002 Forsyth and Shewry



tuber. SDS-PAGE of the salt-soluble proteins showed a range
of components but none appeared to be present in sufficient
quantities to suggest a storage function. Similarly, light mi-
croscopy of tubers failed to show any protein deposits within
the tuber parenchyma cells.

Previous studies of other storage tubers have shown that their
storage protein components appear to be derived from different
protein families, and may have secondary or residual activities.
Thus, patatin from potato exhibits activity as an esterase and
lipid acyl hydrolase (29, 30), sporamin from sweet potato is
related to Kunitz-type proteinase inhibitors (23), and dioscorin
from yam is related to carbonic anhydrase (22, 31). Typical
seed storage proteins have not been reported to occur in these
tubers, and the 7S and 11S seed storage globulins which are
typical of legume seeds were similarly not detected in tubers
of P. ahipa, although they were clearly major components in
the seeds.

The apparent lack of storage proteins inP. ahipa tubers
resembles the situation in cassava and may relate to the
biological role of the storage roots in these two species. Both
cassava andPachyrhizusare perennial crops in which the
tuberous roots act as storage organs for carbohydrates rather
than as propagules. In contrast, the tubers of yam, sweet potato,
and potato act as propagules and contain storage proteins for
mobilization during sprouting and plant regrowth.

Although no individual components accounted for high
proportions of the total protein inP. ahipa tubers, five bands
were clearly distinguishable and were partially purified for
N-terminal amino acid sequencing. Three of these (P1, P2, P4)
were related to proteins of known function which can be
proposed to be involved in starch metaboloism (R-amylase) and
defense against pests and pathogens (cysteine proteinases (33)
and chitin-binding proteins). However, only one major cysteine
proteinase ofMr about 30,000 was identified inP. ahipa,
compared to two ofMr about 26,000 and 30,000 reported by
Gomes et al. (13) for P. erosus. The other two major proteins,
P3 and P5, showed homology with proteins encoded by mRNAs
associated with tuberization in potato (P3) and induced by stress
or ABA in soybean and pea, respectively (P5). These proteins
may, therefore, be involved in the regulation of tuber metabo-
lism, in response to either endogenous developmental signals
or exogenously applied stresses. It can be concluded therefore,
that ahipa tubers do not contain specialized storage proteins
which are present in sufficient amounts to affect their nutritional
quality. Nevertheless, the high total protein content of the tubers
compared with that of most other tuberous crops could be
significant if used for feeding livestock.
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