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Sweet potato ranks as the world’s seventh most important food crop, and has major contribution to
energy and phytochemical source of nutrition. To unravel the molecular basis for differential nutrient
availability, and to exploit the natural genetic variation(s) of sweet potato, a series of physiochemical
and proteomics experiment was conducted using two contrasting cultivars, an orange-fleshed sweet
potato (OFSP) and a white-fleshed sweet potato (WFSP). Phytochemical screening revealed high percent-
age of carbohydrate, reducing sugar and phenolics in WESP, whereas OFSP showed increased levels of
total protein, flavonoids, anthocyanins, and carotenoids. The rate of starch and cellulose degradation

ii{;vgcrg;ms was found to be less in OFSP during storage, indicating tight regulation of gene(s) responsible for
Flavonoids starch-degradation. Comparative proteomics displayed a cultivar-dependent expression of proteins along
Nutritional diversity with evolutionarily conserved proteins. These results suggest that cultivar-specific expression of proteins
Phenolics and/or their interacting partners might play a crucial role for nutrient acquisition in sweet potato.
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1. Introduction

Sweet potato is a dicotyledonous species belonging to the
morning glory family, Convolvulaceae. It is a perennial crop which
serves as one of the major sources of food, animal feed and
industrial raw materials. It has a significant contribution as energy
supplement and phytochemical source of nutrition. It is widely
cultivated in the tropics, subtropics and even in some temperate
zones of the developing world (Ahn et al., 2010). Contribution of
sweet potato towards health is acknowledged due to high nutrient
content and its anti-carcinogenic and cardiovascular disease
preventing properties (Teow et al., 2007). Almost all cultivars of
sweet potato are excellent source of vitamin C, B,, Bg and E, as well

Abbreviations: BCE, B-carotene equivalents; GAE, gallic acid equivalent; QE,
quercetin equivalent; OFSP, orange-fleshed sweet potato; TCC, total carotenoid
contents; TFC, total flavonoids content; TPC, total phenolic content; TAC, total
anthocyanin content; WHC, water holding capacity; WFSP, white-fleshed sweet
potato.
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as dietary fibre, potassium, copper, manganese and iron, and are
low in fat and cholesterol. Sweet potato is the seventh most impor-
tant crop in terms of global production. In developing countries, it
ranks third in value of production and fifth in caloric contribution
to the human diet (Mohan, 2011). Based on the variability in flesh
colour, white-fleshed to cream-fleshed sweet potato is widespread
in the Pacific, whereas the yellow- to orange-fleshed sweet potato
is predominantly found in the United States (Mohan, 2011).
Improvement in nutritional value for crop species has been a
major long-term goal of plant breeding programs. Humans require
a diverse and nutritionally well-balanced diet for the maintenance
of optimal health. Therefore global scientific research is focused
upon improving the nutritional qualities of food crops. This has
become an increasingly critical issue in developing countries, par-
ticularly in India, where plants are the major primary nutritional
support in the human diet and animal feed. Diversity in nutritional
status amongst different varieties of crop has considerable impact
on nutritional adequacy. Different cultivars of the same crop adapt
very differently in response to environmental cues, even though
they are accustomed to precisely the same environment. These
altogether may invariably affect the nutritional status of closely
related genotypes of a species (Huang, Tanudjaja, & Lum, 1999;
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Kennedy & Burlingame, 2003). Therefore, to address the above
ambiguities, it is pertinent to unravel the extent and basis of
nutrient diversity within the species, particularly amongst under-
utilized crops. The information(s) available on the diversity
amongst these crops are very little and fragmented. Information
on cultivar-specific nutrient content can be applied in breeding
programs, which can significantly reduce the dependence on trans-
genic modifications of a cultivar. Hence, there is a need to exploit
the existing potential available in the nutritionally rich germplasm
of sweet potato for improved nutritional implications. Conse-
quently, the objective of this study was to investigate the
genotypic variability with regard to the biochemical composition
and differential expression of gene(s). These might be anticipated
to cause differences in nutritive value of two closely related
cultivars of sweet potato.

2. Materials and methods

2.1. Maintenance of plants, tissue harvesting and preparation of
samples

The slips of OFSP (Ipomoea batatas (L.) Lam. cv. SP-6) were
obtained from the Central Tuber Crops Research Institute (CTCRI),
Thiruvananthapuram, while those of WFSP, a close relative, were
obtained from Tezpur, Assam, India. The cultivars were grown in
parallel in four replicated plots of experimental field under identi-
cal environmental conditions and field management to eliminate
the environmental influence(s), if any. Slips were planted in
three-row plots 8.0 x 3.6 m, with 1.2 m spacing between beds
and 0.5 m between plants. Mature tubers were harvested and
pooled from eight different plants (two from each experimental
plot) to normalise the growth and developmental effects.

2.2. Assessment of agrophysiological traits

The leaf area of the 3-5th leaf from the shoot apex was
measured and calculated using Leaf] with Image] software
(http://rsb.info.nih.gov/ij/) as described earlier (Maloof, Nozue,
Mumbach, & Palmer, 2013). Rate of photosynthesis was quantified
with a portable photosynthesis measurement system (GFS3000;
Waltz). The photosynthetic potential was determined on the basis
of single leaf measurements of 5-7 leaves from each plant, and was
evaluated after 8-10 weeks of plantation under standard atmo-
spheric (360 ppm CO,) and light conditions (750 pmol m~2s71). A
fully expanded second or third leaf from the shoot apex was held
in the chamber for 2-3 min until the rate of photosynthesis was
in a steady-state condition. Identical sized mature tubers were har-
vested from both the cultivars. The average weight and diameter
were measured.

2.3. Evaluation of tuber colour difference

The colour of tubers was determined colorimetrically using
high-performance colour measurement spectrophotometer
(HunterLab Ultrascan Vis) coupled with EasyMatch QC software.
The measurements were performed over 360-780 nm wave-
lengths, as per manufacturer’s recommendation.

2.4. Biochemical and proximate analysis

For proximate analyses, tubers of both the cultivars were
washed, peeled individually, sliced into smaller pieces and
oven-dried at 40 °C for 18 h. Each sample was then grounded into
powder using a laboratory-scale grinder. Total moisture, ash and
crude fibre were determined in triplicates according to the

standard method of the Association of Official Analytical Chemists
(AOAC, 2000). Moisture content was determined gravimetrically by
the weight loss after drying the samples in a hot-air oven until con-
stant weight was achieved. Total ash content was measured after
igniting in a muffle furnace at 550-600 °C to acquire a constant
weight. Crude fibres were determined according to the standard
AOAC method. In brief, 2 g dried samples were boiled in 1.25%
H,SO,4 for 30 min. The samples were then filtered through gooch
crucible and the residues obtained were subsequently washed
with the boiling water repeatedly to eliminate the acid content.
Residues were again boiled with 1.25% NaOH for 30 min, filtered
and dried. The dried samples were placed in a crucible and ignited
in the furnace at 600 + 15 °C for 2-3 h and then allowed to cool.
The weight of the residues was recorded and the percent crude
fibre content was calculated via the loss in weight on and before
ignition. The total protein was quantified by micro-Kjeldahl
method and protein was calculated from nitrogen content multi-
plied by a factor of 6.25.

To carry out the biochemical analyses, tubers were lyophilized
and grounded into fine powders. Total carbohydrate content in
both the cultivars was determined by Anthrone method, using
standard protocol with p-glucose as standard. Reducing sugar
was determined by Nelson-Somogyi method (Sadasivam &
Manickam, 1992).

2.5. Water holding capacity (WHC)

WHC was determined using a method previously described
(Robertson et al., 2000) with few modifications. Briefly, 1g of
lyophilized tissue, in triplicate, was hydrated in 30 ml Milli-Q
water containing 0.02% azide as a bacteriostat. Samples were
centrifuged at 3000xg for 20 min at room temperature after equil-
ibrating it for 18 h. The supernatant was removed carefully and
residual water was drained out. Sample fresh weight was recorded
before drying. WHC was calculated as the amount of water
retained by the pellet (g/g dry weight) after residual dry weight.

2.6. Evaluation of starch and cellulose degradation

The tubers were harvested from eight different plants (two
from each experimental plot). To evaluate degradation of starch
and cellulose during storage, harvested tubers were stored at room
temperature and measured at every 15-d interval. Total starch con-
tent was determined by Anthrone method using standard method
with few modifications (Sadasivam & Manickam, 1992). Glucose
content in the samples was extrapolated using p-glucose as stan-
dard and the starch content was determined by multiplying it with
a factor of 0.9. Total cellulose content was determined by modify-
ing the method of acidolysis with acetic/nitric reagent followed by
the treatment with H,SO4. Acid hydrolysed cellulose was then
quantified by Anthrone method using standard procedures as
described by Sadasivam and Manickam (1992).

2.7. Determination of phytophenols and carotenoids

To determine the phytophenols, the extracts were prepared
from lyophilized tuber samples. Total phenolic content (TPC) was
determined by the method based on oxidation-reduction reaction
by Folin-Ciocalteu reagent using gallic acid as a standard.

Total flavonoids content (TFC) was determined by colorimetric
method as described by Kim, Jeong, and Lee (2003). The alcoholic
tuber extract was diluted to a final volume of 5 ml with Milli-Q
water and 0.3 ml 5% NaNO,. The mixture was then incubated at
room temperature for 5 min. Subsequently, 0.3 ml 10% AlCl3 was
added followed by the addition of 2 ml 1N NaOH after 6 min.
The solution was mixed thoroughly and the absorbance was
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measured at 510 nm against Milli-Q water as blank. Quercetin was
used as standard and flavonoid contents were measured as querce-
tin equivalent.

Total anthocyanin content (TAC) was determined by following
the procedures of Mancinelli, Hoff, and Cottrell (1988) with few
modifications. Approximately 0.5 g of tuber sample was extracted
with 20 ml of acidified methanol (1% v/v HCl) for 24 h in dark at
4 °C with occasional shaking. Samples were then centrifuged at
5,000 x g for 15 min at 4 °C. The supernatant was recovered and
diluted to an appropriate concentration. The absorbance was read
at 530 and 657 nm and total anthocyanins was estimated using the
formula, As3g - 0.25Ags7; to recompense the absorption of
chlorophyll degradation products at Asso.

Total carotenoid contents (TCC) were determined by the
modified method of Koala et al. (2013). A known weight of dry
powder was extracted with acetone-hexane (50:50, v/v) for TCC
assay. Extracts were stirred vigorously, filtered and stored at 4 °C
in dark. Absorbance of suitably diluted extracts was measured at
455 nm with B-carotene as standard.

2.8. qRT-PCR analysis of flavonoid pathway genes

The expression of key flavonoid pathway genes, chalcone
synthase (CHS), chalcone flavanone isomerase (CHI), flavanone
3-hydroxylase (F3H), dihydroflavonol 4-reductase (DFR), anthocy-
anidin synthase (ANS) and UDP-glucose flavonoid 3-O-glucosyl
transferase (UFGT) was analysed by qRT-PCR. Total RNA was iso-
lated by TriPure Isolation Reagent (Roche Diagnostics) following
manufacturer’'s recommendation. cDNAs were prepared using
SuperScript® VILO™ c¢DNA Synthesis Kit (Invitrogen). qRT-PCR
analysis was performed using gene-specific primers: CHSF 5'-TGGG
CCTGGGCTTACAATC-3’ and CHSR 5-CTTTGGGCCGGGCTTAA-3'
(CHS); CHIF 5'-GCGGAGGAGTTGACGGATT-3’ and CHIR 5'-TTCTCAA
AGGGACCCGTAACG-3’ (CHI); F3HF 5'-TATTCAAGGTGGCCGGACAA-
3’ and F3HR 5'-CAGCAGTTTGCATGCCAAGT-3' (F3H); DFRF 5'-TTAT
CGGCTCCTGGTTGGT-3' and DFRR 5-TGTCCGCTTTCGGTAGTTC-3'
(DFR); ANSF 5-GCGTCCCGAACTCCATCAT-3' and ANSR 5'-CTTGCCG
TTGCTGAGGATCT-3" (ANS); UFGTF 5-GCCGCCACTCCAAACG-3'
and UFGTR 5'-CATTCCTGGGATTACTTTCAGCTT-3' (UFGT). The
expression data were normalised against the expression levels of
actin as an internal control using actin specific primers ActinF 5'-
CTCCCCTAATGAGTGTGATGTGAT-3' and ActinR 5-GAGCCCCATGA
GAACATTACCA-3'. All the primers were designed using the Primer
Express Software v3.0.1. The qRT-PCR was performed, in two
biological and three technical replicates, by an ABI PRISM 7700
Sequence Detection System (Applied Biosystems) using SYBR green
dye. Mean of Ct values for target and endogenous control was con-
sidered for calculating the relative quantitation (RQ) value using
comparative Ct (2-2A%) method.

2.9. 2-DE analysis

Proteins were isolated from the mature tubers as described
earlier (Jiang, Chen, Tao, Wang, & Zhang, 2012) with few modifica-
tions. The tubers were peeled, sliced and grounded to fine powder
with liquid nitrogen and suspended in acetone containing 10%
trichloroacetic acid and 0.07% B-mercaptoethanol, and precipitated
overnight at —20 °C. The precipitates were recovered by centrifu-
gation at 10,000xg at 4°C for 10 min and washed twice with
0.07% B-mercaptoethanol in acetone and then dried. The dried pel-
lets were resuspended in resuspension buffer (100 mM Tris-HCI
buffer (pH 8.0), 10 mM EDTA, and 30% sucrose, 2% CHAPS, 2%
SDS, 10mM PMSF and 2% R-mercaptoethanol), and further
extracted with an equal-volume of Tris-saturated phenol. Proteins
were precipitated overnight at —20°C by the addition of 0.1 M
ammonium acetate in methanol, 4 times the volume of sample.

The pellets were washed 2-3 times with 0.1 M ammonium acetate
in methanol and then with 0.07% B-mercaptoethanol in acetone.
The protein pellets were then solubilised using IEF sample buffer
(8 M urea, 2 M thiourea and 4% w/v CHAPS) and the concentration
of protein was determined using 2-D Quant kit (GE Healthcare).
Aliquots of 250 g protein were diluted with 2D rehydration buffer
(8 M urea, 2 M thiourea, 4% w/v CHAPS, 20 mM DTT, 0.5% v/v phar-
malyte (pH 4-7) and 0.05% w/v bromophenol blue) followed by
rehydration of IPG strips (13 cm; pH 4-7) with 250 pl of the buffer.
Electrofocusing was performed using the IPGphor system (GE
Healthcare) at 20 °C for 32,000 VhT. The focused strips were sub-
jected to reduction with 1% w/v DTT in 10 ml of equilibration buf-
fer (6 M urea, 50 mM Tris-HCI (pH 8.8), 30% v/v glycerol and 2% w/
v SDS), followed by alkylation with 2.5% w/|v iodoacetamide in the
same buffer. The strips were then loaded on 12.5% polyacrylamide
gels for SDS-PAGE. To reduce gel-to-gel variation, each protein
preparation was analysed on at least three parallel 2-D gels, repre-
senting three technical replicates. The electrophoresed proteins
were stained with Silver Stain Plus Kit (Bio-Rad).

2.10. Image acquisition and comparative proteomics analysis

The gel images were scanned using the Fluor-S Multilmager
system (Bio-Rad), and processed and analysed with PDQuest gel
analysis software version 7.2.0 (Bio-Rad). The pI and experimental
molecular mass were calculated from the scanned images using
standard molecular mass marker proteins. To compare spots across
gels, a match set representing a standard image of three replicates,
representing three biological replicates, was created for each sam-
ple. Each spot on the standard gel was quantified by several criteria
for being consistent in size and shape for all the replicate gels and
being within the linear range of detection. The spots detected by
the software program were further verified manually to eliminate
any possible artifacts, such as gel background or streaks. In addi-
tion to quantify scores, the PDQuest software was used to assign
quality scores to each gel spot. The spots with a quality score less
than 30 were eliminated from further analysis. The high-quality
spot quantities were used to calculate the mean value for a given
spot, and the value was used as the spot quantity on the standard
gel. The correlation coefficient, representing the association
between the spot intensities on replicates, was maintained at a
minimum of 0.8 between gel images. The spot densities on the
standard gel were normalised against the total density in the gel
image. To facilitate the comparison of the standard gels for each
of the cultivars, the spot volumes were further normalised using
three unaltered protein spots across all the gels.

2.11. Statistical analysis

Statistical significance of the data was analysed by the unpaired
student’s t-test method using GraphPad Prism 5. P<0.05 was
considered to be statistically significant, and the results are
expressed as mean + SE.

3. Results and discussion
3.1. Genetic diversity and assessment of agrophysiological traits

To investigate the extent of nutritional miscellany between
OFSP and WFSP, a comparative phytochemical analysis was
performed. Though the cultivars were grown side-by-side in the
experimental field under the same environmental conditions,
genetic differences between them was evident at morphological
level (Fig. 1A and B). The difference in average yield and weight
of tubers was quite distinct. Average weight and diameter of the
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Fig. 1. Comparative analyses of agrophysiological traits. Representative photo-
graphs displaying morphological differences in aerial parts of OFSP (A) and WFSP
(B). The variations are also shown in average yield (C), weight (D) and diameter (E).
Each bar indicates the mean values + SE in triplicates. Photosynthetic rates (F) and
leaf area (G) along with representative photograph of leaves from OFSP and WFSP
were compared. The experiments were carried in five measurements and the
average mean values + SE were plotted.

tubers of OFSP was found to be more than two- and fourfold higher
when compared with WFSP. Moreover, the average yield was
about twofold higher in OFSP (Fig. 1C-E). Increased tuber yield is
closely associated with the photosynthetic carbon metabolism,
which is considered to be a crucial factor for plant growth and pro-
ductivity (Sweetlove, Kossmann, Riesmeier, Trethewey, & Hill,
1998). We therefore investigated the photosynthetic efficiency of
both the cultivars. The photosynthetic CO, fixation was slightly
higher in OFSP as compared to WFSP (Fig. 1F).

Leaf area is an important determinant of photosynthetic effi-
ciency, exhibiting a strong correlation between them (Horsley &
Gottschalk, 1993). There was a positive correlation between leaf
size and photosynthetic efficiency as the leaf area (Fig. 1G) and
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Fig. 2. Evaluation of colour differences. Cross sections of tubers displaying colour
differences in OFSP (A), and WFSP (B). The relative Hunter ‘L’ ‘a’ ‘b’ values were
determined (C-E). Data represent mean values * SE of three measurements.

photosynthetic CO, fixation (Fig. 1F) showed a proportional
increase in OFSP.

3.2. Evaluation of colour difference

Hunter ‘L’ ‘@’ ‘b’ values demonstrates distinct colours in two
sweet potato cultivars which corroborated the visual appearance
of the tuber flesh (Fig 2A and B). The ‘L’ (white) value for WFSP
(82.51) was significantly higher than that of OFSP (77.31)
(Fig. 2C). However, intense orange colour of the OFSP was
confirmed by its higher ‘a’ and ‘b’ values when compared with
WEFSP. The ‘a’ (red) values of OFSP (4.28) was significantly higher
(p <0.05) than that of WFSP (-0.6) (Fig. 2D). Furthermore, the ‘b’
(yellow) values varied a remarkable twofold higher in OFSP
(29.59) than that of WFSP (14.46) (Fig. 2E). The higher positive
‘a’ and ‘b’ values suggest that yellow-orange colour of OFSP might
be due to the higher carotenoid pigments. A positive correlation
have been earlier established in carotenoid contents and ‘a’ and
‘b’ colour space values in different orange-fleshed cultivars
(Ameny & Wilson, 1997).

3.3. Differences in biochemical and proximate compositions

The proximate and biochemical analysis imparted a better
understanding of the commonalities and diversities between the
cultivars studied. The proximate analysis of the cultivars revealed
no significant differences of moisture, ash and fibre contents
(p > 0.05). Nevertheless, the analysis displayed high moisture con-
tent of 71.42% and 68.93% in OFSP and WFSP, respectively. These
values were found to be well within the range of 60-84%, as
reported in many sweet potato cultivars (Collins & Walter, 1985).
The high-moisture content is an indicator of low dry matter and
lower storage quality in tubers. The moisture content amongst
cultivars might be attributed to the difference in their genetic
composition and agro climatic conditions (Rose &
Vasanthakaalam, 2011). The ash and fibre contents were higher
in OFSP (4.7% and 2.35%, respectively) as compared to WFSP
(4.46% and 2.31%, respectively) (Supplementary Table S1). Interest-
ingly, total protein content (4.85 g/100 g) of OFSP was considerably
higher than that of WFSP (2.93 g/100 g). These results suggest that
OFSP contain more nitrogenous substances as compared to WFSP
(Fig. 3A). A previous study had reported a variable range of protein
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(2.95-7.1985g/100g) in different sweet potato cultivar
(Ravindran, Ravindran, Sivakanesan, & Rajaguru, 1995). In general,
sweet potato is considered as a low protein crop ranging from 1% to
> 10% (Bovell-Benjamin, 2007). The variations in protein content in
sweet potato have been attributed to their genetic background and
environmental niche (Walter, Collins, & Purcell, 1984). Several ear-
lier reports revealed that the increase in protein biosynthesis is a
consequence of increased rate of photosynthesis, which is eventu-
ally a crucial factor for higher yield (Agrawal et al., 2013;
Chakraborty et al., 2010). It is increasingly clear that the tuberiza-
tion is a complex process involving various metabolic cues, leading
to massive accumulation of starch and proteins. Tubers, the storage
organs, act as a sink and compete for the available photoassimi-
lates. The allocation of photoassimilates is an important criterion
for plant productivity, the harvest index. In tuberous crops, a
higher harvest index indicates an efficient diversion of photoas-
similates sink (Lemoine et al., 2013; Rukundo, Shimelis, Laing, &
Gahakwa, 2013). Intriguingly, increase in the protein content via
transgene approach has also showed a profound effect on the rate
of photosynthesis (Agrawal et al., 2013; Chakraborty et al., 2010).
Our study revealed a strong correlation amongst the leaf areas,
photosynthetic rate and total protein content of OFSP.

In most sweet potato cultivars, the percentage of dry matter is
reported up to 44%, out of which approximately 90% is
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Fig. 4. Evaluation of storage stress response. Tubers were stored at room temper-
ature and sampled at every 15 d interval until 105-d. The starch (A) and cellulose
(B) contents were measured on dry basis at a succession of storage time points in
both the cultivars. Data represent mean values + SE of three measurements.

carbohydrate (Woolfe, 1992). The present study revealed a
considerably higher carbohydrate content in WFSP (14.28 mg/g)
as compared to OFSP (12.29 mg/g) (Fig. 3B). Several earlier reports
proclaimed a dynamic range of total carbohydrate. Ravindran et al.
(1995) reported carbohydrate content in a range of 3.74-9.89%.
However, @ Emmanuel, Vasanthakaalam, Ndirigwe, and
Mukwantali (2012) reported 7.65% and 8.7% in orange-fleshed
and yellow-fleshed cultivars, respectively but 65% and 74%, respec-
tively on dry basis. The reducing sugar content was also higher in
WESP (4.47%) than that of OFSP (2.76%) (Fig. 3C); however, starch
content was higher of OFSP (55.83 g/100 g) as compared to WFSP
(43.25 g/100 g) (Fig. 3D). The comparative analysis of different cul-
tivars showed a variable range of starch content i.e. 33% and 64% in
various cultivars on the dry basis (Senanayake, Ranaweera,
Gunaratne, & Bamunuarachchi, 2013). The disparity between the
starch contents and the status of carbohydrate and reducing sugar
in the both cultivars suggests a possible degradation of starch and
cellulose, presumably via hydrolysis of starch and conversion into
reducing sugars during storage (Rose & Vasanthakaalam, 2011).

3.4. Quantitative determination of water holding capacity

WHC signifies the amount of water retained by a known weight
of the sample. It is related to the protein and carbohydrate
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contents, especially the starch (Harijono, Estiasih, Saputri, &
Kusnadi, 2013). We established a direct correlation amongst the
starch, protein and WHC as these were found to be higher in OFSP
than that of WFSP (Fig. 3E), though the fold increase varied.

3.5. Evaluation of storage stress response

To elucidate the impact of storage stress on carbohydrates,
especially starch and cellulose, the rate of degradation was inves-
tigated. The disparity in the status of total carbohydrate, reducing
sugar and starch contents impelled us to examine the degradation
pattern of starch in both the cultivars during post-harvest storage.
The starch content showed progressive decline till 105-d, and
about 41% loss was observed in WFSP. However, 29% decline in
starch content was observed until 105-d in OFSP (Fig. 4A).

The degradation of cellulose content showed a similar trend.
The cellulose content in both the cultivars decreased progressively
until 105-d during the storage, but degradation was more
prominent in WFSP. The degradation of cellulose was 44% in WFSP
as against 35% in OFSP (Fig. 4B). Post-harvest decline in starch con-
tent amongst different cultivars might be due to differential
metabolism, especially the respiratory intensity and the increase
in amylase activity during the storage (Jiang et al., 2012). OFSP

maintained a constant high starch and cellulose content during
the storage stress and even the extent of degradation was found
to be lower than that of WFSP. The degradation of starch and cel-
lulose altogether indicates the better adaptability of OFSP during
storage stress.

3.6. Determination of phytophenols and carotenoids

Sweet potatoes are rich in antioxidants, such as phytophenolics
and carotenoids which also provide distinct flesh colours. To
examine the disparity at the level of metabolites, a comprehensive
biochemical analyses was carried out. Detailed analyses revealed
contrasting trends at the level of phytophenols and carotenoids
(Supplementary Table S2). While, TPC in WFSP was 1.58 mg GAE/
g, it was 1.49mgGAE/g in OFSP. Intriguingly, TFC was
0.705 mg QE/g in OFSP as against 0.617 mg QE/g in WFSP, which
was significantly higher (p < 0.05).

Anthocyanin is the important group of phenolic compounds
that contribute to the characteristic colour. As these constitute a
subcategory of flavonoids, the TAC of both the cultivars was
expected to follow the same trend of TFC. The TAC of OFSP was sig-
nificantly higher (0.016 mg/g) than that of WFSP (0.012 mg/g). A
higher TCC was expected in OFSP as the intensity of orange colour
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is attributed to the carotenoid content of an individual cultivar
(Ameny & Wilson, 1997; Hagenimana, Carey, Gichuki, Oyunga, &
Inumgi, 1998). TCC of OFSP was found to be 0.047 mg BCE/g, which
was eightfold higher than that of WFSP (0.006 mg BCE/g).

The phytophenols and carotenoids often vary across the
genotypes and are thought to be associated with genetic factors,
which play a vital role in the formation of secondary metabolites
(Teow et al., 2007). Padda and Picha (2007) have earlier reported
a higher phenolic content in small-sized roots of potato than that
of larger-sized roots. The decrease in phenolic content with the
development of tubers in root crops has been attributed to a
dilution effect resulting from tuber bulking. Higher contents of
anthocyanin and carotenoids in OFSP substantiated its higher ‘@’
and ‘b’ colour space values. Orange-fleshed cultivars are known
for their high B-carotene content, yet high genetic variation has
been observed (Ameny & Wilson, 1997; Koala et al, 2013;
Manrique & Hermann, 2001; Woolfe, 1992) in different cultivars.
The higher acquisition of carotenoids in OFSP is likely to be a value
added signature of this cultivar.

3.7. Differential expression of flavonoid pathway genes

As flavonoids are ubiquitous in nature and major contributors of
colour and flavour, we investigated the relative transcript accumu-
lation of the key flavonoid pathway genes viz., CHS, CHI, F3H, DFR,
ANS and UFGT to elucidate the underlying molecular mechanism
(Fig. 5A). Transcript analyses revealed a low transcript abundance
of the early pathway genes viz., CHS and CHI (Fig. 5B and C) and
the late pathway genes viz., DFR, ANS and UFGT in WFSP (Fig. 5E-
G). Interestingly, though the F3H transcript was slightly induced
in WFSP, the TFC was found to be low (Fig. 5D and Supplementary
Table S2). This discrepancy might be due to the post-transcrip-
tional and/or post-translational modification(s) of the candidate
genes. In recent years, a mounting interest in producing food crops
with increased levels of flavonoids necessitated the need to com-
bine targeted metabolomic and transcriptomic approaches that
might possibly help in determining gene-metabolite relationships.
Carvalho, Cavaco, Carvalho, and Duque (2010) showed a strong
correlation between the expressions of genes in flavonoid
pathway. Furthermore, anthocyanin was found to be strongly asso-
ciated with DFR gene. The downregulation of DFR gene has been
shown to inhibit the accumulation of anthocyanin and proanthocy-
anidin, but increase flavonol influx (Wang et al., 2013).

Nutritional diversity amongst the cultivars is a distinguished
and established fact, and are often observed in different transgenic
lines, when compared with their wild-type counterparts, has been
reported earlier. Several studies on genetic diversity between clo-
sely related genotypes had focused on the similarities as well as
the difference in the metabolites owing to genetic factors and/or
the expression of transgene (Chakraborty et al., 2013; Gayen,
Sarkar, Datta, & Datta, 2013; Harrigan et al., 2007). We also found
a significant difference in metabolites between the two closely
related but contrasting cultivars grown in identical conditions.
Changes in the accumulation of different metabolites may be
attributed to pleiotropic and/or multigenic effect(s).

3.8. Comparative tuber proteome profiling

Comparative proteome profiling has remained an attractive tool
for unambiguous comparison between cultivars of a particular
crop species, even to categorise single mutations with multiple
effects. However the outcome is affected by genotypic divergence,
organ and tissues, developmental stages besides different environ-
mental cues. The proteomics studies revealed the influence and
efficacy of such approach to distinguish the landraces, populations,
varieties and even species (Jaiswal et al., 2013; Subba et al., 2013).

To understand the diversity between OFSP and WFSP at protein
level, comparative 2-DE analysis was carried out. Differential pro-
teomic analysis of OFSP and WFSP revealed several contrasting
trends as well as the commonalities in the proteomes (Fig. 6A
and B). While 189 protein spots were found to be common to both
the cultivars, 105 spots were exclusive to OFSP and 44 to WFSP
(Fig. 6C). The proteomic analysis of OFSP and WFSP unraveled sev-
eral common as well as cultivars-specific expressions of proteins,
suggesting that subtle changes in the genome might lead to dis-
tinct proteome thereby influencing the acquisition of nutrients.

4. Conclusions

This study explores the nutritional diversity of two closely
related but contrasting cultivars of sweet potato, so as to elucidate
the factors pertaining to the varietal differences. This is a compre-
hensive report reflecting the contribution of metabolites and dif-
ferential regulation of genes that might influence the nutrient
acquisition. The intimate networking may be a major factor for
genotype-specific disparity. The phytochemical analyses indicate
that the relative performance and nutritional adequacy seems to
be better in OFSP as compared to WESP. The metabolite, transcript
as well as proteomic analyses revealed commonality and diversity
that might be assigned as distinct nutritional signature of the two
cultivars. It is expected that nutrient rich crop would be beneficial
to the targeted population, i.e. those dependent on plant based
food, especially in the developing world. Furthermore, the intro-
duction of new varieties would facilitate the valuable increase in
the dietary intake of key nutrients such as carotenoids and protein.
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Abstract

Development of an efficient genotype independent regeneration and genetic
transformation system in sweet potato continues to be of great interest.
Agrobacterium-mediated genetic transformation protocol was established in two
different cultivars of sweet potato using Agrobacterium strain EHA105 harbouring
binary plasmid pBI121 containing GUS and nptll genes. The internodal stem
segments from 30-day-old micropropogated plants were used as explant with
different combinations of media and hormones. MS and LS media with various
concentrations of growth regulators proved to be non-responsive and the
infecundity was severe with the addition of cytokinins. Nonetheless, MS with
2,4-D and TDZ gave a good percentage of callusing but with low differentiation.
In different concentrations of NAA, significant amount of callusing was observed
but percentage of rooting remained low in both the genotypes. Gamborg’s B5
supplemented with NAA proved to be the most suitable media and hormone
combination, which yielded shoot formation after 8 - 10 weeks with a regenera-
tion efficiency of 40 - 70%. Stable integration of transgene was confirmed by PCR
analysis. Furthermore, qRT-PCR analysis was performed to assess the transcript
accumulation in addition to the GUS enzymatic assay in the transgenic lines.

Introduction

Sweet potato is the world’s seventh most important food crop and is grown in
more than hundred countries world-wide covering tropical, subtropical and
temperate zones. As an efficient biomass-producing plant for starch, especially
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for bio-alcohol, sweet potato plays a crucial role and has become an attracted
target for genetic improvements (Newell et al. 1995, Noh et al. 2010, Chen et al.
2010). Sweet potato ranks fifth after rice, wheat, maize and white potato, in terms
of total global food production (Janson and Raman 1991). Asia ranks first in
sweet potato production followed by Africa and South America, and it is one of
the main food sources for the poorest class of population in underdeveloped and
developing countries (Peirce 1987).

Highly efficient and reproducible transformation technologies are essential
for genetic improvement program(s) for major food and fodder crops including
the tuber species. An efficient plant regeneration and transformation system is
highly desirable for the successful application of genetic engineering in sweet
potato as it is a hexaploid, highly male sterile and self incompatible crop (Dhir
et al. 1998). The demand for efficient transformation systems to facilitate
transgene expression or RNAi-mediated silencing of target genes has been
greatly increasing in sweet potato. The use of such technology in sweet potato
may have future applications in improving the ability of this tuberous crop to
withstand different adverse environmental factors, in increasing yield, and
enhancing nutritional quality. Sweet potato is found to be relatively easy to
micropropagate; however, it is quite recalcitrant to genetic transformation
(Sihachakr and Ducreux 1993). In addition, the regeneration frequency in sweet
potato seems to be genotype-dependent (Jarret et al. 1984, Wang et al. 1998,
Aloufa 2002, Santa-Maria et al. 2009). In most of the cases, regeneration at a high
frequency has been restricted to one or a few genotypes. The critical hurdle for
genetic transformation systems in sweet potato is to overcome genotype
dependence. Therefore, an ideal transformation system would be genotype
independent but this remains one of the key challenges for sweet potato. In this
study, we made an attempt to establish a simple, robust and efficient
regeneration and genetic transformation system in sweet potato via somatic
embryogenesis from culture of internodal explants.

Materials and Methods

Two cultivars of sweet potato (Ipomoea batatas L., cv. SP-6 and SP-17) were
obtained from the Central Tuber Crop Research Institute (CTCRI), India. Plants
were micropropogated in MS supplemented with IAA and maintained at 22 *
2°C with 270 umol/m?/s light intensity under 16 hrs photoperiod. The internodal
stem segments (3 - 5 mm) from four-week-old micropropogated plants were
used as explants.
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Agrobacterium tumefaciens strain EHA105 harboring binary plasmid pBI121
(Fig. 1) containing the uidA and nptll genes was used for genetic transformation.
Agrobacterium strain containing the gene of interest was first grown in YEP plates
supplemented with kanamycin (50 mg/l) and rifampicin (50 mg/l). The
Agrobacterium suspension culture was prepared by picking a single colony and
inoculated in YEP liquid medium containing the same antibiotics and allowed to
grow at 28°C for 16 - 18 hrs. One-fiftieth volume of primary culture was
inoculated and allowed to grow at 28°C until the optical density (OD600)
reached 0.6 - 0.8. The Agrobacterium culture was pelleted at 5000 g for 5 min at
ambient temperature (~25°C) by centrifugation and resuspended in same volume
of MS liquid medium. About 50 explants were incubated for 45 min in a
saturated culture of Agrobacterium with occasional swirling. The explants were
retrieved from the culture and blotted on sterile Whatman filter paper to drain
away extra inoculum. The explants were then co-cultivated on Gamborg’s B5
basal medium supplemented with NAA (0.4 mg/l) and 0.8% agar for 48 hrs. The
media was supplemented with bacteriostatic agent cefotaxime (250 mg/l) and
selectable antibiotic kanamycin (100 mg/l). Growth room conditions maintained
throughout were 22 + 2°C and 16 hrs photoperiod. All cultures were examined
periodically and morphological changes were recorded. The regenerated
putative transformants were transferred to rooting media i.e., MS containing IAA
(0.1 mg/l) and requisite antibiotics.

LB RB

CaMV 358 widA (GUS)

pBII21  (14.0kb)

Fig. 1. Schematic representation of the plant expression vector pBI121 containing nptIl and
uidA, (encoding neomycin phosphotransferase II and GUS, respectively). LB, T-DNA
left border; P, NOS promoter; T, NOS terminator; RB, T-DNA right border.

Integrity of the selectable marker gene nptll was assessed at the genome level
by PCR analysis using genomic DNA isolated from the putative transformants
and the wild-type plants as described earlier (Dellaporta et al. 1983). The
presence of transgene was confirmed by PCR using gene specific primers (nptlIF
5 - ATGATTGAACAAGATGGATTGCACGCAGG -3’ and nptlIR 5- GAAGAA
CTCGTCAAGAAGGCGATA -3’), which delimits 0.8 kb fragment from the nptIl
coding region. PCR analysis was performed in 20 pl reaction mix containing 1X
PCR buffer, 2 mM MgCl,, 200 uM dNTP mix, 0.5 uM each primer and 0.5 units of
Taq polymerase. The cycling conditions employed were 3 min at 94°C
denaturation and 30 amplification cycles using 94°C for 1 min, 58°C for 45 sec
annealing and 72°C for 45 sec followed by 5 min extension at 72°C.
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For qRT-PCR analysis of GUS expression, total RNA was isolated by phenol
and guanidine thiocyanate method using the monophasic TriPure Isolation
Reagent (Roche) as per the manufacturer’s instructions. After determining RNA
concentration by nanodrop, cDNA were prepared using 3’-RACE kit
(Invitrogen). The GUS-specific primers (GUSF 5-TGGTAATTACCGACGAAA
ACGGC-3" and GUSR 5-ACGCGTGGTTACAGTCTTGCG-3") and the primers
for housekeeping gene actin (ActinF 5-CTCCCCTAATGAGTGTGATGTGAT-3’
and ActinR 5- GAGCCCCATGAGAACATTACCA-3") were designed using the
primer express software. The quantitative real-time RT-PCR was performed with
the ABI PRISM 7700 sequence detection system (Applied Biosystems) using
SYBR green dye (Applied Biosystems). The analyses were done with two
biological and three technical replicates. Mean of Ct values for target and
endogenous control was considered for calculating the relative quantitation (RQ)
value using comparative Ct (244¢t) method. Two putative transformants and the
wild-type counterparts from both the genotypes were selected for quantitative
enzyme assay. GUS (3-glucuronidase, EC 3.2.1.31) activity was determined using
the fluorometric method described earlier (Jefferson 1987) with few modifi-
cations. The tissues were ground and homogenized with extraction buffer (50
mM sodium phosphate, pH 7.0, 10 mM beta-mercaptoethanol, 10 mM EDTA, 0.5
mM PMSF, 0.1% sodium lauryl sarcosine and 0.1% Triton X-100). The
homogenates were then centrifuged (10000 g for 5 min at 4°C) and the
supernatants were further used for assay. The reaction mixture in triplicate,
consisted of 50 mM sodium phosphate, pH 7.0, 1 mM 4-methylumbelliferyl-3-D-
glucuronide (MUG) and the tissue extract was then incubated at 37°C for
appropriate time intervals (5 - 60 rnin). The reaction was terminated by the
addition of 0.2 M Na,COs. Fluorescence was measured at 455 nm using a Varian
Cary Eclipse Fluorescence Spectrophotometer (Agilent) set at an excitation
wavelength of 365 nm.

Results and Discussion

In the present investigation in vitro regeneration experiments were carried
out using internodal explants from two different genotypes of sweet potato. In
the past, there have been many attempts to produce transgenic sweet potato
especially using the electroporation of protoplasts (Nishiguchi et al. 1992, Garcia
et al. 2000) and particle bombardment (Prakash and Varadarajan 1992, Yang et al.
2005). In particular, the A. tumefaciens mediated transformation system has been
widely used because of its efficiency, simplicity and stability of the introduced
gene. The first successful such transformation protocol for sweet potato was
based on the formation of hairy roots using leaf-discs explants by A. rhizogenes
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(Dodds et al. 1991, Otani et al. 1993). However, morphological abnormalities
shown by regenerated transgenic plants were a big question mark for the
method. A. tumefaciens mediated transformation in sweet potato was well
established by several workers (Al-Juboory and Skirvin 1991, Carelli et al. 1991,
Prakash and Varadarajan 1991, Lowe et al. 1994, Otani et al. 2001). In general,
these procedures have been mostly genotype-dependent with lower
transformation efficiency (Otani et al. 2003, Song et al. 2004, Shimada et al. 2006,
Luo et al. 2006), and often difficult to reproduce (Lowe et al. 1994).
Agrobacterium-mediated transformation in sweet potato has also been applied for
regeneration via somatic embryogenesis using somatic embryos or organs as
explants by several workers (Pido et al. 1995, Newell et al. 1995, Gama et al. 1996,
Otani et al. 1998, Luo et al. 2006).

To develop a simple regeneration and genetic transformation protocol, two
different genotypes of sweet potato were considered as explant source. Over the
years, E. coli uidA gene encoding GUS has been the most chosen reporter gene
and widely used to assess the transient and stable transformation in plants. The
GUS gene fusion system has found extensive application in plant gene
expression studies due to the enzyme stability and high sensitivity (Fior and
Gerola 2009). One of the most critical factors to develop a high efficiency
transformation protocol is the use of a hypervirulent strain of A. tumefaciens and
an appropriate medium for optimum infection of explants. Therefore, to mobilize
the binary expression plasmid pBI121 harbouring uidA and nptll genes into A.
tumefaciens strain EHA105, triparental mating strategy was used.

In plant cell culture, growth and morphogenesis are significantly affected by
the type(s) of media and the concentrations of growth regulators. Plant growth
regulators are conceivably the most important components affecting shoot
regeneration capacity of explants. Thus, optimization of the correct combinations
of auxins and cytokinins is indispensable for high frequency shoot regeneration.
Also, the genotype of the transformed explants is a deciding factor for their
growth and development. To introduce the expression plasmid into sweet
potato, diverse media and hormone combinations were examined. Some
hormones and media combinations showed only callus formation, while some
showed both shooting and rooting. During the first week of inoculation, little
morphological differentiation was observed. The cut-ends began to swell and
slight increase in tissue volume was observed. Callus formation took place from
both side of the explants and began to increase in size in the following weeks.
Root formation was evident from the third week depending on the plant
genotypes and the concentrations of the hormone used. Use of MS with 2, 4-D
and TDZ yielded significantly good percentage of calli, but showed no shoot or
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root development. Similar results were observed when BAP and/or Zeatin were
used alone or with combination of NAA and GAj (Table 1). The inhibitory action
of cytokinin on regeneration of sweet potato has been well documented and
contradicts the common practice of using cytokinin in combination with an auxin
in regeneration trials. Several co-workers had previously reported inhibitory
effect of cytokinin in shoot regeneration (Carswell and Locy 1984, Ozias-Akins
and Perera 1992, Otani and Shimada 1996, Pido et al. 1995). Addition of either of
these cytokinins inhibited root and shoot development in such a way that higher
the cytokinin concentration, greater was the inhibitory effect; however, a
corresponding increase in callus growth was also observed. Roots are the
primary organ for the synthesis of cytokinins and thus rooted explants should
conceivably be able to synthesize a little amount of cytokinins (Pido et al 1995).
In addition, several tissues are considered to be cytokinin independent, and the
findings of the present study also suggest that it is not necessary to supplement
the regeneration medium with cytokinin for the regeneration of sweet potato. A
similar response was observed in LS media in both the genotypes. However,
overall performance of cv. SP-6 was found to be better when compared with SP-
17, suggesting its better adaptability and efficacy. In different concentration of
NAA, fair amount of callusing was observed in the explants in four weeks
duration, but percentage of root development remained low in both the
genotypes suggesting that media containing NAA alone might induce
regeneration (Table 1). An alternate regeneration procedure with a single
hormone was then employed wherein explants were first kept on callus inducing
media (CIM) [3.2 g/l Gamborg’s B5 with minimal organics, 30 g/l sucrose, 0.8%
agar type A and 0.4 mg/l NAA, pH 5.6-5.8]. Within 3 weeks, callusing was
observed from both the corners of the explants followed by initiation of roots.
Once the complete rooting took place, the transformed explants were transferred
to low auxin shoot induction media (SIM) [3.2 g/l Gamborg’s B5 with minimal
organics, 30 g/l sucrose, 0.8% agar type A and 0.2 mg/l NAA, pH 5.6-5.8].
Microshoots were produced within 8 - 10 weeks of subculturing in SIM (Fig. 2A-
D). Regenerating shoots were harvested and transferred to root induction media
(RIM) [4.4 g/l MS with vitamins (M5519, Sigma), 30 g/l sucrose, 0.8% agar type A
and 0.1 mg/l IAA, pH 5.6-5.8) with cefotaxime (250 mg/l) and kanamycin (100
mg/1) (Table 2).

In Agrobacterium-mediated transformation system, activation of the virulence
genes in the Ti plasmid is modulated by molecular signals provided by wounded
tissue that is mimicked by phenolic compounds such as acetosyringone or
hydroxyacetosyringone. The use of acetosyringone has been reported earlier in
various sweet potato transformation systems (Luo etal. 2006, Yu et al. 2007).
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However, we developed the stable transformation system without the addition
of exogenous signaling compound, considering the predominant presence of
phenolic compounds in sweet potato. The regeneration efficiency was calculated
as the number of stable transgenic plants obtained from the total number of
explants that responded to rooting and callusing. The overall regeneration
efficiency ranged between 40 - 70%, which appeared to be the best for sweet
potato. The regeneration efficiency of cv. SP-6 was significantly better than that

Fig. 2. Regeneration stages of putative transformants. The internodal explants infected by
A. tumefaciens (strain EHA105) harbouring the expression plasmid pBI121 responded
in a stage wise manner viz. callusing (A) followed by rooting (B and C) and shooting
(D) in CIM and SIM, respectively.

of SP-17. Intriguingly, the induction of somatic embryogenic tissues at high

frequencies has been found to be limited to a few genotypes, and when attempts

were made to extend this into a wide range of genotypes, the majority was found
to be recalcitrant or to respond at low frequencies. Al-Mazrooei et al. (1997) had
optimized the culture condition for somatic embryogenesis in 14 genotypes and

obtained the regeneration frequency up to 68%. It is evident that there has been a
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gap between the regeneration frequency and the transformation efficiencies.
However, transformation efficiencies of up to 20% reported by Luo et al. (2006)
from leaf petioles were higher than those of several reports (Newell et al. 1995,
Otani et al. 1998, Moran et al. 1998). A relatively rapid regeneration system (12 -
16 weeks) with a higher transformation frequency of 30.8% was reported by Song
et al. (2004) from stem explants. In comparison with prolonged regeneration
steps required in the somatic embryogenesis (Newell et al. 1995, Otani et al. 1998,
Zhang et al. 2000), the rapid de novo organogenesis is likely to lower somaclonal
variations (Luo et al. 2006). We observed the regeneration in time span of 8-12
weeks, starting from the day of infection with Agrobacterium which also
strengthen the claim for the development of a relatively more rapid regeneration
system for sweet potato.

Table 2. Combination of various media used for the induction of calli, roots and shoots
from internodal explants.

No. of variants Media code  Media composition

1 CIM 3.2 g/l Gamborg’s B5, 30 g/l sucrose, 0.8% agar, and
0.4 mg/l NAA, pH 5.6 - 5.8.

2 SIM 3.2 g/l Gamborg’s B5, 30 g/l sucrose, 0.8% agar, and
0.2 mg/I NAA, pH 5.6 -5.8.

3 RIM 4.4 g/ MS, 30 g/l sucrose, 0.8% agar, and 0.1 mg/1

IAA, pH 5.6 - 5.8 and supplemented with 250 mg/1
cefotaxime and 100 mg/l kanamycin.

Selectable marker genes have a pivotal role in validating the plant
transformation technologies as the marker genes allow to distinguish between
the transformed and untransformed plant(s). While untransformed escapes are
the common phenomena in transgenic technology of plants (Zang et al. 2000), a
suitable concentration of test antibiotic can reduce such risk. To screen the true
transformation events, high concentration of kanamycin at 100 mg/l was used
and the kanamycin-resistant plants were considered for downstream analysis.
While 18 out of 25 regenerated plants in cv. SP-6 were found to be positive, 9 out
of 15 regenerated plants were positive in cv. SP-17. As stated above,
morphological abnormality is one of the major constrains in the development of
a successful regeneration and transformation system. We observed no detectable
morphological difference between the wild-type and the transgenic plants.

Successful integration of the transgene at genome level was examined by
PCR analysis in 12 putative transformants using nptll gene specific primers. The
presence of 0.8 kb amplicons in the putative transformants confirmed the
successful integration of the transgene (Fig. 3A, B).
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Out of these 12 transgenic plants, 4 (2 from both the genotypes) were further
selected to assess the transcript accumulation and relative GUS expression. The
transcript accumulation of GUS showed 3 to 12-fold expression compared to the
wild-type. Accumulation pattern also revealed more GUS transcript in the
transformants of cv. SP-6 when compared with that of SP-17 transformants (Fig.
4A). The GUS activity of each transgenic plant was significantly higher than that
of wild-type and untransformed plant. In addition, there was a positive
correlation between the transcript accumulation and enzyme activity (Fig. 4B).

A 1 2 3 4 5 6 WT PC

Gls Km

1 2 3 + 5 6  WT

Fig. 3. Confirmation of transgene integration. Successful integration of the transgene was
confirmed by PCR analysis in 6 putative transformants, each from cv. SP-6 (A) and SP-
17 (B), respectively. An amplicon of 0.8 Kb confirmed the successful transgene
integration in putative transformants which was absent in wild-type (WT) plants.
Expression plasmid pBI121 was used as positive control (PC).
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Fig. 4. Transcript accumulation and enzymatic activity of GUS. The transcript
accumulation of GUS showed a 3 to 12-fold increase in expression than that of wild-
type (WT) plant (A). Higher GUS activity was observed in the transgenic plants than
WT and UT (untransformed plant) (B). Each analysis was performed in 4 transgenic
plants (2 from each of the genotypes).

The genetic transformation protocol reported here may be used to
incorporate agriculturally and/or industrially important candidate gene(s) in
sweet potato. However, it is likely that, by manipulating the regeneration process
or better susceptibility to Agrobacterium, it will be possible to address issues of
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genotype-dependence and to improve transformation efficiencies in sweet potato
further.
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ABSTRACT: Seed storage proteins are known to be utilized as carbon and
nitrogen source for growing seedlings and thus are considered as potential
candidates for nutritional improvement. However, their precise function
remains unknown. We have earlier shown that ectopic expression of a seed
storage protein, AmAl, leads to increase in protein besides high tuber yield in
potato. To elucidate the AmAl-regulated molecular mechanism affecting
increased protein synthesis, reserve accumulation, and enhanced growth, a
comparative proteomics approach has been applied to tuber life-cycle
between wild-type and AmA1 potato. The differential display of proteomes
revealed 150 AmAl-responsive protein spots (ARPs) that change their
intensities more than 2.5-fold. The LC—ESI-MS/MS analyses led to the
identification of 80 ARPs presumably associated with cell differentiation,
regulating diverse functions, viz., protein biogenesis and storage, bioenergy
and metabolism, and cell signaling. Metabolome study indicated up-regulation of amino acids paralleling the proteomics analysis.
To validate this, we focused our attention on anatomical study that showed differences in cell size in the cortex, premedullary
zone and pith of the tuber, coinciding with AmA1 expression and localization. Further, we interrogated the proteome data using
one-way analysis of variance, cluster, and partial correlation analysis that identified two significant protein modules and six small
correlation groups centered around isoforms of cysteine protease inhibitor, actin, heat shock cognate protein 83 and 14-3-3,
pointing toward AmAl-regulated overlapping processes of protein enhancement and cell growth perhaps through a common
mechanism of function. A model network was constructed using the protein data sets, which aim to show how target proteins
might work in coordinated fashion and attribute to increased protein synthesis and storage reserve accumulation in AmA1 tubers
on one hand and organ development on the other.

KEYWORDS: seed storage protein, AmAl, potato, comparative proteomics, metabolomics, nutrient accumulation, 2-DE,
mass spectrometry, protein network

B INTRODUCTION

Nutritional quality and agricultural productivity are the two key
issues to sustainable food production worldwide. This is
exemplified several times in the context of an ever-growing

their postulated dual role in growth and importance as a
component of the human diet. Intensive research directed
toward isolation and characterization of these seed storage
proteins not only has allowed advances in our understanding of

population where human health largely depends on plants.
Storage organs display diverse nutritional quality and complex
multistep development and act as sinks in plants. The
composition of nutrients in the storage organs, carbon (C)
and nitrogen (N) in particular, greatly influence the organ
development and determine the nutritive quality. Both C and N
metabolites are known to act as signals that influence many
cellular processes, for example, development, metabolism
related to N assimilation, and amino acid synthesis, in addition
to their essential role as macronutrients in living organisms,
including plants.' "' Seed storage proteins in plants, rich in
essential amino acids, are thought to serve as C and N source
for the growing seedling'” and meet the major dietary protein
requirement of over half of the world population."® Thus, they
presumably play an essential role in productivity and protein
quality and have received considerable attention due both to

v ACS Publications  © XxXx American Chemical Society

the synthesis, accumulation, processing, and transcriptional
control of their genes'*™"” but also has facilitated the targeted
genetic engineering of crop plant’s nutritional status."®™>*
Despite the fact that there are many studies concerning the
genetic control and spatial and temporal regulation of seed
storage proteins, our current knowledge about their exact
functional role and physiological relevance remains unknown.
Only recently focus has been given to study crop plants
overexpressing storage protein;m24 however, the modus
operandi of cellular network and physiological consequences
toward sensing a storage protein has not been elucidated. Such
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finding will not only impact plant biology but in the near future
would be useful for identifying biomarkers, prioritizing
molecular targets, and pathway bioengineering for crop
improvement.

Cellular physiology is based on the level of proteins, their
activation or deactivation by post-translational modifications,
and the metabolite pool. The identification of a protein and its
site of modification can be obtained using MS/MS analyses,
while the tandem development of metabolite profiling by gas
chromatography—mass spectrometry (GC—MS) paves the way
to a more substantial base of phenome study. Proteomics allows
comprehensive characterization of proteomes, and despite the
development of novel gel-free technologies, two-dimensional
gel electrophoresis (2-DE) coupled with mass spectrometry
allows evaluation of expression of hundreds of proteins and
their isoforms or post-translational modifications and thus
appears to be the technique of choice for protein expression
studies.”>~** Isoforms are highly regulated gene products that
can differ in their biological activity, regulatory properties,
temporal and spatial expression, intracellular location, or any
combination thereof. The significance of their existence can be
attributed to their additive and/or differential function, which
ultimately culminates in a cumulative and rapid response to
physiological state. Therefore, isoforms are generally consid-
ered to diversify the function of a protein. The ability of this
discovery approach to produce completely unpredictable and
novel findings by application of a systematic process has been
authenticated in many studies.””*° Understanding the bio-
logical complexities in a cell upon genetic, epigenetic, and
external perturbations can be improved and expanded by
exploiting proteomic studies that provide comprehensive
evaluation of molecular phenotypes and additional information
about gene function and cellular pathways.>' Proteomic
analyses of plant organs or tissues have been used to monitor
developmental changes in seed®>®® and tuber,**** environ-
mental stress responses,36_3'8 comparison of plant varieties, and
mutant characterization® in addition to recent study of
transgenic crops.””**™* Metabolomics is an imperative tool
to recognize new protein function for functional proteomics.
When combined with proteome studies, metabolite profiling
reveals unanticipated insights into the diverse regulatory
pathways to draw a comprehensive and integrated outlook of
cellular metabolism.**** The large amount of data generated
from such studies requires the use of appropriate statistical
methods to extract the information of interest. Clustering
algorithms and principle component analysis (PCA) identify
patterns of expression that may suggest co-regulation, while
Pearson partial correlation is one of the ways to verify the
biological relevance of individual protein in the inferred
correlation network.*® In addition, the emergence of a
postgenomic view expands the protein’s role, regarding it as
an element in a network of ‘contextual’ or ‘cellular’ functions
within functional modules.*”

AmAl, a storage protein, was reported to be expressed in
seed tissue of pseudocereal Amaranthus hypochondriacus and
disappear during germination and seedling growth."> The
protein was synthesized during the grain development like
other storage proteins.*® It was one of the first characterized
protein encoded by a nonallergenic seed storage albumin
gene.">*%*% In addition, we and others have shown that
AmA1l regulates the biology of nutrition, and its ectopic
expression in storage organs such as tuber and seed helps
increase protein and amino acid accumulation.”®*' Further,

AmAl plays an important physiological role during organ
development and is crucial for the homoblastic growth of
potato tuber, the gradual transition cascade from stolon to
mature tuber.””>* Thus we earlier hypothesized that induction
of protein synthesis or mitogenic activity might be the result of
overexpression of AmAl or its turned-over products as signal
molecule.”® In a recent study, our preliminary data suggested
that proteome rebalancing due to AmA1 expression might lead
to nutrient enhancement and increased yield** It is thus
conceivable that AmA1 might play a crucial role during seed
germination and seedling growth as a nutrient source and
growth-promoting substance. Further, seed storage proteins
apart from their possible role in serving storage function have
also been implicated in defense and environmental stress
response.” ~>* Likewise, we hypothesize that AmA1 might have
similar functions in Amaranthus hypochondriacus. Despite the
above research linking AmA1 with nutritional enhancement and
increased growth, its biological function remains to be clarified.
Following these observations, and given that we have a long-
standing interest in understanding the role of the seed storage
protein in plants, we decided to investigate the role of seed
protein AmAl on the observed homoblastic developmental
changes and nutrient enhancement.

Here, we report the comparative proteome analysis of AmALl
potato and that of the wild-type at four different stages of
tuberization. It was reasoned that a differential proteome
analysis of AmAIl potato might broaden our understanding of
functional protein and signaling networks involved in storage
protein regulated pathways in nutrient signaling and growth in
plants. In addition, we provide a global view of how protein
networks are modulated in response to AmAl sensing. We
combined the quantitative models describing the protein
expression changes and correlation network of the cell in
response to AmAL that allowed us to globally identify a set of
protein subnetworks affected by the storage protein. These
results are discussed in the context of current theories of the
cellular and metabolic cues underlying nutrient accumulation
and development. The differences in protein expression pattern
and function appeared to encompass diverse metabolic and
signaling pathways that provide new insights into the
underlying mechanisms, which might contribute to altered
nutritive values and increased tuber yield. Furthermore, the
pathways identified by comparative proteomics were validated
by analyzing the metabolome.

B EXPERIMENTAL SECTION

Plant Material and Experimental Design

The transgenic potato genotypes 35S-AmAl (A16/1) and
GBSS-AmAL1 (A16/6), overexpressing a seed storage protein
AmAl constitutively and tuber-specifically, respectively, along
with the wild-type genotype, A16 described earlier,”® were used
in the present study. A complete randomized design was used
for growing size normalized seed tubers of wild-type and AmA1
potato in three replicate plots with 45 tubers per replicate for
100—110 days, until tuber maturation. The wild-type and
AmALl expressing lines were grown side-by-side in replicated
plots at identical conditions to eliminate the environmental
influence on the varieties, if any, and therefore should reflect
the effects of the transgene only. Rows were spaced 60 cm
apart, and plants were spaced 20 cm apart within each row in
the replication block. Standard cultivation and management
practices were followed throughout the growing season. Tubers
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were planted in the month of October when the temperature is
approximately 20—24 °C in the daytime and 15—18 °C at
night. Tuberization occurred 45 days after planting at low
temperature (15—18 °C in the daytime and 8—10 °C at night)
and short-day photoperiod condition. The following devel-
opmental stages were selected and harvested: stolons at 6—8
weeks, stage 1 (S1); swollen stolons or initial tubers at 8—10
weeks, stage 2 (S2); developing tubers at 10—12 weeks, stage 3
(S3); and mature tubers at 14—1S weeks, stage 4 (S4). To
maintain uniformity among the replicates, tubers were
separated according to plantation time, morphology, tuber
weight, and diameter of the wild-type and AmALI potatoes for
further analysis as described earlier.”*** The average weights of
each of the aforesaid developmental stages were 0.075, 0.510,
0.935, and 2.16S g with average diameter of 3.125, 5.75, 9.125,
and 14.00 mm, respectively, in the wild-type tubers. However,
the average weight of the AmAIl tubers at these four
developmental stages in 35S-AmAl and GBSS-AmAl were
0.20 £ 0.025, 1.40 + 0.151, 5.30 + 0.512, and 16.0 + 1.425 g
and the average diameters were 6.5 + 0.635, 12.5 + 1.170, 22.5
+ 2.121, and 30.0 + 3.55 mm, respectively (Figure lA—C).
Tubers were collected from three replicate plots and pooled to
normalize the effect of variation in the biological replicates.
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Figure 1. AmAl-induced growth response in potato tuber. (A)
Photographs of various stages of tuber development: stolon, initial
tuber, developing tuber, and mature tuber. The developmental stages
were based on tuber weight and diameter as detailed in the Results
section. The fresh weight (B) and the tuber diameter (C) of the
harvested tubers were determined and plotted against each stage of
tuberization process. Data represent means + SD of three measure-
ments: (left bar) wild-type, (middle bar) 35S-AmAl, and (right bar)
GBSS-AmAL.

Each biological replicate of a specific developmental stage for
either wild-type or AmA1l potato lines consisted of 30—50
tubers for S1, 20—30 tubers for S2, 10—15 tubers for S3, and 10
tubers for S4 obtained from 10 different plants (Supporting
Information Figure 1). Tubers were stored at —80 °C for
further use after quick-freezing in liquid nitrogen.

Physiological and Morphological Characterization

We measured the photosynthetic activity in the transgenic and
wild-type plants at 8 weeks of plantation under standard
atmospheric (360 ppm CO,) and light (750 umol/m?*/s)
conditions. Photosynthetic activity, leaf area, fresh weight and
dry weight of wild-type and AmAI plants were measured as
described earlier.*”

Isolation of Tuber Proteins and 2-Dimensional Gel
Electrophoresis

Soluble proteins were isolated from pooled potato tubers from
each developmental stages of wild-type and AmAl potato from
three replicate plots to normalize the effect of variations in the
biological replicates as described earlier.>> Protein concen-
tration was determined by Bradford assay (Bio-Rad). The tuber
proteins were diluted in dilution buffer [100 mM, Tris-Cl (pH
8.5), 20% (v/v) glycerol, 8% (w/v) SDS, 20 mM DTT, 1 mM
PMSF] and boiled for $ min.>® Protein samples were allowed to
cool at room temperature (25 °C) and precipitated with 9 vol
of 100% chilled acetone overnight at —20 °C. The precipitates
were recovered by centrifugation at 10,000g at 4 °C, for 10 min.
Protein pellets were washed twice with 80% acetone to remove
excess SDS, air-dried, and resuspended in 2-D rehydration
buffer [8 M urea, 2 M thiourea, 4% (w/v) CHAPS, 20 mM
DTT, 0.5% (v/v) Pharmalyte (pH 4—7) and 0.05% (w/v)
bromophenol blue]. Isoelectric focusing was carried out with
250 ug of protein. Protein was loaded by in-gel rehydration
method onto 13-cm IEF strips (pH 4—7), and electrofocusing
was performed using an IPGphor system (Amersham
Biosciences, Bucks, U.K.) at 20 °C for 25,000 Vh. The focused
strips were subjected to reduction with 1% (w/v) DTT in 10
mL of equilibration buffer [6 M urea, SO0 mM Tris-HCI (pH
8.8), 30% (v/v) glycerol and 2% (w/v) SDS], followed by
alkylation with 2.5% (w/v) iodoacetamide in the same buffer.
The strips were then loaded on top of 12.5% polyacrylamide
gels for SDS-PAGE. The electrophoresed proteins were stained
with a silver stain plus kit (Bio-Rad).

Image Acquisition and Data Analysis

After two-dimensional gel electrophoresis and gel staining, gel
images were scanned using the Bio-Rad FluorS system
equipped with a 12-bit camera. PDQuest version 7.2.0 (Bio-
Rad) was used to assemble the first level match set (master
image) from three replicate 2-DE gels. For each developmental
stage, at least three 2-DE gels, representing three biological
replicates, were used for the data analysis. The detailed data
analyses were carried out as described previously.>>*® Assess-
ment of protein spot quality, molecular mass, and pI of
individual protein was determined as described previously.>®
Each spot included on the standard gel met several criteria: it
was present in at least two of the three gels and was
qualitatively consistent in size and shape in the replicate gels.
The low quality spots scoring less than 30 quality score were
eliminated from further analysis. The remaining high-quality
spots were used to calculate the mean value for a given spot,
and this value was used as the spot quantity on the standard gel
(Supporting Information Document 1). The filtered spot
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quantities from the standard gels were assembled into a data
matrix of high quality spots from four developmental stages for
further analysis. Protein spot detection and quantification were
obtained using normalized spot volumes given by PDQuest
software using the total spot volume normalization procedure
to discard experimental variations in 2-DE gels.

Protein Identification and Expression Clustering

The differentially expressed protein spots were excised
mechanically using pipet tips, and in-gel digested with trypsin,
and peptides were extracted according to standard techni-
ques.”>*® For LC—MS/MS analysis, trypsin-digested peptides
were loaded onto a C,;PepMap100 column (3 um, 100 A, 75
pm id., 15 cm) at 300 nL/min (LCPackings), separated with a
linear gradient of water/acetonitrile/0.1% formic acid (v/v),
and analyzed by electrospray ionization using the ultimate 3000
nano HPLC system (Dionex) coupled to either a 4000 Q-
TRAP mass spectrometer (Applied Biosystems) or a Q-Star
Pulsar i time-of-flight mass spectrometer (Applied Biosystems).
The peptides were eluted with a gradient of 10—40%
acetonitrile (0.1% formic acid) over 60 min. The MS/MS
data were extracted using Analyst software, version 1.5.1
(Applied Biosystems). Peptide analysis was performed through
data-dependent acquisition of MS scan (m/z 400—1800)
followed by MS/MS scans. Peptides were identified by
searching the peak-list against the Potato Genome Sequence
Consortium (PGSC_DM v3.4) (56218 sequences, 16895844
residues) available at http://potatogenomics.plantbiology.msu.
edu/index.html using MASCOT v.2.1 (http://www.
matrixsciences.com) search engine. The database search criteria
were as follows: taxonomy, all entries; peptide tolerance, &+ 1.2
Da; MS/MS tolerance, + 0.6 Da; peptide charge +1, +2, or +3;
maximum allowed missed cleavage, 1; fixed modification,
cysteine carbamidomethylation; variable modification, methio-
nine oxidation; instrument type, Default. Protein scores were
derived from ion scores as a nonprobabilistic basis for ranking
protein hits and as the sum of a series of peptide scores. The
score threshold to achieve P < 0.05 was set by the Mascot
algorithm and was based on the size of the database used in the
search. We considered only those protein spots whose
MOWSE score was above the significant threshold level
determined by Mascot. Proteins with a confidence interval
percentage of greater than 95% were considered to represent a
positive identification and were also evaluated on the basis of
various parameters, such as the number of peptides matched,
MOWSE score, and percent coverage of the matched protein.
In all of the protein identifications, the probability scores were
greater than the score fixed by MASCOT as significant with a P
value <0.0S. The abundance of each identified protein was
estimated by determining the protein abundance index (PAI)*°
and the emPAL®>” The corresponding protein content in mol %
was calculated as described previously.”” For the total number
of observed peptides per protein, the unique sequences were
counted and were imported to Microsoft Excel (Supporting
Information Table 1). Where there was more than one
accession number for the same peptide, the match was
considered in terms of the putative function. The protein
functions were assigned using the Pfam (http://pfam.sanger.ac.
uk) and InterPro (http://www.ebi.ac.uk/interpro) protein
function databases. Self-organizing tree algorithm (SOTA)
clustering was performed on the log-transformed fold induction
expression values across different developmental stages of
tuberization using Multi Experiment Viewer (MEV) software.>®

The clustering was done with the Pearson correlation as
distance with 10 cycles and a maximum cell diversity of 0.8.%

Isoform Clustal Analysis

The web interface SPECLUST (http://bioinfo.thep.lu.se/
speclusthtml) was used to construct dendrogram based on
LC—MS/MS data for potato proteins. For statistical analysis,
the processed mass lists were converted into SPECLUST input
format files. This program compares m/z peak lists by
measuring a distance between each pair of lists. The web
interface calculates the mass difference between two peaks
taken from different peak lists and determines if the two peaks
are identical after taking into account a certain measurement
uncertainty () and peak match score (s). The peak match
score represents the probability that two peaks with measured
masses m and m’ have a mass difference equal or larger than Im
— m'l, given that the mass difference is due only to
measurement errors. In this online tool, each m/z peak list is
initially assigned to its own cluster. Distances are calculated
between each pair of m/z peak lists. The closest pair is found
and merged to a new cluster. Distances between the new cluster
and each of the old clusters are calculated. This procedure is
repeated until there is only one single cluster. Then, a score for
matching m/z peaks is created, where the similarity between
two m/z peak lists is calculated. This is then translated into a
distance measure, which varies between 1 for a completely
different set of m/z peaks and zero for a perfect match. This is
the starting point in clustering the m/z peak lists and building a
dendrogram.

One-Way ANOVA Analysis

One-way ANOVA (p < 0.05) with Bonferroni post hoc
correction was performed on the stage-specific expression
values of both 35S-AmA1l and GBSS-AmALI potato taking into
consideration the four stages to identify significantly changed
proteins. Consequently these were used in the software
MultiExperiment Viewer (MeV) package®® (http://www.tm4.
org/mev/) for visualization of the data in the heat maps.

Protein Correlation Network

The protein expression data across four developmental stages
of potato tubers in both 35S-AmAl and GBSS-AmAl were
merged together to generate a partial Pearson correlation
matrix of the first order with 0.01 alpha value cutoff,®® and the
resultant SIF file was uploaded in Cytoscape.’’ A partial
Pearson correlation matrix of zero order was prepared
separately for both overexpressor with 0.0001 cutoff. The
common correlations between the two matrices were extracted
by uploading the resultant SIF files in Cytoscape and finding
the network intersection between the two networks. The initial
“combined” network and the “intersection” network were then
merged to obtain the final correlation network. All self-
correlations and duplicate protein entries were removed to
maintain the data nonredundancy. The calculation was
performed using the binaries available at http://mendes.vbi.
vt.edu/tikiindex.php?page=Software.

Study of Tuber Cell

Three 1 mm thick pieces of developing tubers of size between
10.0 and 22.0 mm in diameter from wild-type and AmAl
potato were sampled from 10 weeks of field grown plant and
sectioned transversely. The sections were fixed in 2.5%
glutaraldehyde and 2.5% PFA in 0.1 M phosphate buffer (pH
7.2) for 2 h, washed in the phosphate buffer for 4 X 15 min
followed by H,O for another 2 X 15 min, dehydrated in a series
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of ethanol, and embedded in Technovit 7100. The first set of
the sections were stained with 0.01% (w/v) safranine to
visualize cell walls. Data collected from cross sections of tubers
included cell area of the following regions: (a) cortex, (b)
perimedullary zone, and (c) pith.

Isolation, Extraction, Derivatization, and GC—MS Analysis
of Tuber Metabolites

For metabolite analyses tubers were harvested at mature stage
from wild-type, 35S5-AmAl, and GBSS-AmAl potato. The
samples were immediately frozen in liquid nitrogen and stored
at —80 °C until further analyses. The experiments were
performed at least in four replicates. Each replicate consisted of
a pool of nine tubers per genotype. Metabolites were extracted
and derivatized as described by Roessner et al.*> In brief, 100
mg of tuber was homogenized in 1400 uL of 100% methanol
with SO uL of ribitol as internal standard (2 mg mL™") and
extracted for 15 min at 70 °C. The extract was mixed with 1 vol
of water and centrifuged at 2200g. Subsequently, the methanol/
water supernatant was aliquoted to 1 mL and dried in vacuo for
9—16 h. The dried residue was redissolved and derivatized
using 80 uL of 20 mg mL™" methoxyamine hydrochloride in
pyridine for 90 min at 30 °C followed by a 30 min treatment
with 80 uL of MSTFA at 37 °C. Next, 40 uL of retention time
standard mixture was added prior to trimethylsilylation. The
derivatized extracts were diluted 10-fold in n-heptane, and a
sample volume of 1 yL was injected in splitless mode into a
Shimadzu GCMS-QP 2010 plus. The mass spectrometer was
tuned according to the manufacturer’s recommendations. GC
was performed on an RtxSMS-30 m column with 0.25 mm id.
and df 0.25 (Restek). The injection temperature was set at 260
°C, interface was set at 270 °C, and ion source was adjusted to
230 °C. Helium was used as the carrier gas at a flow rate of 1
mL min~". The analysis was performed using the temperature
program described in Roessner et al.® Mass spectra were
recorded at 2 scan s~ with an m/z 40—600 scanning range.
Peaks were assigned and quantified, and all data were
normalized to the mean response calculated for the wild-type
control of each replicate; to allow comparison between the
samples, individual wild-type values were normalized in the
same way as per Roessner et al.®* The recovery of small
representative amounts of each metabolite through the
extraction, derivatization, storage, and quantification procedures
has been followed and documented as detailed previously.®>
Targeted compounds were analyzed and identified by
comparing their retention times and mass spectra with those
in the NIST or Wiley library.

Gene-Reporter Fusion Construct, Plant Transformation and
Histochemical Analysis

The chimeric gene construct pSB3 was made for Agrobacteium
mediated gene transfer. In brief, the 3.9 kb HindlII-EcoRI
fragment of pSB2*° carrying CamV 35S promoter-AmAI-f-
GUS-nos terminator cassette was reconstituted into the binary
vector pBI121%* by replacement cloning. The 0.8 kb CamV 35S
promoter from pSB3 was replaced by a 0.8 kb HindlII-Xbal
fragment of the GBSS promoter from pPGB1, and the resulting
plasmid was named pSB3G. The pSB3G construct was
mobilized into Agrobacterium strain LBA 4404, and potato
(Solanum tuberosum L. var. A16) was transformed as described
earlier.” In situ GUS assays were performed by vacuum
infiltration of potato tuber slices with the colorimetric substrate
X-gluc (S-bromo-4-chloro-3-indolyl f-p-glucuronic acid, cyclo-
hexylammonium salt) as detailed®® after few modifications.

Infiltrated slices were incubated overnight at 37 °C before they
were cleared with 70% ethanol and visualized using Leica
microscope.

Statistical Analyses

Analyses of the statistical significance of the data set of
normalized spot volumes comparing the three sets of proteomic
data (wild-type, 35S-AmA1, and GBSS-AmAl potato tuber)
were performed by unpaired Student’s t tests using Multi-
Experiment Viewer (MeV) v4.8°% as described previously.>%°
The statistically significant differences with regard to metabolite
analysis, tuber diameter, and weight measurements were
determined by unpaired Student’s ¢ tests in Microsoft Excel,
while the cell area measurements were performed by Image]
software (http://rsb.info.nih.gov/ij/). P < 0.0S was considered
statistically significant. The values of all parameters analyzed are
from three biological replicates per sample except for the
analysis of metabolites where four replicates were used.

B RESULTS

Monitoring Changes in Plant Growth and Development

Our earlier findings on AmAl potato revealed that the
expression of the seed storage protein led to a striking increase
in tuber yield in addition to the increased nutritive value,
particularly protein quantity and quality, irrespective of
promoters used to drive the expression of the transgene.”’
To further characterize, the following detailed analyses were
performed between field grown wild-type and two independent
AmA1l lines, 35S-AmAl and GBSS-AmAl, expressing the
transgene constitutively and tuber-specifically. The AmAl
tubers showed almost a week prior germination, and transgenic
potato plants were phenotypically distinguishable from the
wild-type plants. Eight weeks after plantation, AmAl-plants
showed vigorous aerial growth compared to wild-type plants.
The plant height and total fresh weight in 35S-AmAl and
GBSS-AmAl were found to be 1.5-fold higher compared to
wild-type (Supporting Information Figure 2A,B). Further, we
found that the leaf area of the AmAl-plant was 50% greater
than those of the wild-type plants but with no change in the
number of nodes (Supporting Information Figure 2C,D).
These results were in agreement with the corresponding
increase in total biomass by 40% and 60% in the case of 35S-
AmALl and GBSS-AmAl, respectively (Supporting Information
Figure 2E). The status of photosynthetic carbon metabolism is
recognized as the major determinant of crop growth and
yield® The AmAl plants displayed up to 35% higher
photosynthetic CO2 fixation (Supporting Information Figure
2F) in addition to substantial increase in tuber size and total
yield at maturity (Supporting Information Figure 3).

AmA1 Responsive Changes and 2-DE Analysis

To understand the physiological role of the storage protein
AmAl, we carried out the comparative proteomic analysis of
the transgenics and their corresponding wild-type at various
developmental stages during the tuber life cycle. For each of the
tuber stages three replicate 2-DE gels were run that were then
computationally combined into a representative standard gel,
the first level matchset (Supporting Information Figure 4). The
replicates had a correlation coefficient of variation (CV) > 0.8
and P < 0.05. Further, the gels showed more than 90% high
quality protein spots, suggesting high reproducibility among the
replicates (Supporting Information Document 2). For example,
248 spots were detected in the wild-type potato from stolon
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stage, but 227 were classified as high quality, while in the case
of AmAI potato 216 spots were classified as high quality spots
from 239 and 237 spots, respectively. The normalized volume
values and standard deviations of all reproducible spots in three
independent biological replicates for wild-type, 35S-AmA1l, and
GBSS-AmALl potato lines at each tuber developmental stages
have been detailed in Supporting Information Document 1. A
second level matchset was then developed, which allowed
comparison of the standard gels from each of the stage and a
second normalization was done with a set of three unaltered
spots identified from across the stages. The filtered spot
quantities from the standard gels were assembled into a data
matrix of high-quality spots from all the representative gels for
further analysis (Figure 2A).

A o '

NN N
TN (N (B

B Stolon Tuber initiation Developing tuber Mature tuber
—  Wild-type — 35S-AmA1 —— GBSS-AmA1

Figure 2. Higher level matchsets and Venn diagrams of AmAl
responsive protein spots (ARPs) detected by 2-DE. (A) The matchset
for each individual tuber developmental stage was created in silico from
three standard gels of each wild-type and AmAl potato lines. The
numbers correspond with the spot ID mentioned in Table 1. (B) Venn
diagrams showing the common and exclusive differentially expressed
proteins from wild-type and AmAI potato lines in different stages of
tuber development. The areas shown in the diagram are not
proportional to the number of proteins in the groups.

Quantitative image analysis revealed around 53 protein spots
that changed their intensities by more than 2.5-fold at least in
one AmA1 potato line in any of the stages. Figure 2B shows the
Venn diagram of the proteins found in different stages. In
stolon stage 7 protein spots were exclusive to wild-type potato.
The numbers of protein spots exclusive in wild-type were 6, 7,
and 12 in the subsequent stages. Twenty-nine protein spots
were commonly differential for both AmAl-expressing lines
during the stolon stage. Eight protein spots were present in
wild-type as well as both AmAl-expressing lines in stage 1 and
showed a mixed pattern of either up-regulation or down-
regulation. Also, 22, 28, and 24 protein spots in stage 2, stage 3,
and stage 4, respectively, were common in wild-type and AmA1
tubers. A total of 80 differentially expressed AmAl-responsive
protein (ARPs) spots from all stages were identified by ion trap
LC—MS/MS, which are indicated on the higher level matchset
of each stage independently (Figure 2A). These 80 protein
spots actually account for 45 distinct proteins (Table 1),
suggesting 57% unique protein identifications, while the
remaining 43% of the identified ARPs either correspond to
post-translationally modified forms or may be members of
multigene families. Of the 80 ARPs, 3 protein spots were clearly
up-regulated and S5 were down-regulated, while 72 of the
protein spots showed a mixed pattern of development stage-
dependent expression.

Many seemingly well-resolved 2-DE spots were found to
contain more than a single protein. In an attempt to minimize
co-migration of multiple protein species, we also used a
relatively narrow pH range (4—7) for IEF, since the use of
narrow range IPG strips facilitates higher resolution.”**® The
top-ranked hit resulting from LC—MS/MS analysis has been
shown typically to correspond to the most abundant protein
among multiple proteins present in a spot.”” The spot
intensities of different protein constituents were determined
using the protein abundance index (PAI) and exponentially
modified protein abundance index (emPAI) (Supporting
Information Table 2), which have been routinely applied in
proteomics workflows.””**~”* Similarly, in this study, if more
than one protein was identified in a spot, the relative abundance
of each protein was determined by calculating the emPAI from
the MS/MS data, and the assumption was made that the most
abundant protein would account for the observed regulation.
Taken together, the effects of co-migrating proteins on the
protein expression ratios observed in 2-DE analyses were
deemed negligible. In cases where more than one protein was
indicated with a significant score for the MS/MS-derived
peptide sequence, the match was considered in terms of the
highest ranked hit, molecular mass matches, and emPAI, an
approach that has been routinely used for proteomics
studies.””’*”® The details of the MS/MS analyses, including
protein identification, the score of the identified protein,
threshold score, number of matched peptides, % sequence
coverage, organism, Potato Genome Sequence Consortium
(PGSC_DM v3.4) http://potatogenomics.plantbiology.msu.
edu/indexhtml) accession number, theoretical and experimen-
tal M,, and pI values for each protein, peptide sequence, and
corresponding peptide score, are provided in Supporting
Information Table 1. This observation is common in 2-DE
studies for several reasons, such as proteolytic processing, the
existence of multiple isoforms, and posttranslational modifica-
tion(s) leading to changes in the pI, M, or both for identical
proteins. If the same protein was identified in multiple spots
that contained several shared peptides, a differential accumu-
lation pattern was observed for each of the protein species, such
as for actin (StC-17, 88, 260, 309, 592, and 625), patatin (StC-
39, 42, 45, 86, 471, 512, and 513), and 14-3-3 proteins (StC-11,
602, 604, 605, and 606). In such cases these are listed as
independent entities.

Functional Distribution of AmA1-Responsive Proteins

To understand the function of the proteins associated with
AmAl-induced changes in the tubers, the differentially
expressed ARPs were sorted into different functional categories.
Of all the differentially expressed proteins identified, 80 ARPs
could be assigned to five functional classes based on their
putative roles in the AmAl-response (Figure 3 and Table
1).The differentially expressed proteins appeared to be involved
in different key pathways, viz, amino acid metabolism,
glycolysis, sucrose and starch synthesis, and cell signaling.
Among the identified ARPs, the major functional category
corresponded to proteins involved in storage and biogenesis
(29%) followed by proteins involved in cell signaling (24%)
and protein folding and degradation (24%), while 20% were
involved in bioenergy and metabolism (Figure 3).

As expected, proteins involved in storage and biogenesis were
found to be the most abundant. Eight ARP spots were
identified as patatin, of which StC-39, 86, 471, 472, 512, and
513 showed low expression, while two (StC-42 and 45) showed
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Table 1. List of AmAl-Responsive Proteins (ARPs) Identified by MS/MS Analysis

Spot ID Spot No.* | Score” Sol Id® No. of Stage kinetics® % Th Exp
pep- S1 S2 S3 S4 cove- Mw/PI Mw/P1
tides rage

Cell signaling

14-3-3 16R Ste-11 204 PGSC0003DMT400041810/ 6 4 20 28.9/ 31.2/

PGSC0003DMP400028334 ; 4.74 4.52

1
14-3-3 protein Stc-602 317 PGSC0003DMT400060654/ 6 s 23 28.7/ 25.6/
isoform 20R PGSC0003DMP400040823 : 4.72 4.51

2

1

:
14-3-3 16R. Stc-604 446 PGSC0003DMT400041810/ 10 s 33 28.9/ 24.5/
PGSC0003DMP400028334 e 4.74 4.59

4

2

o
14-3-3 protein Stc-605 273 PGSC0003DMT400060654/ 5 [ 13 28.7/ 27.6/
isoform 20R PGSC0003DMP400040823 . 4.72 4.59

5

:

.
14-3-3 16R Stc-606 588 PGSC0003DMT400041810/ 13 T 33 28.7/ 27.6/
PGSC0003DMP400028334 : 4.72 4.57

3

,
Actin-101 Ste-17 54 PGSC0003DMT400076499/ 2 ' 14 21.2/ 29.0/
PGSC0003DMP400051821 4] 5.77 4.57

3

4

-5

E3

T
Actin-101 Stc-88 55 PGSC0003DMT400076499/ 2 0 14 21.22/ 37.8/
PGSC0003DMP400051821 :l 577 5.15

-3
Actin Stc-260 101 PGSC0003DMT400077954/ 2 ' 8 41.7/ 39.8/
PGSC0003DMP400052766 4] 5.37 5.64

2

-3

:

E3

7
Actin 101 Stc-309 52 PGSC0003DMT400076499/ 2 ° 14 21.22/5. 48.5/
PGSC0003DMP400051821 :l 77 6.72
Actin Stc-592 100 PGSCO0003DMT400047481/ 3 6 9 41.7/ 40.5/
PGSC0003DMP400032139 : 5.31 4.26

:

A
Actin-101 Stc-625 101 PGSC0003DMT400076500/ 3 4 21 16.92/ 75.6/
PGSC0003DMP400051822 : 5.46 5.31

o

2

:
Annexin p34 Stc-655 721 PGSC0003DMT400045665/ 17 s 47 35.8/ 49.0/
PGSC0003DMP400030948 : 5.39 5.76

.

-2

4

-6
Phospholipase Stc-555 449 PGSC0003DMT400081244/ 12 s 21 44.9/ 60.0/
Al PGSC0003DMP400054973 : 5.97 6.21

1

-

3
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Table 1. continued

Spot ID Spot No.* | Score® Sol 1a° No. of Stage kinetics" % Th Exp
pep- S1 S2 S3 sS4 cove- Mw/P1 Mw/P1
tides rage

phospholipase Ste-557 582 PGSC0003DMT400081244/ 15 . 23 44.9/ 64.8/

Al PGSC0003DMP400054973 : 597 6.53

3

2

A
Phospholipase Stc-558 262 PGSC0003DMT400081243/ 8 s 17 44.9/ 60.1/
Al PGSC0003DMP400054972 ; 5.62 6.1

2

4]
Phospholipase Stc-707 488 PGSC0003DMT400081244/ 10 s 19 43.9/ 52.1/
Al PGSC0003DMP400054973 : 5.71 5.87

.

Nucleoside StC-352 224 PGSC0003DMT400080042/ 7 2 32 16.21/6. 432/

diphosphate PGSC0003DMP400054296 o 32 5.70

kinase :

%
k]
-10
Protein Pop3 Stc-637 54 PGSC0003DMT400069960/ 2 7 13 11.9/ 15.1/
PGSC0003DMP400047285 : 5.41 5.38
4
Protein SKIP34 Stc-697 59 PGSC0003DMT400041764/ 2 s 17 11.4/ 45.9/
PGSC0003DMP400028297 : 9.18 6.18
2
Storage and
Pat:tin—OS StC-39 96 PGSC0003DMT400022567/ 2 0 7 38.2/ 54.95/
PGSC0003DMP400015381 : 5.07 4.87
.
5
£
Patatin-05 StC-42 139 PGSC0003DMT400022567/ 4 s 6 38.2/ 54.32/
PGSC0003DMP400015381 : 5.07 4.93
.
-3
Patatin-05 StC-45 104 PGSC0003DMT400022567/ 2 8 6 38.2/ 47.00/
PGSC0003DMP400015381 j g 5.07 4.79
1 Fa
. E
Patatin-05 Stc-86 105 PGSC0003DMT400022567/ 3 0 7 38.2/ 37.5/
PGSC0003DMP400015381 : E§ 5.07 5.19
:
p
Patatin-05 StC-471 88 PGSC0003DMT400044052/ 2 2 21 06.33/7. 24.46/
PGSC0003DMP400029876 o 98 4.84
£
Patatin-05 Ste-512 89 PGSC0003DMT400044052/ 2 2 21 6.3/ 25.8/
PGSC0003DMP400029876 : 7.98 5.01
-4
£
3
-10
Patatin Ste-513 109 PGSC0003DMT400044052/ 2 2 21 6.3/ 24.5/
PGSC0003DMP400029876 : 7.98 5.01
-
H dx.doi.org/10.1021/pr4007987 | J. Proteome Res. XXXX,

, XXX, XXX—=XXX



Journal of Proteome Research

Table 1. continued

Spot ID Spot No.* | Score® Sol 1d° No. of Stage Kinetics” % Th Exp
pep- S1 S2 S3 sS4 cove- Mw/P1 Mw/P1
tides rage

Patatin-2-Kuras 4 StC-472 75 PGSC0003DMT400036586/ 3 7 25.6/ 23.34/

PGSC0003DMP400024808 4.89 4.85

Aspartic protease Stc-62 217 PGSC0003DMT400024598/ 5 23 24.0/ 24.7/

inhibitor 8 PGSC0003DMP400016822 7.42 4.83

-10

Kunitz-type StC-18 211 PGSC0003DMT400026290/ 7 10 22 24.6/ 25.04/

enzyme inhibitor PGSC0003DMP400017954 4.60 434

S9C11

Kunitz-type Ste-542 362 PGSC0003DMT400026290/ 6 10 28 24.6/ 20.4/

enzyme inhibitor PGSC0003DMP400017954 4.60 4.99

S9Cl11

Kunitz-type Stc-609 299 PGSC0003DMT400026290/ 5 s 25 24.6/ 28.8/

enzyme inhibitor PGSC0003DMP400017954 : 4.60 435

S9C11 :

p
Cysteine protease | Stc-540 185 PGSC0003DMT400026288/ 4 : 22 13.8/ 23.5/
inhibitor 9 PGSC0003DMP400017952 ; 9.17 543
;
1
41
Cysteine protease Ste- 113 PGSC0003DMT400026276/ 2 s 9 24.7/ 25.5/
inhibitor 1 612B PGSC0003DMP400017944 : 6.89 433
2
)
Cysteine protease | Stc-742 258 PGSC0003DMT400026276/ 4 s 18 24.7/ 432/
inhibitor 1 PGSC0003DMP400017944 : Ia E§ 6.89 4.92
L
2
X
Cysteine protease Stc-743 169 PGSC0003DMT400026276/ 3 s 14 24.7/ 44.51/
inhibitor 1 PGSC0003DMP400017944 : 6.89 4.55
2
o
Aminotransferase Stc-677 243 PGSC0003DMT400074645/ 5 s 15 45.1/ 63.1/
ybdL PGSC0003DMP400050560 N 5.96 6.33
2
.
Methionine Stc-682 753 PGSC0003DMT400072279/ 19 e 21 84.5/ 85.5/
synthase PGSC0003DMP400048869 : 6.19 6.36
p
“
%
-8
Lipoxygenase Ste-161 321 PGSC0003DMT400054145/ 11 ‘ 13 96.7/ 89.3/
PGSC0003DMP400036451 2 5.56 5.61
2
“
Lipoxygenase Stc-545 1159 PGSC0003DMT400054145/ 24 27 96.7/ 89.4/
PGSC0003DMP400036451 5.56 5.53
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Table 1. continued

Spot ID Spot No.* | Score” Sol 1d° No. of Stage kinetics" % Th Exp
pep- S1 S2 S3 sS4 cove- Mw/P1 Mw/P1
tides rage

Lipoxygenase Stc-721 770 PGSC0003DMT400054145/ 18 a 20 96.7/ 98.9/

PGSC0003DMP400036451 b 5.56 5.63

Acyl-CoA- Stc-648 99 PGSC0003DMT400079309/ 6 50 10.05/5. 15.1/

binding protein PGSC0003DMP400053771 82 5.51

Pepper esterase Stc-552 153 PGSC0003DMT400048357/ 4 11 36.9/ 55.4/

PGSC0003DMP400032745 5.40 5.9

Protein folding/

degradation

Heat-shock Stc-189 193 PGSC0003DMT400062882/ 5 1 27 2191/ 31.9/

protein PGSC0003DMP400042327 N 6.86 5.85

2

:

5

£
Heat-shock Stc-804 85 3 2 14 38.2/ 24.1/
protein PGSC0003DMT400053402/ o 5.07 5.99

PGSC0003DMP400036029 2

£

-8

Small heat shock StC-375 233 PGSC0003DMT400008351/ 7 0 24 25.8/ 18.97/

protein, PGSC0003DMP400005812 s 6.97 6.10

chloroplastic .

5
-10

17.6 kD class 1 Stc-272 171 PGSC0003DMT400078006/ 7 2 25 17.6/ 20.8/

small heat shock PGSC0003DMP400052807 3 6.19 6.29

protein +

-6
3
-10
-2

17.6 kD class I StC-377 142 PGSC0003DMT400078201/ 4 2 26 17.6/ 21.25/

small heat shock PGSC0003DMP400052949 o 5.83 6.17

protein :

£
£
-10

Heat shock Ste-590 252 PGSC0003DMT400057003/ 5 8 6 80.2/ 36.7/

cognate protein PGSC0003DMP400038314 s 4.96 4.85

80 +

2
0
2

Heat shock Ste-591 289 PGSC0003DMT400057003/ 7 o 8 80.2/ 41.8/

cognate protein PGSC0003DMP400038314 : 4.96 4.20

80

;
.

Heat shock Stc-810 241 PGSC0003DMT400057003/ 4 s 6 80.2/ 46.7/

cognate protein PGSC0003DMP400038314 ¢ 4.96 4.77

80 :

1
.

Heat shock Stc-811 319 PGSC0003DMT400057003/ 6 s 8 80.2/ 48.9/

cognate protein PGSC0003DMP400038314 : 4.96 4.85

80

:
i

Heat shock Stc-812 214 PGSC0003DMT400057003/ 4 s 5 80.2/ 48.9/

cognate protein PGSC0003DMP400038314 ¢ 4.96 4.90

80 :

1
ol
“a
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Table 1. continued

Spot ID Spot No.* | Score” Sol 1a° No. of Stage kinetics" % Th Exp
pep- S1 S2 S3 sS4 cove- Mw/P1 Mw/P1
tides rage

Heat shock Stc-813 258 PGSC0003DMT400057003/ 8 s 9 80.2/ 48.9/

cognate protein PGSC0003DMP400038314 6 4.96 4.51

80 :

2
ol
Heat shock Stc-593 208 PGSC0003DMT400074374/ 4 . 13 34.8/ 41.8/
protein 83 PGSC0003DMP400050372 ; 4.78 422
2
M

Heat shock Stc-809 118 PGSC0003DMT400024594/ 6 8 80.8/ 46.7/

protein 83 PGSC0003DMP400016818 4.99 4.87

Oligopeptidase A Ste-628 332 PGSC0003DMT400078667/ 9 12 91.4/ 85.9/

PGSC0003DMP400053312 6.37 5.43

Oligopeptidase A Stc-640 1406 PGSC0003DMT400078667/ 28 34 91.4/ 85.9/

PGSC0003DMP400053312 6.37 5.43
Oligopeptidase A Stc-641 713 PGSC0003DMT400078667/ 16 18 91.4/ 86.0/
PGSC0003DMP400053312 6.37 5.49

Disulfide- Stc-653 288 PGSC0003DMT400007185/ 6 15 39.5/ 48.5/

isomerase PGSC0003DMP400004986 5.62 5.70

Proteasome Stc-723 286 PGSC0003DMT400018852/ 9 8 31 27.1/ 28.1/

subunit alpha PGSC0003DMP400012942 o 5.63 5.61

2

Proteasome Stc-680 174 PGSC0003DMT400025311/ 3 7 14 25.2/ 26.7/

subunit beta PGSC0003DMP400017256 s 5.51 5.85

type-6 3

i
2

Bioenergy and

metabolism

Glucose-1- Stc-128 269 PGSC0003DMT400079823/ 6 2 10 57.2/ 67.3/

phosphate PGSC0003DMP400054142 b I 6.73 5.73

adenylyltransfera .

se small subunit, 3

chloroplastic/am s

yloplastic *

Pyruvate Stc-583 386 PGSC0003DMT400058223/ 9 7 20 43.2/ 64.1/

dehydrogenase PGSC0003DMP400039178 . 7.63 6.78

E1 component .

subunit alpha, :

mitochondrial ol B |

Aldo/keto Ste-551 268 PGSC0003DMT400016484/ 7 ‘ 18 38.8/ 55.8/

reductase PGSC0003DMP400011423 s 1 5.55 5.6

2

0
Aldo/keto Stc-553 97 PGSC0003DMT400016484/ 3 o 8 38.8/ 57.5/
reductase PGSC0003DMP400011423 : 5.55 5.43

3

2

0 T
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Table 1. continued

Spot ID Spot No.* | Score® Sol 1a° No. of Stage kinetics" % Th Exp
pep- S1 S2 S3 sS4 cove- Mw/P1 Mw/P1
tides rage

Fructokinase Stc-618 199 PGSC0003DMT400069198/ 2 s 9 35.0/ 40.3/

PGSC0003DMP400046726 : 5.61 5.19

3
Fructokinase Stc-644 1032 PGSC0003DMT400069198/ 27 e 52 35.0/ 47.3/
PGSC0003DMP400046726 s 5.61 5.51

4

2

2
Fructokinase Stc-656 685 PGSC0003DMT400069198/ 18 [ 41 35.0/ 45.4/
PGSC0003DMP400046726 : 5.61 5.64

3

2

.

Glyceraldehyde Stc-586 289 PGSC0003DMT400044944/ 8 o 23 36.6/ 52.7/

3-phosphate PGSC0003DMP400030463 . 6.34 6.30

dehydrogenase 2

ol
2

Glyceraldehyde Ste-679 299 PGSC0003DMT400044944/ 9 s 19 36.6/ 49.2/

3-phosphate PGSC0003DMP400030463 N 6.34 6.52

dehydrogenase 0

:

%

-8
Aconitase Stc-670 1263 PGSC0003DMT400074489/ 35 o 25 108.2/ 99.3/
PGSC0003DMP400050451 s 7.29 6.29

2

)
Enolase Stc-643 384 PGSC0003DMT400007048/ 10 s 19 47.8/ 68.1/
PGSC0003DMP400004893 N 5.58 5.43

2

0

;

Adenylosuccinat Stc-678 396 PGSC0003DMT400060883/ 9 . 22 54.7/ 63.0/

e synthetase, PGSC0003DMP400040972 : 7.12 6.40

chloroplastic :

0
El
2

Formate Stc-584 237 PGSC0003DMT400001303/ 10 [ 16 42.02/6. 56.2/

dehydrogenase, PGSC0003DMP400000968 : 64 6.9

mitochondrial 2

L
2
.

Formate Stc-676 197 PGSC0003DMT400001303/ 5 [ 12 42.0/ 56.5/

dehydrogenase, PGSC0003DMP400000968 ¢ 6.64 6.38

mitochondrial :

f
catalase Stc-684 83 PGSC0003DMP400051216 / 2 . 4 56.41/ 70.2/
PGSC0003DMT400075611 ; 6.56 6.60
A
2
-3
-4
Ascorbate StC-192 58 PGSC0003DMT400004360/ 2 1 7 27.4/ 28.08/
peroxidase PGSC0003DMP400047959 M 5.78 591
:
:

Miscellaneous

Ripening Stc-595 125 PGSC0003DMT400057934/ 3 22 25.30/ 35.5/

regulated protein PGSC0003DMP400039008 4.46 4.7

DDTFR10
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Table 1. continued

Spot ID SpotNo.* | Score” Sol Id* No. of Stage kinetics® % Th Exp
pep- S1 S2 S3 S4 cove- Mw/PI Mw/P1
tides rage

P40 Stc-597 49 PGSC0003DMT400069333/ 2 s 6 32.4/ 46.6/

PGSC0003DMP400046814 : i 4.95 4.49
2
11 I
PRI10 Stc-805 230 PGSC0003DMT400003774/ 5 1 34 17.34/ 247/
PGSC0003DMP400002693 ': Ig IE = IE 53 5.99
3
5

“Spot number as given on the two dimensional gel images. The first letters (St) represent the source plant Solanum tuberosum followed by the
fraction cytoplasm (c). The numerals indicate the spot numbers correspondmg to Figure 2. The significance score (P < 0.05) of a protein, as
produced by the Mascot algorithm. “Gene identification number as in PGSC. “Protein expression profile represents the average change in spot
density at various developmental stage kinetics S1 (stolon), S2 (tuber initiation), S3 (developing tuber), S4 (mature tuber) of 35S-AmA1 (left bar)
and GBSS-AmAL (right bar). The data were taken in terms of fold expression with respect to the control value and were log transformed to the base

2 in order to level the scale of expression and to reduce the noise.

o] & B
Mi 1l 3%
Bioenergy & Iscellancous; 3 Cell signaling
metabolism 20% I 24%

& 5]
Protein St & bi .
folding/degradation orage zgn/lnogene&s
24%

Figure 3. Functional cataloging of AmAl-responsive proteins (ARPs)
in potato tuber. The identified ARPs were assigned a putative function
using protein function databases and functionally grouped as
represented in the pie chart.

mixed pattern. Isoforms of kunitz-type enzyme inhibitors (StC-
18, 542, and 609) and cysteine protease inhibitor (StC- 540,
612B, 742, and 743) also showed mixed expression. Among
others, a very high expression was observed in ARPs encoding
lipoxygenase proteins (StC-161, 545, and 721) in mature tubers
of both AmAIl plants as compared to their wild-type
counterpart. ARPs spots StC-723 and StC-653 were identified
to be proteosome subunit alpha type and protein disulfide
isomerase (PDI). PDI showed an elevated expression alongwith
GAPDH (Stc-679) in the stolon stage. A few other interesting
ARPs such as adenylosuccinate synthase (StC-678) and
methionine synthase (MetE; StC-682) were also found to be
differentially expressed in AmAl tubers as compared to wild-
type. Acetyl Co-A binding protein (ACBP; StC-648), a highly
conserved cytosolic lipid-binding protein that binds long-chain
acyl-CoA esters with high affinity were also identified in this
category.

The second largest category of differentially regulated ARPs
comprised of proteins involved in cellular signaling. 14-3-3
proteins (Stc-11, 602, 604, 605, and 606) were the
predominant proteins found in this category followed by
annexin (StC-655), which showed a higher expression in both
type of AmALl tubers. We also observed differential expression
of many of the actin isoforms in wild-type and AmA1 tubers.
Few of the actins (StC-592 and 625) were highly expressed
during stolon formation and tuber induction, while others
(StC-17, 88, and 309) were more actively participating during
tuber maturation (Table 1).

A third important class of ARPs identified is presumably
known to be involved in protein folding and degradation and
includes HSP80 and small HSPs (sHSPs). In this study, HSP80
showed much higher expression in the AmAIl tubers as
compared to wild-type. StC-590 and S91were up-regulated in
stolons, while the others StC-810, 811, 812, and 813 showed up
to 50-fold increase in developing tubers. Besides HSP80, small
HSPS (sHSPs) (StC-272 and 377) also showed differential
expression in AmA1 tubers. Oligopeptidase A (OpdA) (StC-
628, 640, and 641) was among other in this class.

Proteins involved in bioenergy and metabolism represent the
fourth set of ARPs that exhibited differential regulation. A high
induction of carbohydrate metabolic enzymes such as
fructokinase (FK; StC-618, 644, and 656), aldo/keto reductase
(Stc-551 and 553), and glyceraldehyde-3-phosphate dehydro-
genase (GAPDH; StC-586 and 679) were observed in AmAl
tubers. The expression profile of FKs showed a significant
increase in stolons, while aldo/keto reductase, which showed
up to 25-fold increase in AmA1 tubers, is known to catalyze the
reduction of aldehyde and carbonyl including monosaccharaide
to glucose sugar alcohols. GAPDH, which also showed a
significant increase in expression, reversibly catalyzes the
conversion of GAP into 1,3-bis PGA. Aconitase (StC-670) is
an enzyme that catalyzes the stereospecific isomerization of
citrate to isocitrate via cis-aconitate in the tricarboxylic acid
cycle along with glucose-1-PO, adenylyl transferase (StC-128)
that belongs to the family of transferases specifically transferring
phosphorus from nucleotide to glucose and thus participates in
starch metabolism. Another spot was identified as formate
dehydrogenase (FDH; StC 584 and 676), a soluble
mitochondrial enzyme capable of oxidizing formate into CO,
and abundantly found in nongreen tissues and scarce in
photosynthetic tissues showed 20-fold up-regulation in the
AmAI tubers. Another important TCA cycle enzyme, pyruvate
dehydrogenase E1 (StC-583), which is the first component of
the PDC complex that contributes to transferring pyruvate into
acetyl CoA to carry cellular respiration, is up-regulated in the
mature AmA1l tuber.

A few differentially expressed ARPs were also found to be
associated with miscellaneous functions. Protein spot StC-597
represent P40, while spot StC-805 was found to be PR10
having role in plant protection.
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Figure 4. Clusterogram of expression profiles of AmAl-responsive potato proteins at various stages of tuberization. The 80 differentially expressed
proteins in all four stages were grouped into 11 clusters based on their expression profiles. The self organizing tree algorithm (SOTA) cluster trees
are shown at the right side, and the expression profiles are shown in parallel. Each protein is represented by a single row of colored boxes, and each
potato line is represented by a single column. Induction (or repression) ranges from pale to saturated red (or green). The expression profile of each
individual protein in a cluster is depicted by gray lines, while the mean expression profile is marked in pink for each cluster. The number of proteins in
each cluster is given in the left upper corner, and the cluster number is given below each expression profile. The cluster with n > 5 was taken into
consideration for the study of co-expression patterns for functionally similar proteins. (A) Stolon, (B) tuber initiation, (C) developing tuber, and (D)
mature tuber. Detailed information on proteins within each cluster can be found in Supporting Information Figure 6.

Categorization of AmA1-Responsive Protein Isoforms

Next, we manually analyzed possible isoforms, ie., similar
proteins present in more than one spot. The multiple spots of
an identical protein are frequently reported in proteomic
studies, presumably due to post translational modification and
existence of different isoforms.”® These modifications often
introduce a variation in the molecular mass and net charge of
the protein. The most efficient technique to separate protein
isoforms thus remains 2-DE./S"7® A closeup of possible
isoforms detected by 2-DE and their expression pattern showed
1S unipros appearing as 56 identities. Interestingly, 10 unipros
(phospholipase Al, kunitz-type enzyme inhibitor, cysteine
proteinase inhibitor, lipoxygenase, formate dehydrogenase,
glyceraldehyde3-phosphate dehydrogenase, heat shock cognet
protein 80, 17.6 kD classI sHSP, and oligopeptidaseAl)
representing 29 identities (isoforms) showed that each set of
isoforms had the mixed-regulated change in patterns in
abundance in response to AmAl, whereas the other S unipros
(14-3-3 16R, actin, patatin0S, HSP 83, fructokinase) appeared
as 23 isoforms that exhibited mixed expression patterns or
either up-regulation or down-regulation within each set of

isoforms. In order to confirm whether this set of identified
proteins could be possible isoforms to each other, a set of mass
spectra representing these 56 putative isoforms from 15
different potato proteins were subjected to cluster analysis by
the web interface SPECLUST.” The resulted dendrogram
revealed that clusters were dominated by isoforms (Supporting
Information Figure S), e.g, heat shock protein 80 (cluster A
and C), oligopeptidase Al (cluster B), heat shock protein
(cluster D), actin 101 (cluster E), patatin-05 (cluster F),
phosopholipase Al (cluster G), and lipoxygenase (cluster H).
Some of the mass spectra, which were supposed to contain
isoforms, did not cluster together as nicely as expected due to
the well-known fact that in 2-DE gels multiple proteins are
present together in a single spot.”® Isoforms are almost always
either the products of one gene or of multiple genes that
evolved from a single ancestor gene mostly as splice variants. It
is generally accepted that multiple isoforms result from
sequence-related proteins encoded by distinct genes and/or
polypeptide variants encoded by the same gene [splice variants
and/or posttranslational modifications (PTMs)]. Therefore, an
amino acid sequence alignment of the 1S5 unipros was
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performed using Bioedit to identify the amino acid sequence
variation among the similar proteins present in different spots.
The result demonstrated that 8 unipros, namely, 14-3-3, actin,
formate dehydrogenase, HSP 17.6, HSP 83, patatin, phospho-
lipase Al, oligopeptidase Al, and proteasome, showed either
amino acid substitution, deletion, addition, or inversion
(Supporting Information Document 3). In addition, apart
from MS/MS peak alignment and amino acid sequence
alignment of similar proteins, in silico analysis of possible
post-translational modifications using different databases were
performed. Data analyses revealed that phosphorylation site
prediction using Netphos 2.0, kinasephos 2.0, DISPHOS 1.3,
pkaPs prediction, pepbasepeptide spectra, and P3DB databases
showed that phosphorylation sites are present in all the 15
unipros, but phosphorylation could occur in 14 unipros except
kunitz-type enzyme inhibitor with respect to the observed pI
amd MW. Further, glycosylation site prediction using
NetNGlyC 2.0, Glymod, IsoGlyP, and NetOGlyC 3.0 showed
that O-glycosylation was absent in all 15 unipros, while N-
glycosylation might be present in 14-3-3, phospholipase Al,
patatin, kunitz-type enzyme inhibitor, lipoxygenase, HSP 80,
HSP 83, and fructokinase. Moreover, only actin variant showed
the putative acetylation site based on the prediction of
acetylation using Automotif server 2. However, no glycophos-
pho inosides were detected in any of these proteins when
searched against Big-PI plant predictor (Supporting Informa-
tion Table 3). Our results suggest that amino acid sequence
variation, phosphorylation, glycosylation, and acetylation might
be involved in the generation of these isoforms. Likewise many
similar phenomena were also observed in other previously
reported proteomics studies.*>®" Different isoforms of a protein
may function in either a similar or identical ways but sometimes
may impart different functions.*>** The function of each of the
identified protein isoform thus was analyzed in view of the role
of the candidate protein.

Dynamics of AmA1-Regulated Protein Network

To achieve a comprehensive overview of the comparative
protein profile during tuber developmental stages, the relative
expression profiles of the 80 differentially expressed protein
spots were subjected to cluster analysis using the SOTA
algorithm.>® To group relative protein expression profiles on
the basis of similar trends and not of similar expression levels,
the Pearson correlation coefficient was used as the distance
function. The data were taken in terms of fold expression with
respect to the wild-type potato protein expression value.

Furthermore the data sets were log-transformed to base 2 to
level the scale of expression and to reduce the noise. Figure
4A—D shows hierarchical clustering of protein accumulation
and different relative expression patterns observed in the AmA1l
lines versus their wild-type at four tuberization stages. The
analysis yielded 11 expression clusters in each stage where only
the clusters with n > S were taken into consideration for the
study of co-expression patterns for functionally similar proteins.
The most abundant group in the early stage of tuber
development, viz., the stolon stage, was Cluster 4 with 22
proteins. This group consisted primarily of proteins involved in
bioenergy and metabolism followed by storage and biogenesis
and showed higher expression in AmALl lines. The proteins in
cluster S in stolon stage included 6 up-regulated proteins that
may be involved in cell signaling, storage and biogenesis, and
bioenergy and metabolism. Clusters 2 and 3 also consist of a
majority of proteins of storage and biogenesis class. The largest
cluster in stage 2 (cluster 2), stage 3 (cluster 4), and stage 4
(cluster 2) consist of 44, 42, and 35 proteins, respectively.
Interestingly, in all four developmental stages proteins from
storage and biogenesis had significant contribution to the
clusters, which showed up-regulated proteins in the AmAIl
lines, although the other classes also had remarkable
contributions to these clusters. Detailed information on the
proteins within each cluster can be found in Supporting
Information Figure 6.

Statistical Testing of Protein Expression

We asked which, if any, ARPs exhibited overall differential
expression during tuberization. We used one-way ANOVA to
answer the question. A heat map and the expression graph of
the developmental stage significant proteins are shown in
Figure S. Based on the ANOVA, 16 differentially expressed
ARP spots were found to be significant across the tuber
developmental stages that included patatin isomers (StC-86),
proteinase inhibitor (StC-472, 542, 609, 612, and 743), and
actin isomers (StC-88 and 309).

Correlation Network of AmA1-Responsive Proteins

To elucidate the biological significance of the responses to
AmAl, we performed a correlation analysis to assign
significance level to the proteins whose expression depends
on the AmALl irrespective of its spatial expression due to
different promoters. To address statistical properties of these
networks, we quantified correlations between connectivity of
interacting nodes using Pearson’s correlation coeflicients
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(PCC). We obtained a protein correlation network of 26 nodes
and 35 edges. The resultant network incorporated 26 out of 80,
45 proteins eligible for the analysis. The network at an alpha
value of 0.01 contains two modules (M) and six small
correlation groups (SC) of just 2 and 3 proteins (Figure 6).
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Figure 6. Functional correlation network of ARPs. The ARPs were
subjected to partial Pearson correlation analysis using a matrix of the
first order with 0.01 alpha value cutoff, and the resultant SIF file was
uploaded in Cytoscape for visualization. Red and green edges
correspond to positive and negative partial correlation, respectively.
Boxes indicate modules (M) and small correlation groups (SC) of
known function. (A) M1 and SCI1—SCS5 represent the nutritional
subnetwork, and (B) M2 along with SC6 denote the other subnetwork
related to growth and development.

We succeeded in extracting functional relationships using
Pearson correlation method from the concatenated data sets
based on the physiological role of the AmAl-responsive
proteins that categorized the modules and small correlation
groups into two subnetworks, viz.,, nutritional network (Figure
6A) and growth and development related network (Figure 6B).

The nutritional subnetwork was composed of module 1
(M1) and five small correlation groups (SC1—SCS) with
cysteine proteinase inhibitor, aldo/keto reductase, ascorbate
peroxidase, actin, patatin, acyl-CoA-binding protein, esterase,
glyceraldehyde 3-phosphate dehydrogenase, fructokinase, and
phospholipase Al. Proteins in M1 are related to storage protein
accumulation, assembly of fatty acid residue and proteins
related to calvin cycle of PSIL. In M1, cysteine protease
inhibitor]l and fructokinase were found to be positively
correlated, while both cysteine protease inhibitor and 14-3-3
16R showed positive correlation with acyl coA binding protein.
Interestingly, grouped with these proteins is P40 in SCS$ that is
negatively corelated with patatin, indicating its role in storage
and biogenesis, and thus we hypothesize that it might have
similar such function. The proteins in SC1 are involved in fatty
acid metabolism and protein storage. Esterase was positively
correlated with one of the cysteine protease inhibitor isoform.
There is aldo keto reductase, a calvin cycle protein positively
correlated with esterase in this group that could thus be co-

regulated. SC2, SC3, and SC4 showed candidates related to
storage protein, cytoskeleton, fatty acid catabolism, and redox
homeostasis. Phospholipase Al was positively correlated with
aldo/keto reductase, while cysteine proteinase inhibitor was
negatively correlated with ascorbate peroxidase in an individual
association.

The other subnetwork related to growth and development
including module 2 (M2), and one small correlation group
(SC6) consists of heat shock protein 83, 14-3-3 16R, actin, heat
shock protein 80, pop3, GAPDH. The cascade in M2 contains
proteins involved in cell growth and osmotic regulation, tuber
maturity, and development and was positively correlated among
each other. Proteins found in M2 were positively correlated
with each other, viz., actin has direct positive correlation with
hsp, whereas SC6 contains a cascade of heat shock protein 80
involved in protein homeostasis and morphological evolution.

Comparative Analysis of AmA1-Responsive Metabolites

Having found the differential proteome response in AmAl
tuber, we further extended the evaluation and analyzed the
metabolite pools using GC—MS to understand the impact of
ARPs on the primary metabolism in 35S-AmAl and GBSS-
AmALl tubers. Targeted compounds were identified and
analyzed to corroborate with the enzymatic pathways based
on the proteomic analysis. The majority of the compounds
detected were found to be altered within AmAIl tubers, in
agreement with the data obtained from proteomic study. Sixty-
two metabolites were identified in wild-type, and 62 and 56
metabolites detected in 35S-AmAl and GBSS-AmAIl tubers,
respectively, showed differential expression with high level of
certainty. Of the 56 common metabolites between wild-type
and transgenic tubers, 42 (75%) were up-regulated, whereas 14
(25%) were down-regulated. The primary metabolites related
to AmAl-responsive pathways are shown in Figure 7.
Consistent with the proteomic data, there was remarkable
difference in metabolite profile with high accumulation of
amino acids in mature AmAIl tubers. Metabolites related to
amino acid biosynthesis were up-regulated. A notable trend in
the levels of amino acids was the increase in the concentration
of hydrophobic amino acids such as isoleucine, glycine, leucine,
and alanine by a factor of 3.30, 2.74, 4.00, and 1.50 in 35S-
AmAl and 2.12, 1.53, 3.73, and 4.49 in GBSS-AmAl.
Furthermore, hydroxyl amino acids displayed a small but
significant increase in concentration in 35S-AmAl tubers.
Methionine, a sulfur amino acid, showed striking increase of 6—
9 times, which indicates the mobilization of protein biosyn-
thesis pathway in addition to the accumulation of S-adenosyl
methionine (SAM). By contrast, glutamic acid showed a
transient accumulation of 1.83-fold, which likely suggests its
rapid mobilization as substrate for acidic amino acid biosyn-
thesis. Aspartate represents an important connection between
amino acid and carbohydrate metabolism. Increase in aspartate
shifts the metabolic pathway toward the citric acid cycle by the
conversion of aspartic acid to oxaloacetate. Nevertheless, level
of aspartic acid was relatively lower than other amino acids,
reflecting the decrease in carbohydrate metabolism (Figure
7A). Indeed, metabolites related to carbohydrate biosynthesis
were significantly down-regulated or in steady state level. As
expected, the levels of monosaccharides or disaccharide
(glucose, fructose, and sucrose) were decreased or maintained
a steady state in AmA1 tubers, in accordance with the proteome
data (Figure 7B). Moreover, some metabolites, namely,
saturated and unsaturated fatty acids, responded in opposite

dx.doi.org/10.1021/pr4007987 | J. Proteome Res. XXXX, XXX, XXX—XXX



Journal of Proteome Research

£ 15 L-methionine 1.2 Eicosaenioc acid

£ 2
£
<
g
2

3 2
=3
2
3

4 2
o

I =

E =
Y
-4

o 6 1

b Alanine

£

4 -

7 11,14-eicosaenioc acid

p

ratio
Relative response ratio
S = N WA B o

P

0
49 L-isoleucine
3
2

8 1 Oleic acid

ratio Relati
=N

Tert-leucine

resp

Relative response ratio
IS

1.2 1 Undecanoic acid

ratio
w

Glutamine

resp

Relative response ratio
=
=

ratio

P

1.2 7 9, octadecanoic acid
141

>

D-glucose

ratio
Relative response ratio
o
=

Docosanoic acid

L W

D-fructose

ratio
Relative response ratio
o
=

Rel

1.01 Nonanoic acid

D-sucrose

ratio

0.99
0.98
0.97
0.96
0.95
0.94

Relative response ratio

Relative resp

B i Cc

] Wild-type 35S-AmA1 [ GBSS-AmAl

Figure 7. Comparison of primary metabolite levels in mature AmA1
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calculated for wild-type levels of each replicate (to allow comparison
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same way). Values presented are the mean + SE of four independent
determinants.

directions probably due to conversion of free fatty acid to
esterified fatty acids in AmA1 tubers. Unsaturated fatty acids
such as eicosaenioc acid was down-regulated, while 11,14
eicosadienoic acid and oleic acid showed a significant increase
of 3.69—5.25-fold in both 35S-AmA1 and GBSS-AmAL tubers.
In the case of the saturated fatty acids, undecanoic acid, 9,
octadecanoic acid, docosanoic acid, and nonanoic acid showed
reduced level in the AmA1 tubers (Figure 7C).

Investigation of Tuber Cell Architecture

To investigate the underlying mechanism that might have
resulted in increased tuber yield in AmAl plants, the cell
architectures were studied in different cell layers at tuber
maturity and compared with that of wild-type tuber (Figure
8A). The cell area was found to be identical in the epidermal
region of the tubers. However, there was an increase in cell area
in the cortex and perimedullary region, which was increased
further in the pith tissue. The cell area in cortex region is
36.21% higher, while in the perimedullary and pith region it was
76.62% and 98.03% higher in transgenic tuber (Figure 8B). To
further test this observation, we used AmAl fused to f-
glucuronidase reporter gene construct driven by GBSS
promoter (Figure 8C). The AmAl tubers displayed high level
expression of AmAI-GUS fusion protein in the cortex,
medullary region, and pith (Figure 8D). The in planta
localization of the AmAl protein in potato tuber was found
to be correlated with cell growth in this study. Taken together,
these results suggest that increase in cell division especially in
the perimedullary region might contribute to more storage
tissue in AmA1 tubers.

B DISCUSSION

Quality and productivity of agricultural crops is a complex
function of the acquisition of resources and their distribution
within the plant to harvestable components. Photosynthesis
and nutrient capture are the primary elements of overall
biomass production, but it is the allocation of assimilated
resources within the developing plant that determines the
proportion of biomass that can be utilized. Plants are
programmed to maintain a constant rate of photoassimilate
synthesis, translocation, and supply to storage organs, i.e., the
sink tissue, which is competitive, and thus the photoassimilate is
partitioned to the active sinks. Sink strength is one of the
significant factors that determine the direction of photo-
assimilate translocation, while sink size represents the total
mass of sink primarily composed of carbon and nitrogen
compounds, including storage proteins.** Storage proteins
account for 10—60% of total dry weight in plants.*> Further, it
is known that sink strength is closely related to growth and in
turn productivity and is influenced by cell turgor and
hormones.

Our earlier findings and the result in this work showed a
definite role of seed storage protein AmAl toward nutritional
enhancement and growth. Thus, our aim primarily was to
investigate the regulatory and functional protein network
operating in response to AmAl sensing. We demonstrate that
AmA1l-regulated functional protein network and its combina-
torial effect cause the protein enhancement and determine the
organ development, tuber in particular. The introduction of the
AmAl gene by means of a constitutive and tuber-specific
promoter may lead to numerous changes within the plant
proteome that may be related to many pathways or general
expression variation of individual proteins. Although the
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Figure 8. Cell architectures and accumulation of AmAIl protein.
(A)Photomicrographs showing cells in the cortex, perimedulary, and
pith regions of the wild-type and AmA1 potato tuber. (B) Graph
showing cell area of different regions along the transverse axis of
potato tubers. Data represent mean + SD of three measurements. (C)
Schematic representation of the AmAI-#-GUS chimeric gene construct
pSB3G. (D) Cross sections of potato tubers of wild-type and AmAl
lines. Each cross-section was treated with f-GUS stain for
histochemical analysis. Blue-colored signals indicate accumulation of
AmALI protein in AmAl potato. Most of AmAl was colocalized in
medullary and pith tissue.

comparative proteome analysis revealed the set of AmAl-target
proteins differentially expressed in both 35S-AmA1 and GBSS-
AmA]1 tubers, the level of expression cannot be related to the
presence of AmAIl with utmost confidence for all. Hence, we
chose to interpret the results by taking into consideration the
expression of AmAIl target proteins at four developmental
stages for the two AmAl potato genotypes together,
considering the spots that show a correlation pattern in both,
and also separately to check the correlation between spots
individually in both AmAl lines to identify the common

correlations. The final correlation network obtained by merging
the initial “combined” network and the “intersection” network
revealed a total picture of all sets of protein spots that may be
correlated in both of the data sets with a decent statistical
confidence. Verifying the biological relevance of the recovered
networks is difficult, since many interactions between proteins
are currently unknown. These correlation networks are also
known to be phenomenological, i.e,, many connections do not
correspond to direct physical interactions between gene
product and promoter elements, but to a complicated action
through more complex regulatory pathways involving the
proteome and metabolome.**®” We verified the biological
relevance of the inferred networks by using the Gene Ontology
Term Finder to investigate if the subnetworks contain a high
proportion of functionally related proteins. Indeed, the inferred
networks had high significance scores, implying that the
probability of grouping them by chance is less. Revealing the
modular structures in the obtained biological networks helps us
to understand cell function. A model representing the
regulatory and functional network of AmAI target proteins is
depicted in Figure 9.

Metabolic and Functional Protein Network Involved in
AmA1-Associated Nutritional Enhancement

The synthesis and accumulation of nutrients is a sophisticated
and highly regulated process, wherein many different proteins
act to ensure that a gene is translated and the products are
protected at the right time in a cell. This requires synthesis of
different energy molecules and amino acids, the building block
of proteins, and participation of different molecules with a
protective role in the formation and stabilization of the newly
synthesized proteins.

Several ARPs known to be involved in the synthesis of
energy molecule and amino acids were identified in the present
study. One of the major regulators MetE (StC-682) involved in
de novo synthesis of methionine and regeneration of the methyl
group SAM by catalyzing the transfer of a methyl group from
methyltetrahydrofolate to homocysteine was highly up-
regulated in AmA1l tuber at the stolon stage. In plant, it has
been estimated that about 20% of the Met is incorporated into
proteins, while 80% is converted to SAM.®*®*! Furthermore, it
was interesting to note the increased accumulation of
methionine in AmA1l mature tubers, which provides further
support to our proteome data. From the many changes
determined following metabolite analysis, the one of particular
interest was the increase in alipahatic amino acids, namely,
alanine, leucine, and isoleucine. This small group of branched-
chain amino acids is essential for humans.***” Aminotransferase
(StC-677) has an important role in the biosynthetic pathways
of these amino acids and the methionine chain elongation cycle
of aliphatic glucosinolate formation. Methionine occupies a
central position in cellular metabolism: as a protein constituent,
in the initiation of mRNA translation, and as a component of
the regulatory molecule, SAM. AmAl being a storage protein
acts as sink to accumulate essential amino acids such as
methionine and cysteine, and thus its expression requires a
higher level of MetE, the key enzyme in methionine
biosynthetic pathway.”® SAM functions as a primary methyl
group donor and most interestingly, as a precursor for
metabolites, such as ethylene,”" that activates adenylsuccinate
synthase (StC-678). We observed elevated expression of
adenylsuccinate synthase in stolon, the key enzyme for de
novo synthesis of adenosine monophosphate (AMP), suggest-
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Figure 9. Pathway involved in AmA1l-activated regulatory and functional network. Proteins identified in this study are indicated in the yellow boxes.
Green circles represent metabolites up-regulated, and orange circles indicate down-regulated metabolites. Graphs are the representatives of
expression profile of individual protein, and number given below in each graph indicates the protein identification number. ASS, adenylsuccinate
synthase; AscP, ascorbate peroxidase; ACBP, acyl CoA binding protein; HSP80, 80 kDa heat shock protein; HSP17.6, sHsp; HSP83, 83 kDa heat
shock protein; PDH, pyruvate dehydrogenase; Glu 1-PA, Glucose 1-PO, adenylyl transferase; NDK, Nucleotide dikinase; FK, fructokinase; GAPDH,
glyceraldehyde 3-phosphate dehydrogenase; PD], protein disulfide isomerase; 11,14-EA, 11,14-eicosadienoic acid; OA, oleic acid.

ing its role in increasing the tuber primordial formation that
might lead to increased sink strength. It has been documented
that increased synthesis of AMP is advantageous for the
production of high energy donor molecules such as ADP and
ATP for starch synthesis.”” In AmA1 potato increased level of
glutamate, a key molecule in protein synthesis and the five
carbon chain precursor of all tetrapyrroles including S-
aminolevulinic acid,”® presumably bind to tRNA much
efficiently, thereby increasing the rate of protein synthesis.

As sucrose is the major transport form of fixed photo-
assimilates in developing potato tubers, the mechanism
responsible for the immediate metabolism of sucrose is of
particular interest. Sucrose cleavage after unloading out of the
phloem into the sink organ, such as potato tuber, is known to
be mediated by invertase that cleaves sucrose to glucose and
fructose, which are transported to the cytosol for further
metabolism. The differential proteome data also revealed the
presence of a number of glycolytic and starch biosynthetic
pathway enzymes. These proteins are known to have
bioenergy-related function. While glucose 1-PO, adenylyl
transferase (StC-128) might be involved in starch synthesis
using glucose and ADP as substrate, fructose is acted upon by
fructokinase (FK; StC-618, 644, and 656) to form fructose-6-
phosphate to maintain a balance between sucrose synthesis and
starch formation. FK has little impact on glycolysis and

subsequently on metabolites downstream to glycolysis. There-
fore, in AmAIl tubers glycolytic proteins such as aldo/keto
reductase (StC-551 and 553), enolase (StC-643), pyruvate
dehydrogenase (StC-583), and GAPDH (StC-586 and 679) are
highly induced to supply inorganic phosphate for starch
synthesis. The effect of rigorously modulating fructokinase in
potato tuber has been well established,”* and potato plants
exhibiting reduced FK are characterized by fewer tuber
numbers and reduced yield” Thus, highly up-regulated
expression of fructokinase- and fructokinase-like proteins
(StC-618, 644, and 656) clearly supports our data of increased
tuber yield. The metabolite profiling of carbohydrate comple-
ment provides further support to our claim that concentration
of sucrose and fructose were low in AmAl tuber, whereas
glucose maintained a steady state level. It has long been known
that reductases regulate glycolysis and starch synthesis, the
most important component of carbon assimilation, by
detoxifying glycolysis-derived reactive carbonyl in rapidly
metabolizing cells. Aldo/keto reductase (AKR) superfamily
(StC-551, 553) catalyzes mainly the reduction of carbonyl
groups or carbon—carbon double bonds of a wide variety of
substrates, including steroids, mainly brassinosteroid. Mono-
meric cytosolic form of AKR plays a crucial role in
osmoregulation, an important process for the acquisition of
desiccation tolerance in plants. Besides this, members of the
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AKR family have been shown to be effective in the
detoxification of lipid peroxidation and/or glycolysis-derived
reactive carbonyls.”®

While actin filaments may enhance protein synthesis by
providing a scaffold for specific assembly of the translational
machinery, a recent study indicates that hexokinase (HXK)-
dependent glucose signaling might require a previously
unrecognized interaction with the actin cytoskeleton.”” Our
observation on differentially regulated actins (StC-88, 260, 592,
625) might provide a novel gateway to understand an
important interface between protein synthesis, glucose signal-
ing, and tuber development. Actin is known to be encoded by a
multigene family with high divergence.98 Further, different
isovariants are likely to be expressed at a particular time
depending on the physiological status of the cell. Therefore,
highly regulated expression of actin genes as revealed in this
study and their subsequent post-translational modifications are
probably required during tuber development. Although class I
(StC-272 and 377) and class II (StC-371) sHSPs were down-
regulated at the initial developmental stages of AmAl tubers,
their subsequent up-regulation at tuber maturity implicates
their role in reserve accumulation as has been reported earlier
in pea seeds.”” Among the five conserved families of HSPs,
HSP83 in solanaceae, the ortholog of HSP90 are the most
prevalent in plant. Plants synthesize multiple sHSPs encoded by
six nuclear multigene families; each gene family encodes
proteins that are destined to a specific cellular compartment
(ie., cytosol, chloroplast, ER, and mitochondria). Diversifica-
tion of sHSPs and presence of their isoforms probably reflect a
molecular adaptation to stress conditions unique to plants.
Although HSP83 chaperones are constitutively expressed in
most organisms, their expression increases in response to stress
in both prokaryote and eukaryote. Expression of HSP90
isoforms play a substantial role in the subunit—subunit
interactions that stabilize homo- and/or heterotrimers of
developmentally regulated proteins in Arabidopsis."®® Post-
translational regulation as opposed to transcriptional or
translational regulation allows a quick adjustment of protein
activity. Amino acid sequence variation as revealed in our study
might attribute to the diverse functions of the orthologs
belonging to these multigene family.

The 14-3-3 proteins (StC-11, 602, 604, 60S, and 606) have
risen to a position of importance in biology, having been shown
to regulate many crucial cellular processes because of specific
phosphoserine/phosphothreonine binding activity for target
protein that shuttle from the cytoplasm to the plasma
membrane or nucleus,'®! modulating their localization.'*>'3
The first plant 14-3-3 grotein was identified as part of a
protein—DNA complex,"** indicating a role of 14-3-3s in the
regulation of transcription. It is well established from the
studies of animal and plant that isoforms have differential
expression patterns, different subcellular localization, and/or
functions.*>'® ™' We identified isoforms of 14-3-3 protein
known to be the product of a multigene family, with many
organisms having 10 or more family members."® It is known
that diversity of 14-3-3 is due to alternative splicing.'” One
possible reason for isoform diversity is simply to ensure
fundamental 14-3-3 presence in all cell types, where 14-3-3
function is required. Differential expression pattern of 14-3-3
and actin isoforms in response to AmAl might result from
post-translational modification with phosphorylation or de-
phosphorylation state.These results suggest that isoforms of
certain unipros may play the same or different roles in AmA1l

tubers. Additional studies showed that 14-3-3 proteins (StC-11,
602, 604, 605, and 606) are known to function in regulating the
activities of metabolic enzymes and transcription factors,"'?
besides their role as osmotic motor."'! Increase in protein
content presumably elevates the turgor pressure in AmAl
expressing cells. Upregulation of 14-3-3 proteins, known to act
as osmotic motor might stimulate H* ATPase pump and cell
wall acidification, thereby balancing the turgor pressure that
leads to cell elongation and induction of Ca®* and G-protein
signaling in the AmAl potato. We observed increased
expression of pop3 (StC-637) in GBSS-AmAI tuber whose
cross-talk with brassinosteroid is reported earlier."'>''® It is
interesting to note BR-induced H,0, may alter cellular redox
status and induce changes in expression of photosynthetic
genes ultimately leading to the increased photoassimilate.
Catalase (StC-684) showed higher expression in early stage
with subsequent decrease in the later stage of tuberization,
suggesting that this enzyme might try to degrade H,O,
However, in later stage of tuberization H,O, is utilized to
maintain redox status of photosynthetic gene like thioredoxin.
Expression of kunitz-type enzyme inhibitor (StC-609) known
to inhibit activity of amylase,"'* which cleaves starch to glucose
that help in maintaining turgor pressure during tuber
development.

One of the major regulations in the process of formation and
stabilization of newly synthesized amino acids and proteins is
carried out by the highly polymorphic low-molecular weight
protease inhibitors, such as cysteine proteinase and kunitz-type
enzyme inhibitors (StC-540, 542, 609, 612B, and 743), the
second major class of storage proteins in tubers that showed
maximum abundance in AmAlmature tuber and were found to
exist as product of multigene family having N-type of
glycoform. They have been documented with multiple
functions as enzyme inhibitors''''® or agents of defense
against pathogens or insects.''’” Protein disulfide isomerase
(PD]; StC-653), a multifunctional protein that catalyzes the
formation of disulfide bonds during protein biogenesis and is
considered to be of fundamental importance for stabilizing the
tertiary and quaternary structures of many proteins that are
processed through the endomembrane system,''® showed an
elevated expression in stolon. The wheat PDI reported to be
colocalized with storage proteins in protein bodies is involved
in the assembly of storage proteins within the ER.""? Also, PDI
markedly increases reactivation of GAPDH and prevents their
aggregation.'>® Thus the identical expression profile of PDI and
GAPDH in stolon in the transgenics is indicative of their
cooperative role in protein enhancement during tuber develop-
ment. Oligopeptidase Al (StC-628, 640, and 641) may play a
specific role in the degradation of signal peptides after they are
released from precursor forms of secreted proteins.'>"'** It is a
thiol-dependent metallopeptidase, which can cleave and
thereby modulate the activity of many proteins and is involved
in seed germination, recycling damaged proteins, regulating
aging processes, and modifying proteins to perform specific
purposes in plant cell.'** Some patatin isoforms (StC-42 and
45) showed elevated expression in stages 3 and 4. It is known
that proteolysis of vegetative proteins facilitates accumulation of
storage proteins with release of cell wall loosening enzymes for
increased assimilation of C and N macromolecules.
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Regulatory and Signaling Network Involved in
AmA1-Induced Growth and Organ Development

Numerous studies have shown that the productivity of
agricultural crops is a complex function of the acquisition of
resources and their distribution within the plant to harvestable
components. Photosynthesis and nutrient capture are the
primary elements of overall biomass production, but it is the
allocation of assimilated resources within the developing plant
that determine the proportion of biomass that can be utilized.
Regulation and coordination of the communication within the
molecular signaling network is essential for organ growth and
development, including potato tuber. It is an expression of the
genetic program that directs the activities and interaction of
individual cells. Growth, an irreversible increase in volume and
manifestation of new protoplast, is accomplished by increase in
fresh and dry weight from stolon to tuber, and this gradual
transition is referred to as homoblastic development.'**
Functional sorting of ARPs identified 8 spots as patatin, the
primary storage protein (40% of soluble protein) that is
considered a critical nutritional component in potato tuber.
Patatin, a group of lglycoproteins in potato, is encoded by a
multigene family.'>>"* Isoforms of patatin separated in 2-DE
analysis contained proteins with two predicted molecular
masses of approximately 41.17 and 42.56 kDa, respectively.
The size of this difference in the molar mass (1390 Da) is on
the order of one carbohydrate moiety. This clearly emphasizes
the possibility of the existence of a patatin glycoform
(Supporting Information Table 3). These are mostly expressed
in developing tubers and highly activated after tuber initiation.
Patatin has been shown to play an important role in plant
defense and antioxidant activity due to their enzymatic function
of lipid acyl hydrolase that exhibits phospholipase Al and A2
(PLA1 and PLA2) activity."*” Increasing evidence suggests that
patatin genes exhibit alteration in chromatin state and
differential transcriptional regulation during the developmental
transition from stolon to tuber.'*® The reaction catalyzed by
this protein generates free fatty acids (FFA) from its substrate
phospholipids, which can subsequently be converted to
jasmonic acid (JA) and its derivatives. > FFA along with
statolith containing starch and the release of ethylene from the
JA-mediated catabolic pathway stimulate dia-gravitropic
response that results in the growth of stolons at right angle
to the pull of gravity, which reduce mutual shading and efficient
capture of photosynthate making even large size tubers capable
of capturing sucrose."*® Metabolite profiling of fatty acids also
confirmed similar change in stolon, wherein most of the
saturated and unsaturated fatty acids showed up-regulation,
implying that FFA is utilized for gravitropic response, while in
mature tuber the concentration of fatty acid is less, suggesting
that it is utilized for making fat in plasma membrane. Patatin
isoforms (StC-42, 455, 512, 513, 471, and 472) showed down-
regulation in AmAI potato. Growth is an interplay of many
phytohormones, and it is known that down-regulation of
patatin increases the synthesis of gibberellin’s"*® transcription
factors and might lead to the observed increase in leaf area,
height, and length of internode in AmAlplants (Supporting
Information Figure 2A—F).

Lysophosphatidylcholine (LPC), the other product of PLA
activity of patatin (StC-42, 455, 512, 513, 471, and 472), is
biologically active in a number of important cellular signaling
pathways involving auxin-induced cell elongation that stim-
ulates the H"-ATPase pump in the plasma membrane, which is
known to be a key regulator in the induction of cell wall

acidification leading to elongation.128 Therefore, this activity
possibly is one of the factors in increasing cell division and cell
enlargement that contribute to the increased growth of tubers
in AmA1 potato. It is widely accepted that the growth of the
perimedullary zone produces the largest portion of the tissue in
mature tuber'>"'** as has been documented in this study
(Figure 8A). Of the phospholipase A, PLA2 has a PA2c domain
that contains the highly conserved Ca**-binding loop that is
important for Ca**-dependent membrane translocation,'*>~ "%
Ca’" initiate signal transduction that proceeds in a linear
fashion and cross-talk with pathway initiated by POP3
(StC637), a Ca® receptor and rgpresentative of EF-hand
proteins classified as Ca®* buffer,"*® which act as sensor to
interact with specific targets and stimulate G-protein signaling.
The up-regulation of phospholipase Al (StC-555, 557, 558, and
707) in AmA1l tuber clearly indicates its involvement in tuber
maturation. It has also been shown to induce brassinosteroid
biosynthetic genes resulting in a hypermorphic phenotype with
increased vegetative grow‘ch,134 as was observed in the current
study. Further, phospholipase Al is known to play a pivotal role
in Ca’* signaling in eukaryotes and is considered to be
multifunctional because of its ability to interact and regulate the
activity of a number of other proteins. Ca®* is a universal signal
and the dynamic changes in its release and entry trigger a
plethora of cellular responses. Central to this schema are
members of the phospholipase superfamily, which relay
information from the activated receptor to downstream signal
cascades by production of second-messenger molecules. Recent
studies reveal that, in addition to its enzymatic activity,
phospholipase regulates Ca®* entry via the formation of an
intermolecular lipid-binding domain with canonical transient
receptor potential ion channels. This complex, in turn, controls
trafficking. Thus, ion channels are functionally linked to both
lipase-dependent and -independent activities of phospholi-
pase.137 Similarly, annexins, another multigene and multifunc-
tional family of soluble proteins, play a crucial role in Ca?*-
dependent and Ca**-independent signaling responses. They are
ubiquitous soluble proteins capable of binding endomembranes
and plasma membranes and have been implicated to function in
diverse cellular processes, including signal transduction, channel
activity, vesicular transport and fusion, and DNA replica-
tion."”®"*” Annexines are found to bind with actin in a Ca*'-
and pH-dependent manner. Annexin34 (StC-655), one of the
calcium binding proteins, is also involved in the homeostatic
regulation of intracellular Ca®* in the presence of phospholipids
and thus control structural changes to the membrane
cytoskeleton, regulation of Ca®" channels, and stimulation of
G-protein signaling. The up-regulation of annexin (StC-655) in
AmAl potato tubers might cause an overall hypermorphic
phenotype along with actin, as it maintains the cell structural
microenvironment for survival, turgor, and wall pressure.ls8
Actin (StC- 592 and 625) depolymerization resulted in
alteration in cell division in a very slow manner but reduces the
cell elongation dramatically,"** which might lead to a burst of
cell division. H*-ATPase stimulated by auxin is a key player in
turgor regulation, since it provides the driving force for ion
uptake, followed by water influx through osmosis. 14-3-3
protein is emerging as a regulator of many key ion transporters
such as the plasma membrane H*-ATPase and outward
rectifying K* channel and functions as osmotic motor in
plant cell.'" Therefore, increased expression of 14-3-3 (StC-11,
602, 604, 605, and 606) in AmAl potato presumably
translocates excess sucrose and simultaneously maintains
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osmotic relation in different plant organs. Together with FFA
and G protein, 14-3-3 in turn stimulates SKIP 34 (StC-697), a
key regulator in auxin signaling. Auxin interacts with various F-
box proteins and affects plant morphology, floral development,
root and hypocotyls growth.'*' Aconitase (StC-670), which
documented to prevent senescence and promote growth,'**
showed a mixed expression followed by a slight increase in the
later stage of development in AmA1 tuber.

Plant lipoxygenases (LOXs: StC-161, 545 and 721), another
lipid degrading enzyme belonging to functionally diverse class
of dioxygenases, have been implicated in various physiological
processes, such as growth, senescence, and stress-related
responses.'*’ Several reports have shown the involvement of
LOXs in tuber growth and development in potato,'***** during
leaf development in soybean,145 seed germination in
cucumbers, seedling development in Arabidopsis,l47 and
fruit ripening in tomato.'** The involvement of LOXs in tuber
growth and development can be explained by the fact that
LOX-derived products, such as jasmonic acid, methyl
jasmonate, and tuberonic acid, have strong tuber inducing
activity.'* 1t is interesting to note individual lipoxygenase
genes were shown to be induced by jasmonates and have a role
in thigmomorphogenesis and gravitropism in wheat.'* Thus
higher expression of LOX in AmA1 tuber suggests its possible
role in tuber growth and development. It might function by
regulating the reorientation of microtubules that allows radial
cell expansion leading to tuber enlargement.'**'%"

It is becoming apparent that protein degradation is necessary
not only for the removal of aberrant or damaged proteins but

also for altering the balance of proteins during development or
stress adaptation. Proteasome subunit alpha type and subunit
beta type-6 (StC-723 and 680), thought to be present in all
eukaryotic cells,"**'>* degrade specific proteins that have been
targeted for proteolysis by ubiquitination. In animals and yeast,
proteasomes also play a role in regulating the cell cycle and
other developmental processes, via control of the levels of
regulatory proteins, such as cyclins and transcription factors. In
addition, it might also play a role in morphological evolution. A
recent report showed that HSP80 along with sHSPs (StC-371,
377) interacts with the 26S proteasome'>* and plays a principal
role in its assembly and maintenance. One of the HSP90 family
of proteins, HSP83 (StC-593), is developmentally regulated
and responds to phytohormones.'> It is reported that HSP90
family proteins, being molecular chaperones, manage protein
folding and play a key role in signal-transduction networks,
protein degradation, and protein trafficking in Arabidopsis.156
Moreover, HSP83 acts as a ‘buffer’ to sustain the functions of
mutated proteins that participate in the signaling pathways of
development and morphogenesis. HSP83 is unique in its
function. Not only is it required for maturation and
maintenance of most proteins in vivo, but also most of its
cellular targets are signal transducer and developmental and cell
cycle regulators. HSP83 keep these unstable signaling protein
poised for activation until stabilized by conformational changes.
It also might buffer against developmental noise caused by
random microenvironmental effect with no genetic basis.
Simultaneously, it also acts as genetic capacitor for devel-
opmentally regulated genes. In the present study its up-
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regulation in AmA1 potato clearly suggests genetic variation
might be expressed to a greater extent affecting many
developmental pathways causing morphological evolution,
supporting the basis of natural selection for the AmAl-plant.
The higher expression of HSP83 might contribute in the
development of AmAl-plant as they might bind to a range of
target proteins, such steroid hormone receptors, signaling
kinases, and a variety of transcription factors'>”'>® that are
crucial for regulating growth and development. It is known that
HSP83 interacts with the 26S proteasome and plays a principal
role in its assembly and maintenance."

Acetyl Co-A binding protein (ACBP; StC-648) is a highly
conserved cytosolic lipid-binding protein that binds long-chain
acyl-CoA esters with high affinity and is expressed in
developing embryo, flowers, cotyledons, and other tissues.'®
It has been suggested that ACBP may mediate the translocation
of acyl-CoA from the source organ to the sink organ during
membrane synthesis.'®" The increase in ACBP expression in
AmA]1 tubers could be a requirement for increased acyl-CoA
transport during membrane synthesis that might facilitate high
rate of cell division. However, under stress FDH (StC-584 and
676) accumulate in leaves, and leaf mitochondria ac%uire the
ability to use formate as a respiratory substrate."®> FDH
expression was found to be increased in AmA1l tubers, which
might reflect an alternative source of photorespiration during
the growth of tuber.

B CONCLUSION

In summary, we describe the application of molecular
phenotyping to gain new insights into the storage protein
function by performing large-scale proteomic analysis on
AmAl-expressed potato tubers and analyzing the data set
using a network approach. Data presented here both confirmed
our earlier hypothesis and, more importantly, identified novel
AmA1l-regulated proteins and pathways. We propose a working
model on AmAl-mediated regulation involving novel pathways
and cross-talk between various cellular pathways in nutrient-
dependent storage accumulation and organ development. The
results obtained from the present investigation have been
illustrated to summarize the molecular events in AmAl potato
(Figure 10). The increased sink strength due to the
combinatorial effect of the ARPs discussed might contribute
to the concomitant increase in tuber growth. Thus, our
observation suggests that a nutrient-responsive metabolic
pathway overlaps with that of growth and development not
only at the level of protein expression but also functionally in
AmAL1 potato. The exact function of these proteins can be
predicted only after extensive studies and might be interesting
for future investigations. Such a system based proteomic study
further extends our understanding about the storage protein-
mediated cellular physiology and may ultimately lead to
development of more efficient strategies for plant biotechnol-
ogy. In this study, we have identified a number of proteins
previously unknown as AmAl targets. Some of them are
involved in the control of cellular gene expression and
phenotype and are probable mediators of protein accumulation
and the growth action of AmAI. The resulting lists of proteins
were analyzed for the presence of members of known molecular
networks. These networks showed substantial overlap and
connectivity with the biological “theme” of nutrient accumu-
lation and cell growth. Furthermore, integration of proteomics
data with metabolomic analysis allowed a comprehensive
system-level understanding of storage protein mediated

regulation in plant. It is expected that as functional genomics
data in potato accumulate, the significance of the isoforms
would unravel the post-translational regulation toward the
AmAl-regulated protein network. It would be interesting to
determine the possible interaction of these differentially
expressed proteins among themselves as well as with AmAl,
which could contribute to the increased protein and amino acid
contents and tuber yield in the transgenics. Our study
illustrated for the first time the molecular mechanism of a
seed storage protein-regulated functional interaction structure
of a cellular network involved in increased protein synthesis,
storage reserve accumulation, and organ growth leading to
enhanced productivity.
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Water deficit or dehydration hampers plant growth and development, and shrinks harvest size
of major crop species worldwide. Therefore, a better understanding of dehydration response
is the key to decipher the regulatory mechanism of better adaptation. In recent years, nuclear
proteomics has become an attractive area of research, particularly to study the role of nucleus in
stress response. In this study, a proteome of dehydration-sensitive chickpea cultivar (ICCV-2)
was generated from nuclei-enriched fractions. The LC-MS/MS analysis led to the identifica-
tion of 75 differentially expressed proteins presumably associated with different metabolic
and regulatory pathways. Nuclear localisation of three candidate proteins was validated by
transient expression assay. The ICCV-2 proteome was then compared with that of JG-62, a
tolerant cultivar. The differential proteomics and in silico analysis revealed cultivar-specific
differential expression of many proteins involved in various cellular functions. The differential
tolerance could be attributed to altered expression of many structural proteins and the proteins
involved in stress adaptation, notably the ROS catabolising enzymes. Further, a comprehen-
sive comparison on the abiotic stress-responsive nuclear proteome was performed using the
datasets published thus far. These findings might expedite the functional determination of
the dehydration-responsive proteins and their prioritisation as potential molecular targets for
better adaptation.
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anisms to sensitively counteract such conditions, and ac-
cordingly modify their physiology. It is increasingly clear
that water deficit or dehydration is the main constrain on
crop yield potential as it greatly influences the growth and
productivity of crop worldwide [1, 2]. With water scarcity hit-
ting the agricultural sector, it has been speculated that the
yield reduction will only worsen with the unpredictable cli-
mate changes in the near future. Dehydration, in general,
alters the normal physiological processes leading to disrup-
tion of water potential gradients, loss of turgor, disruption of
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membrane integrity and denaturation of proteins [3]. Plants
respond and resort to various adaptive strategies to cope up
with dehydration at both cellular and molecular levels; for
instance, by the accumulation of compatible osmolytes and
proteins, specifically involved in stress tolerance. Indeed, al-
teration of protein synthesis or degradation is one of the
fundamental metabolic processes that greatly influence de-
hydration tolerance [4,5]. Increasing evidence indicates both
quantitative and qualitative changes in protein expression
and a synergistic relationship between the accumulation of
dehydration-induced proteins and physiological adaptations
of plants to water deficit [6-8].

Legumes play an important role in rain-fed and irrigated
agriculture by improving physical, chemical and biological
properties of soil, and are considered excellent crops for nat-
ural resource management and crop diversification. Chick-
pea is the third most important pulse legume in the world,
and is grown mainly in the arid and semi-arid regions. It
possesses deep tap root system, and displays relatively high
levels of dehydration tolerance [9-11]. These properties may
thus render chickpea as an important legume to understand
dehydration tolerance mechanisms in plants. Also, to its ad-
vantage, is its taxonomic proximity with the model legume,
Medicago truncatula. Nonetheless, the global production of
chickpea is not only currently stagnant, but also negatively af-
fected by moderate to severe water-deficit condition (40-50%
reduction) [12,13].

Cultivars adapt very differently in response to environmen-
tal stresses at different growth stages even though they maybe
accustomed to exactly the same environment. Therefore, a
better understanding of genotypic control of stress tolerance
mechanisms is required to maintain their yield potentials.
Several studies have drawn attention to genotypic differences
between dehydration-tolerant and dehydration-sensitive cul-
tivars. However, most of these reports have focussed on bio-
chemical analyses for enzymes involved in various pathways
or stress-induced transcript accumulation patterns [14-18].
Analysis of two closely related genetic lines differing in their
dehydration tolerance through sub-cellular proteomics pro-
vides an opportunity to determine if any of the differentially
regulated proteins with dehydration severity are related ge-
netically to dehydration tolerance. In recent times, 2DE has
been effectively used to characterise and distinguish cultivars
and/or genotypes in many important crops, and even to iden-
tify single mutations with multiple effects [19-22]. All these
studies demonstrate the power and the usefulness of pro-
teomic approach to distinguish lines, populations, varieties
and even species; and for addressing important questions in
stress biology.

The nucleus is an important sub-cellular compartment that
contains almost all genetic information, and is essential for
gene expression and regulation. In a previous study, we had
screened several commercial chickpea cultivars for dehydra-
tion tolerance, which revealed ICCV-2 as a relatively sensitive
cultivar while JG-62 as relatively tolerant cultivar [23]. Further,
we had developed the differential nuclear proteome of cv.
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JG-62, and identified an array of dehydration-responsive pro-
teins (DRPs) [24]. To better understand the molecular mech-
anism of dehydration response, we developed a nucleus-
specific proteome of cv.ICCV-2 and identified 75 DRPs. This
proteome was then compared with that of JG-62, the tol-
erant cultivar. The differential display of the dehydration-
responsive nuclear proteomes showed unique as well as over-
lapping proteins between the two cultivars, clearly indicating
their significant contribution towards conferring dehydration
tolerance.

2 Materials and methods

2.1 Plant growth, dehydration treatment and
tissue harvest

Chickpea seeds (Cicer arietinum L.) cv. ICCV-2 were sown in
pots containing a mixture of soil and soilrite (2:1 w/w; 10-12
plants/1.5 L capacity pots with a diameter of 18 cm) in an en-
vironmentally controlled growth room. The seedlings were
maintained at 25 £ 2°C, 50 + 5% relative humidity, with
270 pmol m~2 s7! light intensity, under 16 h photoperiod.
The soil moisture content was maintained approximately to
30% Dby providing 100 mL of water per pot every day. Three-
week-old seedlings were subjected to gradual dehydration by
withdrawing water, and aerial tissues from 10 to 12 pots were
harvested every 24 h up to 144 h in two independent ex-
periments, referred to as biological replicates. Samples were
collected for each time point as pool of seedlings treated at the
same time. The dehydration symptoms of the seedlings were
monitored by leaflet wilting. There were no visible changes
in the seedlings until 48 h of dehydration. Visible wilting of
the leaflets occurred at 48 h of dehydration, and the dam-
age aggravated further during 48-144 h (Supporting Infor-
mation Fig. 1). The samples from the unstressed seedlings
were collected at each time points, and were finally pooled
to normalise the growth and developmental effects, if any.
The harvested unstressed and stressed tissues were instantly
frozen in liquid nitrogen and stored at —80°C until further
use. Experiments were performed with at least three technical
replicates from two biological replicates for each time points.
In total, we generated and analysed 42 highly reproducible
2D gels (three technical replicates, two biological and seven
time points).

2.2 Nuclear protein extraction and 2DE

Nuclei were isolated, as described earlier, and the nuclear
integrity was assessed using DAPI dihydrochloride stain-
ing [25]. Proteins were extracted from the nuclei-enriched
fraction using TriPure Reagent (Roche) according to the man-
ufacturer’s instructions. Enrichment of nuclear proteins was
analysed using immunoblot, wherein anti-histone antibody
(Abcam Limited, UK) was used to probe the histone variants.
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Further, contamination from non-nuclear proteins was ex-
amined using antibodies against cytochrome c oxidase and
Rubisco large subunit, both obtained from Agrisera, and vi-
sualised using HRP conjugated secondary antibodies (Santa
Cruz Biotechnology).

For 2DE, the protein pellet was solubilised using IEF
sample buffer (8 M urea, 2 M thiourea and 4% w/v CHAPS)
and the protein concentration was determined using 2D
Quant kit (GE Healthcare). Aliquots of 150 wg protein were
diluted with 2D rehydration buffer (8 M urea, 2 M thiourea,
4% w/v CHAPS, 20 mM DTT, 0.5% v/v pharmalyte (pH 4-7)
and 0.05% w/v bromophenol blue) followed by rehydration
of 13 cm IPG strips, pH 4-7 and pH 6-11 with 250 wL of the
solution. Electrofocusing was performed using the IPGphor
system (GE Healthcare) at 20°C for 30 000 VhT. The focused
strips were subjected to reduction with 1% w/v DTT in 10 mL
of equilibration buffer (6 M urea, 50 mM Tris-HCI (pH 8.8),
30% v/v glycerol and 2% w/v SDS), followed by alkylation
with 2.5% w/v iodoacetamide in the same buffer. The strips
were then loaded on top of 12.5% polyacrylamide gels for
SDS-PAGE. To reduce gel-to-gel variation, each protein
preparation was analysed on at least three parallel 2D gels,
representing three technical replicates. The electrophoresed
proteins were stained with MS compatible Silver Stain Plus
Kit (Bio-Rad Laboratories).

2.3 Digital image acquisition and data analysis

The gels were scanned using a FluorS Imaging System (Bio-
Rad Laboratories) equipped with a 12-bit camera. The gel
images were then analysed using PDQuest v.7.2.0 (Bio-Rad
Laboratories). Three representative 2D gels, for each of the
time points, were used to generate a standard gel. The en-
tire set of seven standard gels, designated as the first-level
matchset wherefrom spots were matched across the time
points. The replicate gels had at least correlation coefficient
value of 0.8. The standard gels comprised of spots that met
with several criteria: each spot was present in at least two of
the three replicate gels, and was qualitatively consistent in
size and shape. The “low-quality” spots with a quality score
< 30 were eliminated from further analysis. The spot den-
sities in the first-level matchset were normalised against the
total density of the gel image. Further, an ANOVA was per-
formed on these replicate gels to select out the statistically sig-
nificant expression data using MultiExperiment Viewer [26]
at a stringency level of 0.05. A second-level matchset was
generated that allowed a comparison of the standard gels
from each of the time points. Three unaltered spots identi-
fied from across the time points were used for the second
normalisation. The filtered spot quantities from the standard
gels were assembled into a data matrix of high-quality spots
from the seven time points for further analysis. The software
Mrpl parameter, along with the use of standard molecular
mass marker proteins was used to calculate the experimen-
tal molecular mass and pI. As a final step, this second-level
matchset of ICCV-2 was compared with that of ]G-62 [24].
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2.4 Mass spectrometric analysis

The differentially expressed protein spots were excised me-
chanically, destained and in-gel digested with trypsin, and
the peptides were extracted according to standard tech-
niques [27]. Peptides were analysed by ESI MS using an
Ultimate 3000 HPLC system (Dionex) coupled to either
Q-Star Pulsar i or Q-Trap 4000 mass spectrometer (Ap-
plied Biosystems). Tryptic peptides were loaded onto a
C18 PepMap 100, 3 m (LC Packings) and separated with
a linear gradient of water, acetonitrile and 0.1% formic
acid. The MS/MS data were extracted using Analyst Soft-
ware v.1.4.1 (Applied Biosystems). The spectra were anal-
ysed to identify the proteins using MASCOT sequence
matching software v.2.1 (www.matrixscience.com) with ei-
ther Ludwig NR database (version Q309; 9870917 sequences;
3412714483 residues) or MSDB 200050929 (2344227 se-
quences; 779380795 residues) or MSDB 20060831 (3239079
sequences; 1079594700 residues), and taxonomy set to
Viridiplantae (Green Plants) and a homology-based search
was performed. The database search criteria were peptide tol-
erance, £+1.2 Da; fragment mass tolerance, £0.6 Da; max-
imum allowed missed cleavage, 1; variable modifications,
methionine oxidation; instrument type, ESI-QUAD-TOF for
Q-Star Pulsar i, and ESI-TRAP for Q-Trap 4000 mass spec-
trometer. Protein scores were derived from ions scores on
a non-probabilistic basis for ranking protein hits, and the
protein scores as the sum of a series of peptide scores. The
commonly accepted score threshold p < 0.05 was set by MAS-
COT algorithm, and was based on the size of the database.
Only proteins identified with two or more peptides were con-
sidered for further analysis. The protein IDs were considered
based on several aspects of the MS/MS analysis that include
the number of identified proteins, their matched peptides,
sequence coverage and protein-hit ranks. In the case of same
protein being identified in multiple spots where several pep-
tides were found to be shared, differential expression pattern
was scrutinised for each of these candidates, and the pro-
teins were listed as independent entities. The putative func-
tion(s) of each of the identified protein was analysed in view of
the metabolic role of the candidate protein(s) in the nucleus.
The protein functions were assigned using a protein function
database Pfam (http://www.sanger.ac.uk/software/Pfam/) or
Inter-Pro (http://www.ebi.ac.uk/interpro/). As functional an-
notation is based on Pfam and Interpro, the functional re-
dundancy, if any, is thus greatly minimised.

2.5 Bioinformatic analysis

The computational prediction for sub-cellular localisa-
tion of DRPs was carried out using the following sets
of programs: NucPred (http://www.sbc.su.se/~maccallr/
nucpred/) [28], WoLFPSORT (http://wolfpsort.org/) [29, 30],
BaCelLo (http://gpcr.biocomp.unibo.it/bacello/) [31], YLoc+
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(www.multiloc.org/YLoc) [32, 33] and Cello (http://cello.
life.nctu.edu.tw/) [34].

The co-expression profile of the common DRPs in cv.
ICCV-2 and JG-62 was represented by a heat map using the
MultiExperiment Viewer software (The Institute of Genome
Research, TIGR) [26]. The heat map was generated based
on the log transformed fold-change expression values of the
proteins over 144 h dehydration period. Further, statistical
analysis was performed using PCA functions of the XLStat-
Pro Version 2012.4.03 (www.xlstat.com) software.

2.6 Quantitative real-time PCR analysis

Total RNA from the unstressed and stressed chickpea
seedlings was isolated using RNeasy Plant Mini Kit (Qiagen)
as per the manufacturer’s instruction. Reverse transcription
was performed with 2 g RNA using SuperScript® VILO™
cDNA Synthesis Kit (Invitrogen). The gene specific [DnaJF-
ATGAAACCCCCTCCGACAAC, DnaJR- TCCGAAGGGTTA
CGAAGAGTGT; MDHF- CGCGATTGGGTTCTTGGA, MD
HR-CCGTCAGAATACACTCCCATTG; GAPDHEF-ACAAA
GGGAGCAAGGCAGTTAG, GAPDHR- TGTGGTTGGTGT-
CAATGCTGAT; 14-3-3F- GGCAAGGTTACACGCACGAT,
14-3-3R- CGCTCAACTTTTCGGTGTTCT], and housekeep-
ing gene primers for elongation factor-1 (EF-1) [EF1F- AGC-
CCAAGAGACCCTCAGACA, EF1R- CACGTCCGATTG-
GCACAGT)] were designed with the help of the primer ex-
press software using the sequences retrieved from the Chick-
pea Transcriptome Database (CTDB). The qRT-PCR was done
using ABI PRISM 7700 sequence detecting system (Applied
Biosystems) with SYBR green dye.

2.7 Sub-cellular localisation

The cDNA sequences of three of the identified
DRPs,  2-hydroxy isoflavonereductase = (CaSN-291),
a putative abscisic acid (ABA)-responsive protein
(CaSN-621) and malate dehydrogenase (CaSN-293)
were downloaded and amplified using the follow-
ing set of primers (IRF-CACCATGGCCTCACAAAAC
AGGATCTTG, IRR-AACGAATTGATCCAAATATTCATCA
GCAGTG), (ABAF-CACCATGGGTGTTTTTICTTTICGATG
ATGAAC, ABAR-GTAA TCAGGATTAGCCAAAACGTAAC-
CCTC), (MDF-CACCATGGCCAAAGATCCAGTTICG TG,
MDR-AGAGAGGCAAGAGTAAGCCAGATTC) and cloned
into pENTR/D-TOPO vector (Invitrogen) and subsequently
introduced into pGWB441 (a generous gift from Dr. T.
Nakagawa, Shimane University, Japan). The C-terminus
enhanced yellow fluorescent protein (EYFP)-linked fusion
proteins were transiently expressed in tobacco leaf epidermal
cells, and the fluorescent signals were captured using a
confocal laser scanning microscope (Leica Microsystems).

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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3 Results and discussion
3.1 Nuclear isolation and purity assessment

A purified fraction of intact nuclei, with no appreciable level
of contamination from other cellular organelles, was isolated
according to the method described earlier [25]. The integrity
of the nuclei was assessed using DAPI, a blue-fluorescent
nucleic acid stain that preferentially stains dsDNA (Fig. 1A
and B). The enrichment of nuclear proteins was further eval-
uated by analyzing 1D profile of histone core proteins, which
served as the organelle marker protein during the enrich-
ment procedure (Fig. 1C and D). Non-nuclear proteins were
assessed using anti-cytochrome ¢ oxidase and anti-Rubisco
large subunit antibodies (Fig. 1E and F). These results al-
together demonstrate the enrichment of the nuclear frac-
tion and that the proteins had no detectable non-nuclear
contamination.

3.2 Altered protein expression in the nucleus of cv.
ICCV-2

In order to elucidate the molecular mechanism governing
the dehydration response, a comprehensive dehydration-
responsive nuclear proteome was developed from the sensi-
tive cultivar ICCV-2. As a first step, the nuclear proteome was
developed under unstressed condition, and changes in the
proteome were further monitored under dehydration (0-144
h). The proteins from the nuclei-enriched fraction were
resolved onto IPG strips (13 cm, pH 4-7 and 6-11). Repetitive
analyses yielded similar and reproducible patterns of protein
expression. Three representative experimental replicate gels
(as defined in Section 2) were computationally combined
using PDQuest software to generate the first-level matchset
(Fig. 2A). Only the spots that survived several stringent
criteria (classified as “high-quality spots”) were used to
estimate spot quantities, although otherwise, a large number
of protein spots were included in the matchset. For example,
375 spots were detected under unstressed condition, whereas
359 spots were classified as high quality. The spot densities
were then normalised against the total density present in
the respective gel to overcome the experimental errors intro-
duced due to differential staining. Further, in order to analyse
the abundance changes for each spot across the time points, a
second-level matchset was created. The higher-level matchset
contained a total of 511 unique spots (Fig. 2B). The spots
were of high quality and the technical replicates revealed a
reproducibility of about 91% (Table 1). From the higher-level
matchset, the filtered spot quantities were assembled into a
data matrix, indicating changes in the intensity of each spot
during the course of dehydration. The second normalisation
was done with a set of three unaltered spots, identified across
the time points. The quantitative proteome data were anal-
ysed by creating statistical and quantitative analysis sets. The
results revealed 189 DRPs, which showed more than 2.5-fold
difference in expression values, at least at one time point.
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A DAPI B Phase contrast

T N1 S1 N2 S2 NF ECM NF
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NF  CF
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Table 1. Reproducibility of 2D gels at various dehydration treat-
ment time points

F
25 kDa f

NF  MF

Time Average no. High-quality Reproducibility
(h) of spots? spotsP! (%)

0 375 359 95.82

24 321 296 92.41

48 434 397 91.47

72 395 361 91.56

96 478 430 89.95

120 408 372 91.17

144 361 330 91.41

Total 2772 2545 91.97

a) Average number of spots present in three replicate gels of each
time point.
b) Spots having quality score more than 30 assigned by PDQuest.

A total of 125 DRPs were subjected to MS/MS analysis,
whereby the identities of 75 proteins were successfully
established. Several of the analysed spots contained multiple
proteins and in such cases the top-ranked hit was considered
for their protein IDs. Protein spots identified with multiple
IDs are listed in Supporting Information Document 1. The
protein spots have been denoted as CaSN referring to the
species C. arietinum, the cultivar sensitive and the organelle
nucleus, and the accompanying numerals represent the spot
number (Fig. 2B).

3.3 Functional classification of
dehydration-responsive nuclear proteins in cv.
ICCV-2

The DRPs were grouped into ten functional categories based
on their putative functional roles (Fig. 3 and Table 2).
“Molecular chaperones” represented 14% of the total pro-
tein spots whereas; proteins related to “Gene transcription
and replication” comprised 21% of the identified proteins.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

16 kDa
14 kDa

1977

Figure 1. Purity analysis of nuclear fraction.
The purified nuclear fraction of chickpea was
stained with DAPI, and visualised by fluores-
cence microscopy. The DAPI-stained nuclei
are shown in the left panel (A) and the phase-
contrast micrograph of the nuclei is shown in
the right panel (B). The enrichment of histone
core complex which served as the nuclear
marker was established by analysing 1DE pro-
file (C). Western blot analysis of the fraction-
ated protein was analysed using anti-histone
(D), anti-cytochrome ¢ oxidase (E) and anti-
Rubisco large subunit (F) antibodies. T indi-

the nuclear and supernatant proteins, respec-
tively; N2 and S2 represent the nuclear and su-
pernatant protein after the first wash, respec-
tively; and NF represents the purified nuclear
fraction. MF indicates mitochondrial fraction
whereas CF indicates the chloroplast fraction.

18 kDa cates total cell extract; N1 and S1 represent
:|> Histone

The other categories included “Cell signaling” (8%), “ROS
catabolising enzymes” (5%), “Nucleocytoplasmic transport”
(3%), “Chromatin structure and remodeling” (4%), “Pro-
tein translation” (3%) and “Protein degradation” (3%). The
rest of the DRPs were grouped as “Miscellaneous” (19%).
The proteins for which no known function could be as-
signed were grouped as “Unknown,” accounting for 20%
of the dehydration-responsive nuclear proteins. To assign
putative functions to these so called “orphan” proteins, do-
main analyses were carried out using the Conserved Domain
Database (CDD, http://www.ncbi.nlm.nih.gov/Structure/
cdd/cdd.shtml), and the results have been summarised
in Supporting Information Table 1. A significant amount
of redundancy was observed for several proteins, such
as glyceraldehyde-3-phosphate dehydrogenase (GAPDH),
glycine-rich RNA binding protein, among others. These
DRPs were displayed as more than one isoelectric species
with a change in MW and/or pl, indicating their probable
PTM(s), or in some cases, they are likely to be the degraded
products as evident from the gel-based size. The expression
pattern of some of these proteins, such as cytosolic phospho-
glycerate kinase, GAPDH and H-transporting two-sector
ATPase are shown in Fig. 4.

3.4 Statistical analysis

PCA is a mainstay of multivariate data analysis reducing the
dimensionality of input datasets to reveal hidden dynamics
that often underlie it. To assess the clustering behaviour
of the identified ICCV-2 nuclear proteins in response to
dehydration, PCA was performed using Pearson correlation
matrix (n) (Supporting Information Fig. 2 and Supporting
Information Table 2). Samples were accurately grouped by
F1, which explains approximately 63% of the overall protein
expression variability, whereas F2 explains approximately
18% of the variability. The first three PCs represented approx-
imately 89% of the initial variability. In this analysis, proteins
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Figure 2. Dehydration-responsive
nuclear proteome of the cv. ICCV-

2 and the representative silver
stained 2D gels. (A) Three-week-
old seedlings were subjected to

B pH4 » pH7 gradual dehydration, and tissues
202 were harvested at 24 h interval
o 13 o 388 ) | ors for 144 h. Nuclear proteins were
?g . L© 155, ceece. -2 : extracted from unstressed and
84d'a@z."g145 «;02 stressed chickpea seedlings and
- .. } o © ‘w_ | 662 separated on 13 cm IPG strips (pH
- T e O s 2 09307 4-7) using IEF in the first dimen-
- . ?4. s %5% sion, followed by 12.5% SDS-PAGE
. " _’3 s 31 gqszs — 45.0 in the second dimension. Three
» (o} . I 715 represent.ative gels _(sele(?ted from
w) e e o017 the technical and.blologlf:al repli-
e e B
) .

* ..:.@1.8;33. 95 .‘3‘4. G(E:ﬁg 9 &4:.@725 — 31.0 erate the “standard gel” using
¢ 0 .2 PDQuest software. (B) Higher-
17 : 693. 338 ’ level matchset of the dehydration-
- . .641 654 % 797 & O om responsive proteins. The matchset
® s 7(13“ was created in silico by integrat-
® o " - .sg . L— 215 ing data from the “standard gels”
b4 Py P o » for each time points as depicted in
I 4 . %g' (A). The identified spots are encir-
) . 829 [ ] | 444 cled, and the numbers correspond
s o® . @ % % to the spot IDs as mentioned in
» Table 2. U represents unstressed

samples.
= cell s;na“ng o histidine kinase (CaSN-640) clustered together in the upper
Unknown 20% 8% Gene transcription & right quadrant. Similarly, proteins belonging to the class of

replication 21%

Miscellaneous

19% o

Chromatin
structure &
remodeling 4%

Nucleocytoplasmic

[ |
ROS pathway
transport 3% [m] -

lated 5%
Molecular "

Protein
degradation 3% | tion 3%, Chaperones 14%

Protein

Figure 3. Functional classification of differentially expressed
nuclear proteins of cv. ICCV-2. The putative functions of the
dehydration-responsive proteins (DRPs) were assigned using
Pfam and InterPro databases and the functional classes are rep-
resented by a pie chart.

were found to form distinct clusters on the biplot, for example,
two members from the “Cell signaling” class, viz., similarity
to receptor-like protein kinase (CaSN-693) and hybrid type

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

“Chromatin structure and remodelling,” viz., histone H3
(CaSN-574) and histone H2B (CaSN-575), were found to clus-
ter together. Interestingly, a group of proteins belonging to
three different functional categories were also found to show
a clustering pattern in the upper left quadrant due to their
similar expression profiles, viz., WRKY-DNA binding domain
protein (CaSN-338), flowering time control (FCA) protein
(CaSN-711) and hypothetical protein OSJNBb0035114.1
(CaSN-652), belonging to the categories “Gene transcription
and replication,” “Cell signaling,” and “Unknown” proteins.

3.5 gRT-PCR analysis

To understand the correlation pattern of the transcript and
protein accumulation, qRT-PCR analysis was carried out on

www.proteomics-journal.com
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numbers corresponding to Fig. 2B.

b) Gene identification number as in GenBank.

c) Protein expression profile represents the average change in spot density at various time points [U (unstressed), 24-144 h of dehydration]. The data were taken in terms of fold expression with respect to the unstressed value

and were log transformed to the base two in order to level the scale of expression and to reduce the noise.
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Figure 4. Nine differentially expressed proteins detected by 2DE
matched to three unique proteins, and grouped into three iso-
form classes (A, B and C). The numbered spots correspond to the
proteins listed in Table 2 and their log-transformed expression
values were plotted against different time points during dehydra-
tion treatment for their expression profiles.

four randomly selected candidate genes. These genes repre-
sented three categories of protein expression patterns {down-
regulated [DnaJ N-terminal, CaSN-715 and malate dehydro-
genase (MDH), CaSN-293], mixed pattern [GAPDH, CaSN-
363] and upregulated [14-3-3-like protein, CaSN-8]}. While
the transcript accumulation pattern of DnaJ N-terminal and
MDH was found to be in concordance with the protein ex-
pression pattern, the expression of GAPDH and 14-3-3 like
protein was different from that of 2DE pattern (Fig. 5). The
differences between RNA expression and protein accumula-
tion might be due to the complexities of protein expression
and multistep processes [35, 36], and the presence of multi-
gene families [37, 38].

www.proteomics-journal.com
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3.6 Prediction of nuclear localisation by
bioinformatic predictors and validation

Protein localisation to the nucleus is accomplished by a com-
plex battery of activities that help the cell to maintain home-
ostasis. Based on the localisation signature motifs, several
software programs have been devised to predict the probabil-
ity of a protein’s nuclear localisation. To validate the nuclear
localisation of the DRPs, five software programs were used
as detailed in Section 2. NucPred analyses a eukaryotic pro-
tein sequence and predicts if the protein spends at least some
time in the nucleus or spends no time. WoLFPSORT, on the
other hand, predicts the sub-cellular localisation sites of pro-
teins based on their amino acid sequences. BaCelLo (balanced
sub-cellular localisation predictor) is a predictor for the sub-
cellular localisation of proteins in eukaryotes. While YLoc+
is an interpretable server that determines the sub-cellular
localization of a protein based upon its biological property,
Cello (sub-cellular localisation predictor) uses four types of
sequence coding schemes: the amino acid composition, the
dipeptide composition, the partitioned amino acid compo-
sition and the sequence composition based on the physico-
chemical properties of amino acids. To remove redundancy, if
any, the data were first filtered in terms of gi (genInfo identi-
fier) number. In the non-redundant dataset, the proteins were
considered to be nuclear localised if the output result was pos-
itive using the above-mentioned programs. About 48% of the
DRPs were predicted to be localised in the nucleus (Support-
ing Information Document 2).

To experimentally validate the nuclear localisation, the
cDNAs of three of the identified DRPs, viz., putative ABA-
responsive protein (CaSN-621), MDH (CaSN-293) and 2'-

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. Effect of dehydration on the
transcript accumulation of four can-
didate proteins of cv. ICCV-2. Four
candidate proteins were selected ran-
domly representing all the three cat-

Dehydration time (h)

0 24 48 72 96 120 144

egories of proteins having downreg-
ulated (DnaJ, N-terminal, CaSN-715
and MDH, CaSN-293), mixed (GAPDH,
CaSN-363) and upregulated (14-3-3-
like protein, CaSN-8) expression pat-
tern. The transcript accumulation pat-
tern shows the similar expression with
reference to its protein expression for
malate dehydrogenase (MDH) (A) and
DnaJ (B). Whereas GAPDH (C) and
14-3-3 (D) showed a different expres-
sion pattern. The mean values of three
replicates were normalised using elon-
gation factor-1 (EF-1) as the internal

Dehydration time (h) control.

hydroxy isoflavone reductase (CaSN-291) were cloned, and
the EYFP-fusion proteins were transiently expressed in to-
bacco leaf epidermal cells. The expression analysis of EYFP-
fusion proteins showed fluorescence in the nucleus con-
firming the nuclear localisation of the candidate proteins
(Fig. 6).

3.7 Comparative proteomics of nucleus of cv. ICCV-2
and JG-62

Several contrasting trends, as well as commonalities, were no-
ticed in the proteomes of the two cultivars under unstressed
condition in the context of 2DE spots. Whereas, 250 protein
spots were found to be common to both the cultivars, 108
spots were exclusive to cv. ICCV-2 and 88 to JG-62 in the pH
range 4-7 (Supporting Information Fig. 3A). A comparison
of the proteome in the pH range 6-11 revealed 122 com-
mon protein spots, while 48 and 23 spots were exclusive to
cv. JG-62 and ICCV-2, respectively (Supporting Information
Fig. 3B). Spots were randomly chosen for identification from
the pH range 4-7, and the results have been summarised in
Table 2. The list of the common spots identified from both
the cultivars is enlisted in Supporting Information Table 3.
A few proteins showed redundancy as more than one spot
were identified as the same protein; for example glycine-rich
RNA binding proteinl, aldolase and GAPDH were present
as multiple spots in both the cultivars. Chaperonin 60, FCA,
actin and kinesin were some of the other proteins which were
common between the two cultivars. ROS catabolizing en-
zymes, for example NADPH oxidase, superoxide dismutase,
ascorbate peroxidase as well as glyoxalase were also found to
be common. Since these proteins were earlier found to be

www.proteomics-journal.com
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EYFP

Phase contrast

2'-hydroxy isoflavone
reductase

ABA- responsive
gene

MDH

dehydration responsive in cv. JG-62, it may be concluded that
the basic machinery associated with stress tolerance in these
cultivars remains the same.

Cultivar-specific protein expression is a complex phe-
nomenon which is governed by several factors, such as
different gene loci, multiple alleles, different subunit inter-
action, different splice variants or different PTMs [21]. We
observed a cultivar-specific expression of certain structural
proteins (e.g. histone H2B and H3), and proteins that are in-
volved in the stress adaptation (e.g. sHsp, DnaJ) in cv. ICCV-2.
On the other hand, 2-cys peroxiredoxin, 14-3-3, AP2/EREBP
transcription factor BABY BOOM, among others, were found
to be specific to cv. JG-62.

3.8 Comparative proteomics of
dehydration-responsive nuclei

The identification of suitable plant characters for screening
large numbers of genotypes, in a short time, at critical stages
of growth, with the aim of selecting dehydration-tolerant cul-
tivars, remains a major challenge. Proteomic tools and ap-
proaches may expedite breeding of genotypes that respond
favourably to specific agro-climatic conditions, and guide the
identification of proteins that protect crop performance under
such conditions. With this aim, the dehydration-responsive
proteome of cv. ICCV-2 was generated, and a comparison
was made with the set of differentially expressed dehydration-
responsive nuclear proteins of cv. JG-62. The analysis yielded
unique, as well as overlapping proteins in the two cultivars,
clearly indicating their significant contribution towards con-
ferring tolerance. It must be noted that a higher number of
DRPs (205) were detected in cv. JG-62 as compared to that of

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Propidium iodide

1987

Figure 6. Validation of sub-
cellular localisation of dehydration-
responsive  candidate proteins.
The cDNAs of three dehydration-
responsive proteins (DRPs), viz.,
2’-hydroxy isoflavone reductase,
ABA-responsive protein and malate
dehydrogenase were fused in-frame
to the 5’-end of EYFP and transiently
expressed in tobacco leaf epidermal
cells through agroinfiltration. The
localisation of the proteins was vi-
sualised using confocal microscopy.
The EYFP (yellow) and phase-
contrast micrographs of the cells
are shown in the first and second
panels, respectively. The counter-
staining with propidium iodide (red)
is shown in third panel, while the
overlaps of the cell fluorescence are
shown in fourth panel.

189 in ICCV-2. Also, differences in kinetics of expression for
the same protein between the two cultivars were found to be
significant. A heat map highlighting the differential response
for such common proteins is shown in Fig. 7. A comparison
of the different functional classes of the DRPs however did
not show much variation in the number of proteins repre-
sented in each class, except the class comprising of “ROS
catabolizing enzymes” (Fig. 8).

A number of proteins involved in stress signalling were
found to be dehydration responsive, most of them being com-
mon to both the cultivars. Hybrid type histidine kinase (CaSN-
640) and receptor like protein kinase (CaSN-693) showed
similar expression profiles in both the cultivars under dehy-
dration, while protein kinase 2 was found to be upregulated in
cv. JG-62 and non-differential in ICCV-2. The DRP with dia-
cylglycerol kinase (CaSN-797) domain, on the other hand, was
exclusively detected in cv. ICCV-2. The class “Gene transcrip-
tion and replication” accounted for 21 and 17% of the DRPs
in the sensitive and tolerant cultivars, respectively. GAPDH
was detected as multiple isoforms in both the cultivars.
Phosphoglycerate kinase (CaSN-180 and 183), G5bf protein
(CaSN-368) and DNA-directed RNA polymerase (CaSN-833)
were found to be differentially expressed exclusively in cv.
ICCV-2, while fructose-1,6-bisphosphatase, AP2/EREBP
transcription factor BABY BOOM and homoeobox protein
HB3 were differentially expressed in cv. JG-62 (Supporting
Information Table 4). Among the common proteins, AAA
ATPase, central region; homeodomain like (CaSN-36) were
downregulated in cv. ICCV-2, but upregulated in JG-62
under dehydration. In contrast, transketolase (CaSN-251)
was upregulated in cv. ICCV-2 and downregulated in
JG-62. WRKY-DNA binding domain protein (CaSN-338)

www.proteomics-journal.com
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(CaSN-711) FCA protein (Fragment)

(CaSN-8) 14-3-3-like protein

(CaSN-305) Serine-threonine kinase

(CaSN-640) Hybrid type histidine kinase

(CaSN-693) Similarity to receptor-like protein kinase

:(CaSN-287) Aspartate carbamoyltransferase

(CaSN-18) Putative transcription factor

(CaSN-36) AAA ATPase, central region; Homeodomain-like

(CaSN-269) glyceraldehyde-3-phosphate dehydrogenase (phosphorylating)
(CaSN-363) glyceraldehyde-3-phosphate dehydrogenase (phosphorylating)
| (CaSN-398) glyceraldehyde-3-phosphate dehydrogenase (phosphorylating)
(CaSN-682) Glyceraldehyde-3-phosphate dehydrogenase, type 1
(CaSN-251) Transketolase (Fragment)

(CaSN-208) Retrotransposon protein, putative, Tyl-copia subclass
(CaSN-338) AY045676 NID (WRKY-DNA binding domain)

(CaSN-574) Histone H3, putative, expressed

(CaSN-575) At5g59910- histone H2B

(CaSN-603) Histone deacetylase HDA110

(CaSN-158) NADPH oxidase

(CaSN-176) Glyoxalase/bleomycin resistance protein/dioxygenase
(CaSN-293) Malate dehydrogenase (EC 1.1.1.37

(CaSN-277) Putative glycine-rich RNA-binding protein 2

(CaSN-44) DnaK-type molecular chaperone CSS1 precursor

(CaSN-715) Heat shock protein Dnal, N-terminal

(CaSN-641) heat shock protein 18.2

(CaSN-654) Heat shock protein Hsp20

(CaSN-17) Beta-conglutin

(CaSN-133) probable chaperonin 60 beta chain

(CaSN-84) Putative FtsH-like protein Pftf

(CaSN-350) Hypothetical protein (kelch repeat-containing F-box family protein)
(CaSN-347) ATRRAN2

(CaSN-19) Putative sorbitol transporter

(CaSN-105) AtpB (Fragment)

(CaSN-135) H+-transporting two-sector ATPase (EC 3.6.3.14) P chain
(CaSN-353) H+-transporting two-sector ATPase (EC 3.6.3.14) y chain precursor
(CaSN-402) glycine dehydrogenase (decarboxylating) component P precursor
(CaSN-291) 2'-hydroxy isoflavone reductase-transcriptional repressor activity
(CaSN-710) Nitrate reductase (EC 1.6.6.1) (EC 1.6.6.2) (EC 1.6.6.3)
|(CaSN-238) NBS-LRR type disease resistance protein Rps1-k-1

(CaSN-74) At2g39730/T517.3

(CaSN-96) Hypothetical protein Atlg62750

(CaSN-145) Hypothetical protein PO031A09.11

(CaSN-154) Hypothetical protein P0033D06.7

(CaSN-307) OSINBa0049H08.9 protein

(CaSN-621) Putative ABA-responsive protein

(CaSN-652) Hypothetical protein OSINBb0035114.1

(CaSN-663) hypothetical protein At2g23880 [imported]

~ (CaSN-669) AC027036 NID

(CaSN-677) OSINBa0089N06.25 protein

(CaSN-725) hypothetical protein At2g38370 [imported]

Figure 7. Heat map representation of the common dehydration-responsive proteins (DRPs) between cv. ICCV-2 and JG-62. The heat map
was generated on the log transformed fold induction expression values using MultiExperiment Viewer software. Each protein is represented
by a single row of coloured boxes and each time point is represented by a single column. Induction or repression ranges from pale to
saturated shades of red and green, respectively.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.proteomics-journal.com
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Figure 8. Major functional distributions of the dehydration-
responsive proteins (DRPs) in cv. ICCV-2 and JG-62. The percent-
age of the identified DRPs categorised into different functional
classes, such as cell signalling (CS); gene transcription and repli-
cation (GTR); chromatin structure and remodeling (CSR); ROS
pathway related; molecular chaperones (MC); protein transla-
tion (PT); protein degradation (PD); nucleocytoplasmic transport
(NCT); miscellaneous (Misc) and unknown function (Unknown),
were analysed for both cultivars.

also showed dissimilar or rather contrasting profile be-
tween the two cultivars. The members of “Chromatin
remodelling” class also showed contrasting expression
profiles. Histone H1 has long been known to be induced
by water deficit [39]. However, interestingly, we found other
dehydration-responsive histone variants as well, for example
histone H3 (CaSN-574) and H2B (CaSN-575). While both
the proteins were found to be dehydration responsive, they
were downregulated in cv. ICCV-2, but were highly induced
in JG-62. DNA cytosine methyltransferase Zmet3 (CaN-240)
was found to be induced exclusively in the tolerant variety.

The concept that redox signals are key regulators of plant
metabolism, morphology and development is widely ac-
cepted. H,0,; is central to cross-tolerance phenomena and
is a key component in the stress survival network. In re-
sponse to any stress, the flux of H,0, generation is increased.
Relatively small increases or localised bursts of H,0, influ-
ence only part of the network and modify gene expression
in such a way to strengthen plant defence responses. In con-
trast, large increases in H,0, trigger a distinct localised se-
quence of events in gene expression that leads inevitably to
programmed cell death. Thus, removal of excess free radi-
cals from the cell is necessary through specific detoxification
mechanisms. Intriguingly, ROS catabolizing enzymes super-
oxide dismutase, ascorbate peroxidase and GSH peroxidase
could not be detected in cv. ICCV-2, but were found to be
induced in JG-62. Furthermore, though glyoxalase (CaSN-
176) showed a downward trend in cv. ICCV-2, it was upreg-
ulated in JG-62 in response to progressive dehydration. The
event of non-induction of major ROS catabolizing enzymes in
cv. ICCV-2 might render its hypersensitivity to dehydration-
induced oxidative damage.

Stress-induced alteration of proteolytic activities in plants
is well documented [40]. This reorganization is necessary for

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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acclimation to stress, as well as to improve protein turnover,
whereby the released amino acids may be recycled for
synthesis of new proteins. A set of proteins involved in prote-
olytic degradation was found to be differentially expressed in
both the cultivars. These include the kelch repeat-containing
F-box family protein (CaSN-350) and putative FtsH-like pro-
tein Pftf (CaSN-84). To protect the cellular system against
stress-induced damage and to maintain functional protein
conformations, a wide range of proteins with chaperone ac-
tivity are known to swing into action [41]. The DnaK (CaSN-
644), together with its co-chaperone Dna] (CaSN-715) and
GrpE, constitutes the KJE (DnaKk, DnaJ and GrpE) system and
prevents aggregation of misfolded proteins, thus, facilitat-
ing their subsequent refolding [24]. The small HSPs (sHSPs;
CaSN-641 and 654) have been proposed to bind unfolded pro-
teins, providing a reservoir of substrates available for subse-
quent refolding by the KJE system [42]. These proteins were
downregulated in cv. ICCV-2 contrary to their upregulated
expression in JG-62. Glycine-rich proteins (GRPs), the most
abundant protein in this category, were identified from dif-
ferent spots and they displayed varied expression profile. The
role of GRP has been implicated in plant responses to en-
vironmental stress, however, its exact function under stress
remains largely unknown [43]. The upregulated expression
of GRP2 in response to dehydration may stabilise mRNA,
and enhance protein synthesis. Conglutin (CaSN-17) was an-
other member found to be differentially expressed in both the
cultivars.

Proteins known to play crucial roles in nucleocytoplasmic
transport also showed differential response to dehydration.
The nucleocytoplasmic transport is brought about mainly
through the combined action of transport receptors, the im-
portins and exportins [44]. Among the proteins identified in
this category was ATRRAN2 (CaSN-347). A number of AT-
Pases were also found to be dehydration responsive in both
the cultivars. Among the proteins catalogued in the “Mis-
cellaneous” category, carbonic anhydrase (CaSN-346), me-
thionine synthase (CaSN-388) and benzoquinone reductase
(CaSN-694) were found to be differentially expressed only in
cv. ICCV-2. Dissection of the role for these differentially ex-
pressed proteins under dehydration would be very helpful
in elucidating the mechanism of dehydration tolerance in
plants.

3.9 In silico proteome analysis

In order to catalogue and compare the datasets published
on the abiotic stress-responsive nuclear proteome in various
plant species, a comparative study was carried out. The dataset
of nuclear proteins identified in chickpea (cv. ICCV-2 and J G-
62) was compared with that of the dehydration-responsive nu-
clear proteomes of Oryza sativa [45] and Xerophyta viscosa [46].
Also, included in this analysis was the cold-responsive nu-
clear proteome dataset of Arabidopsis [47] and those asso-
ciated with seed filling process in Medicago [48]. Along with
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identification of similarities and differences in the proteomes,
an attempt was put forward so as to better understand the
stress response in plants. A Venn diagram, inclusive of the
organisms studied, was constructed to compile the results.
While a large number of proteins remained exclusive to each
of the datasets studied [chickpea (78), O. sativa (63), X. viscosa
(12), Medicago (103) and Arabidopsis (34)], none of the pro-
teins were found to be common in these species (Supporting
Information Fig. 4A and Supporting Information Document
3). The inter-species comparison of overall distribution of
functional classes was found to be similar, and no significant
species-specific differences were observed in functional su-
per classes (Supporting Information Fig. 4B). Nevertheless,
these species showed differences mainly in the number of
unique proteins within the super classes (Supporting Infor-
mation Fig. 4C). It is possible that the crop species respond
to adverse environmental conditions often causing a similar
set of physiochemical reactions, and dynamic nature of such
reactions dictate the tolerance levels. These findings suggest
that multi-stress response in the nucleus constitutes an im-
portant adaptive trait for plants to withstand dynamic environ-
ments, and is also a potential mechanism to counteract such
stress.

4 Concluding remarks

Crop plants exhibit different adaptive and acclimatisation
strategies to adverse environmental conditions, including
dehydration that range from seemingly simple phenotypic
to complex physicochemical traits. These traits, often repre-
sented by differentially expressed proteins, may serve as im-
portant stress tolerance markers. Exploration of such traits is
possible in crop species because different cultivars are avail-
able with differing degrees of tolerance, which provide cor-
relative evidence for candidates involved in stress response.
However, information available on the stress adaptive mecha-
nism(s) shown by such tolerant genotypes has been fragmen-
tary. One of the major factors is that the phenotypic traits that
provide stress tolerance are often associative, and though they
serve as important breeding tools, an understanding of the
molecular mechanism of tolerance remains elusive.

The present study summarises the differential response of
two contrasting cultivars of chickpea to dehydration in terms
of the dynamic changes in the nucleus. In a previous pro-
teomic study, we had established cv. JG-62 as a relatively tol-
erant cultivar, and identified an array of DRPs [24]. Now, with
the development of dehydration-responsive nuclear proteome
of a sensitive cultivar, ICCV-2, the differential physiological
state at cellular level was reflected in the variance of the pro-
teomes between the contrasting cultivars. The natural varia-
tion in the proteomes is important in the comparative anal-
ysis of dehydration sensitive versus tolerance mechanisms
because the molecular differences in the cultivars might be
the reason for differential response that would help in dis-
secting the underlying mechanisms of dehydration tolerance.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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The major classes of DRPs, for example proteins involved in
cell signalling, gene transcription and regulation, molecu-
lar chaperons, chromatin structure and remodelling, protein
degradation, and nucleocytoplasmic transport were generally
similar to those observed previously in other species. More
specifically, our data highlights the dehydration-induced ex-
pression of enzymes, including those associated with the ROS
catabolising network, exclusively in cv. JG-62. Further, sev-
eral of the DRPs upregulated in cv. JG-62 were found to be
downregulated in ICCV-2, which could contribute for its hy-
persensitive nature. The greater stress tolerance in cv. JG-62
might be due to its superior ability to maintain better water
status and less oxidative damage as compared to ICCV-2. The
presence of the unique proteins can be correlated to the dif-
ferential dehydration response of the cultivars, which needs
further investigation to obtain causative evidence. Further,
cultivar-specific variation in terms of protein isoforms was
also observed for some of the common proteins, and a de-
tailed study in this panorama would be helpful in enhancing
our understanding of the difference in these two cultivars
with respect to dehydration response.
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Protein deficiency is the most crucial factor that affects physical
growth and development and that increases morbidity and mortality
especially in developing countries. Efforts have been made to improve
protein quality and quantity in crop plants but with limited success.
Here, we report the development of transgenic potatoes with en-
hanced nutritive value by tuber-specific expression of a seed protein,
AmA1 (Amaranth Albumin 1), in seven genotypic backgrounds suit-
able for cultivation in different agro-climatic regions. Analyses of the
transgenic tubers revealed up to 60% increase in total protein con-
tent. In addition, the concentrations of several essential amino acids
were increased significantly in transgenic tubers, which are otherwise
limited in potato. Moreover, the transgenics also exhibited enhanced
photosynthetic activity with a concomitant increase in total biomass.
These results are striking because this genetic manipulation also
resulted in a moderate increase in tuber yield. The comparative pro-
tein profiling suggests that the proteome rebalancing might cause
increased protein content in transgenic tubers. Furthermore, the data
on field performance and safety evaluation indicate that the trans-
genic potatoes are suitable for commercial cultivation. In vitro and in
vivo studies on experimental animals demonstrate that the trans-
genic tubers are also safe for human consumption. Altogether, these
results emphasize that the expression of AmA1 is a potential strategy
for the nutritional improvement of food crops.

allergenecity | essential amino acids | nutritional health

H umans require a diverse and nutritionally well-balanced diet to
maintain optimal health and depend largely on plants for their
daily nutritional requirements. Moreover, a large proportion of the
world’s population is undernourished. Thus, nutritional improve-
ment of crop plants is an urgent worldwide health issue as basic
nutritional requirements for much of the world’s population are still
not met. Proteins, one of the principal constituents of a balanced
diet, impart nutritional value to food due to their structural con-
stituents, amino acids. However, it is very rare in nature to find all of
the essential amino acids in a single food crop. Protein malnutrition
is essentially caused by poor quality diets that include a high intake
of staple crops with less protein and/or low-quality proteins in terms
of amino acid composition. Protein deficiency lowers resistance to
disease, delays physical growth and development, and may cause
permanent impairment of the brain in infants and young children. A
major effort has been to improve the amino acid composition of
plant protein because animals, including humans, are incapable of
synthesizing 10 of the 21 amino acids required for protein synthesis,
and these “essential amino acids” must therefore be obtained from
the diet (1). Because of the importance of dietary protein and the
fact that plants are its major source, development of strategies to
increase protein levels and the concentration of essential amino
acids in food crops is of primary importance in a crop improvement
program. There have been several attempts through mutant se-
lection and engineering genes encoding key amino acid biosynthesis
pathway enzymes to increase free essential amino acids in crop
plants (2), but with limited success (3). A promising strategy is the
genetic engineering of genes encoding proteins with high nutri-

www.pnas.org/cgi/doi/10.1073/pnas.1006265107

tional value into food crops (1, 4-6). However, despite promises
that genetically modified (GM) crops could make a significant
contribution to achieving global food security, the new-generation
GM varieties are primarily used for industrial crops, such as cotton
and animal fodder (7), and few have been commercialized.

Although cereals and starchy food crops contribute to more than
80% of the calories in a diet, noncereal crops are becoming more
popular throughout the world with the continuing change in food
habits. The demand for noncereal crops will continue to increase as
a consequence of the expanding human population. Potato is the
most important noncereal food crop and ranks fourth in terms of
total global food production. It is also used as animal feed and in
industrial products. Today, potatoes are grown in nearly 125
countries and more than a billion people worldwide consume them
on a daily basis (8). The total value of the crop is estimated at 40
billion dollars for the top 10 producing countries, which account for
two-thirds of global potato production (9). The United Nations
declared 2008 as the “International Year of the Potato,” affirming
the need to focus on the role that the potato can play in providing
food security (10). Although in developing economies the majority
of potato is used for direct consumption, a shift toward the use of
potato in convenience foods, for example, in potato chips and fries,
has dramatically increased in developed countries (11). Un-
fortunately, the nutritional quality of potato tubers is greatly
compromised because they contain less protein and are deficient in
lysine, tyrosine, and the sulfur-containing amino acids (12). To
guarantee a sufficient supply of quality protein in a diet consisting
mainly of staple foods such as potato, specific interventions in ge-
netic engineering are an absolute necessity. However, there is
currently public concern about the use of genetically engineered
foods in contemporary agriculture, particularly when genes are
from a nonplant source. During the past decade, several potential
candidate genes have been targeted for the nutritional improve-
ment of protein content in crops, namely: Brazil nut 2S albumin
(13), AmAI (Amaranth Albumin 1) (14), p-phaseoline (15), HS-7
zein (3), cruciferin (16), sunflower seed albumin (17), and S-rich
zein (18). However, excepting AmAI (14, 19, 20), introduction of
these genes in target plants has often resulted in an increase in one
of the amino acids at the expense of others, leading to an imbalance
of the amino acid profile in transgenic crops.

AmAL1 has great agricultural importance because it is a well-
balanced protein in terms of amino acid composition, possessing
even better values than recommended by the World Health Or-
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ganization for a nutritionally rich protein. More importantly, be-
cause it is a nonallergenic protein that originated from an edible
crop, the transgenic crops expressing AmA1l would have greater
acceptability. In a previous study, we showed that the 4AmA1 cDNA
can be expressed functionally in fission yeast (21) and in food crops
(1). The name “protato” has been coined to describe the genetically
modified potatoes that contain an increased quantity of protein
with improved quality in terms of amino acid composition.
Geographical distributions of potato plants are greatly influ-
enced by different agro-climatic conditions. In this work, we
translated the approach of genetic modification into commercial
potato varieties suitable for cultivation in different agro-climatic
regions to overcome protein deficiency in potato tubers. Here, we
describe the tuber-specific expression of AmAI into seven eco-
nomically important potato genotypes and the results obtained
from 2-y field trials in an advanced generation of the transgenic
varieties. This study provides unequivocal evidence on the bio-
safety assessment and benefits of the genetically modified tubers,
which would accelerate the platform for rapidly bringing products
to consumers. This is a comprehensive report of translational
research toward protein improvement programs in crop plants.

Results

Transgenic Plants Display a Wild-Type Growth and Developmental
Phenotype. To develop new-generation potato cultivars, which
might be suitable for practical use, the pSB8G construct (1) having
full-length AmA1 under the control of a tuber-specific, granule-
bound starch synthase promoter, GBSS, was used for large-scale
transformation into seven commercial potato cultivars by Agro-
bacterium tumefaciens-mediated transformation. We developed
a robust, genotype independent, and reproducible transformation
system using internodes as explant on the basis of our earlier
protocol (1) with few modifications. Because the copy number and
the site of integration greatly influence the transgene expression,
dozens of primary independent transformants were developed
and screened in each category to obtain the desired phenotype.
Moreover, the genetic differences between potato varieties and the
growing environment could also contribute to differences in per-
formance. The putative transformants were selected on the basis of
their growth on medium containing kanamycin as a selectable
marker. We then transferred 1-2 dozen independent transgenic
events from each category to the green house. There were no vis-
ible phenotypic changes in morphology either in the primary
transgenic populations or in the subsequent generations.

Integration, Tissue-Specific Expression, and Accumulation of AmA1 in
Transgenic Tubers. To identify the successful transgenic events, ge-
nomic PCR analysis was carried out on all kanamycin-positive
transformants that revealed an amplicon of 1.02 kb, corresponding
to the size of the AmA 1-coding region. Furthermore, the transgene
copy number in the PCR-positive plants was determined by real-
time PCR using Tagman chemistry, which revealed the presence of
a single copy of the transgene in most of the transgenic events with
very few having two to three copies. In a step further, all of the
kanamycin-selected, PCR-positive, and copy-number—detected
transgenic events across the populations were transferred to the
experimental plot for generating potato tubers. RT-PCR analysis
revealed that the AmAI transcript was most abundant in tubers
followed by the stolon and stem; the leaf showed the least AmAI
transcript (Fig. S14), suggesting the tissue-specific expression of the
transgene. Our data support the fact that the GBSS promoter is
most active in tubers, as reported earlier (22). Although the tran-
script was found in different organs, the protein products could be
detected only in the field-grown tuber. Immunodetection of AmA1
in tubers showed a 35-kDa band in all of the transgenic events but at
varying levels (Fig. S1B), suggesting that the transgene was actively
producing the desired protein in the alien environment.

Overexpression of AmA1 Results in Increased Tuber Protein and

Amino Acids. The protein content in crops is determined on the
basis of nitrogen content, and the Kjeldahl method has been al-
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Table 1. Comparison of total protein content of wild-type and
AmA1-transgenic tubers
Genotype Year | Year Il
K Chipsona 1 C 87.90 + 1.30 83.60 + 5.10
21 131.70 + 3.30 127.90 + 5.60
(49.83) (52.99)
K Chipsona 2 C 103.0 = 1.0 103.40 + 10.9
15 138.50 + 2.10 138.70 + 6.00
(34.47) (34.13)
K Jyoti C 106.30 + 1.00 102.70 + 1.60
16 131.70 + 1.70 129.6 + 9.8
(23.89) (26.19)
K Sutlej 94.80 + 3.70 88.00 + 2.10
3 148.60 + 5.80 140.10 + 7.50
(56.75) (59.20)
K Badsah C 89.40 + 1.90 84.40 + 7.70
9 121.20 + 0.80 115.10 + 2.30
(35.57) (36.37)
K Bahar 97.60 + 5.70 98.20 + 3.80
5 124.90 + 2.30 126.90 + 12.50
(27.97) (29.22)
K Pukhraj C 95.00 + 5.30 86.90 + 7.20
1 126.60 + 7.70 118.00 + 3.90
(33.26) (35.79)

Potato plants, in field trials, were grown to maturity and tubers were
harvested. Three tubers from each replication for each wild-type and trans-
genic events were randomly collected. The pooled tubers were divided into
three groups, oven-dried at 100 °C, and powdered. Total protein content (mg
protein g~' dry weight) of tubers was determined by standard Kjeldahl
method in duplicate from three independent groups and compared. Values
are presented as the mean + SE. Numerical represents the number of trans-
genic event against its corresponding wild-type background. The values in
parentheses represent percent increase in protein in transgenic tubers when
compared with that of wild-type tubers (C).

most universally applied to determine total nitrogen content. We
determined the amount of total protein on the basis of the nitrogen
content in transgenic tubers and compared that with the respective
control background. A detailed chemical analysis revealed that the
overexpression of AmAl leads to an increased level of tuber
protein compared with wild type. There was a 35-60% increase in
total protein content in moderately expressed transgenic events of
all varieties (Table 1), which was higher than we had reported
earlier (up to 35%) for a diploid cultivar (1). It was expected that
the increased levels of protein in modified tuber could have a di-
rect bearing on the amino acid ratio. The balance of amino acid is
a key determinant for nutritive proteins because plant proteins
typically do not provide the optimum amino acid ratios required
for efficient protein synthesis in animals, including humans.
Analysis of the pool sizes of the various amino acids revealed
a significant increase in amino acids, notably lysine, tyrosine, and
sulfur amino acids, which are otherwise limited in potato tubers.
Also, there was an increase in aspartic acid, glutamic acid, argi-
nine, leucine, and isoleucine levels (Table S1). These changes were
notably more prominent in transgenic events exhibiting a higher
level expression of AmAL1 (Fig. S1B).

It seems likely that the increase in nitrogen storage in sink tissue
may result in alteration of total biomass production. Nitrogen stor-
age and carbohydrate metabolism are closely related. It is postu-
lated that carbohydrate distribution within the plant is affected by
the nitrogen supply, which strongly influences the processes of
carbon metabolism, and thus nitrogen status has a great impact on
the postharvest performance of plants (23). To confirm this, the dry
weight of transgenic as well as wild-type plants was determined.
Indeed, the dry weight of most transgenic plants significantly in-
creased when compared with their wild-type counterparts. On av-
erage, the increases in biomass of most promising transgenic
events were found to be in the range of 7-20% (Fig. S24), in-
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dicating a positive correlation between the increased nitrogen
storage and the biomass in the transgenic plants.

2D Electrophoresis Analysis Shows Increase in Protein Content. Ear-
lier it was reported that transgene expression may lead to a reba-
lancing of the proteome toward an increase in protein content
(24). To examine the impact of AmAIl toward an increase in
protein content, the changes in the tuber proteome of transgenic
potatoes were monitored using 2D electrophoresis (2-DE) analy-
sis. The gels showed more than 90% high-quality protein spots and
had a correlation coefficient of variation above 0.8 (Fig. S3), sug-
gesting high reproducibility among the replicates (Fig. 1, Table
S2). PDQuest analysis showed an average of 323 and 362 spots in
wild-type and transgenic events, respectively, substantiating the
biochemical findings of increased protein content in transgenic
events by Kjeldahl analysis (Table 1).

Field Performance of AmA1 Plants in Different Agro-Climatic Conditions.
Field trials of transgenic plants provide a relevant test for un-
derstanding the in planta biological role of transgenes and proteins
and also for verifying their potential use in commercial applica-
tions. The planning and execution of these trials are labor intensive
but a useful task because agronomic performance of the transgenic
crops in the field does not necessarily match the conditions
maintained in the greenhouse or experimental plot. To assess the
field performance of transgenic plants expressing AmAl in dif-
ferent agro-climatic conditions, 3-10 independent transgenic
events from each genotypic background were selected for further
evaluation. The AmA1 plants from size-normalized seed tubers
were grown in the field alongside the wild type and randomly
replicated three, five, and seven times for four seasons in different
field experiments. We selected the best independent transgenic
event from each category in which the AmA1 was stably expressed
over generations. In all field trials, determination of tuber yield was
carried out on fully senescent plants at about 100 d from the date of
plantation. There were no significant changes in the earliness of
the crop in any of the transgenic events. However, a moderate
increase (~15-25%) in the tuber yield was found in a few of the
promising transgenic events (Table S3). These results are of great
importance, given the twin problems of environmental deteriora-
tion and the progressive increase in world population.

Because of the increased tuber yield in the transgenic plants
and the fact that photosynthetic carbon metabolism is one of the
major determinants for crop growth and yield (25), we measured
the photosynthetic efficiency of the transgenic and wild-type
plants under standard atmospheric (360 ppm CO,) and light (750
pmol-m~"-s™!) conditions. Compared with wild-type plants, pho-

Fig. 1. Proteomic analysis of the mature potato tubers of (A) wild-type (KC1)
and (B) the transgenic line (KC1/21). Proteins were extracted from same mass
of mature tuber, and an equal volume (250 pL) of protein was separated by
2-DE as described in S/ Materials and Methods. Three replicate silver-stained
gels for each stage were computationally combined using PDQuest software,
and four representative standard gel images were generated.
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tosynthetic CO, fixation of the most promising transgenic plants
was up to 27% higher (Fig. S2B). This was corroborated by the
corresponding increase in total biomass of the transgenic plants
(Fig. S24). Indeed, these results represent a unique example in
which expression of a seed storage protein results in improved
carbon fixation and growth in transgenic plants.

AmA1 Potato Tubers Are Nontoxic, Nonallergenic, and Safe for
Consumption. In recent years, the use of animal models has be-
come an integral part of the safety evaluation process for geneti-
cally modified crops. To examine the toxicity and allergenicity,
if any, associated with the AmAl potato, tubers of transgenic
events along with the corresponding wild-type tubers were tested in
two different animal models (rat and rabbit) following the rec-
ommendation laid down by the Food and Agriculture Organization
and WHO (2006) (26). The potato tubers of transgenic events were
found to be nontoxic to rats when administered orally as a single
dose at a maximum dose level of 5 g of test substance per rat. The
given samples were also found to be nonirritating to the skin of the
rabbits. Furthermore, the samples of transgenic tubers were found
to be nonirritating to the vaginal mucous membrane of the rabbits.

Mean values of hematological and serum biochemical param-
eters obtained from both male and female rats fed with wild-type
and AmALI potato for 21 and 90 d are presented in Table S4 and
Table 2. No differences were observed in a blood biochemistry
analysis. Counts of WBC, RBC, and hemoglobin were at same
level in both male and female rats of each group. Total plasma
protein, sugar, and urea levels were similar for transgenic and
control group rats. Serum glutamic pyruvic transaminase (SGPT)
and serum glutamic oxaloacetic transaminase (SGOT) levels were
comparable in both groups in AmAl and wild-type potato, in-
dicating normal liver function. Furthermore, the heart and kidney
functions of transgenic and wild-type potato-fed rats were also
comparable, suggesting normal cellular metabolism.

Histopathological analysis of hematoxylin- and eosin-stained
gut tissues of rat-fed AmA1 potato revealed normal structure with
no distortion in gut lining. The stomach layer showed no in-
flammation and/or infiltrations of inflammatory cells into sur-
rounding tissues (Fig. 24 and B). Intestinal villi of AmA1 potato-
fed rats showed normal surface area with numerous absorptive
enterocytes and mucous-secreting cells and no sign of ulcer,
bleeding, or disruption-like symptoms and were comparable to
that of the control group (Fig. 2 C and D). Furthermore, no ab-
normal structures were observed in liver and kidney cells of rats fed
with wild-type and AmALl potato (Fig. 2 E and F). Transgenic
potato-fed rats showed normal lung structure with defined bron-
chial epithelial lining and alveoli. No histopathological differences
were observed in brain and heart tissues (Fig. S4). Thus, under the
conditions of this study, long-term oral feeding for 90 d did not
show any detectable clinical and histopathological changes or
observable toxic effects in any groups of the animals tested.

It is recognized that most allergenic proteins tend to have char-
acteristic sequence stretches. The amino acid sequence of AmALl,
however, did not show any homology with known allergenic candi-
dates when searched against the allergen online database (www.
allergenonline.com). In a previous study, we had shown that the
AmAL1 protein in its purified form does not evoke any IgE response,
negating the possibility of the protein being allergenic (1). To fur-
ther confirm whether potato tubers expressing AmA1 are allergenic
or not, the hypersensitivity test of the transgenic tubers was carried
out. In this experiment, serum from the laboratory animals fed with
genetically modified AmA1 tubers was subjected to ELISA study.
Although the IgG level was quite high, the IgE level could not be
detected, suggesting that the transgenic tubers did not evoke any
allergenic response in the animals. These results conclusively
proved that AmA1 potato tubers are nontoxic and nonallergenic.

Intraperitoneal (i.p.) sensitization with wild-type and AmAl
potato protein produced low IgE titer on day 15, which remained
unchanged until day 45 (Fig. 34), whereas ovalbumin immuniza-
tion produced high IgE response by the i.p. route. Compared with
ovalbumin, i.p. sensitization with both wild-type and AmA1 potato
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Table 2. Serum biochemistry indices of rats fed with control potato and AmA1 potato for 21 and 90 d

90 d 21d
Male Female Male Female

Parameter c1 T1 c1 T1 c1 T1 (@] T1

Blood sugar (mg %) 103.60 + 6.64 106.60 + 6.06 103.60 + 6.60 104.40 + 7.20 103.60 + 6.35 101.00 + 6.20 103.60 + 6.35 102.40 + 5.46
BUN (mg %) 2770 + 415 2848 +4.06 26.15+4.42 26.77 +2.82 2592 +3.81 26.98 + 2.71 20.06 + 1.57 26.42 + 2.46
Total protein (g %) 6,546 + 0.34 6.196 + 0.19  6.484 +0.43 6.218 + 0.19 6.86 + 0.25 7.03 + 0.48 6.90 + 0.28 7.14 + 0.22
SGPT (I1U) 38.58 + 7.67 33.96 + 4.82 35.98 + 8.05 26.58 + 4.20 29.90 + 3.54 31.90 + 2.94 30.36 + 1.78 29.46 + 2.13
SGOT (IV) 39.38 + 12.83 42,55+ 1349 34.12 + 1257 37.20+9.30 33.98 + 2.54 33.74 + 2.81 3332 +3.44 33.82+293
Albumin (g %) 4.02 + 0.22 4.05 + 0.25 4.00 + 0.25 4.02 + 0.19 4.01 + 0.25 413 +0.12 4.10 + 0.08 4.05 + 0.17
SAP (U/L) 86.00 + 8.81 91.37 £ 6.72 88.75 + 7.96 86.86 + 7.42 92.80 + 7.46 8858 + 10.73 93.78 + 6.53 91.56 + 7.64

BUN, blood urea nitrogen; SAP, serine alkaline phosphatase.

showed a high IgG1 response (Fig. 3B). Both wild-type and AmA1
potato produced a similar IgG2a level on day 15, which increased
by day 30 (Fig. 3C). No significant difference (P > 0.05) was ob-
served between the IgG1 and IgG2a antibody response induced by
wild-type and AmA1 potato proteins.

Simulated Gastric Fluid- and Simulated Intestinal Fluid-Induced
Digestibility of AmA1 Potatoes. The potent food allergens are
known to be very stable in in vitro pepsin digestion, whereas most
dietary proteins are readily digestible (27). The pepsin digestibility
assay is thus considered one of the major ways to identify food
allergens (28-30). To determine the relative stability of AmALl to
the extremes of pH and pepsin protease encountered in the mam-
malian digestive tract, the protein extracts of transgenic tubers were
subjected to pepsin digestibility. The in vitro digestibility of tuber
protein was confirmed by immunodetection assay. The results
revealed that the high-molecular-weight proteins, including AmA1,
were readily digested within 20 min in simulated gastric fluid
(SGF) and also were completely degraded within 15 min in simu-
lated intestinal fluid (SIF). The SGF- and SIF-mediated digestibility
altogether suggests that the transgenic potatoes may not be aller-
genic when consumed as food.

Discussion

A global scientific emphasis has been laid on food security and on
improving the nutritional qualities of food crops through contem-
porary science. Thus, the International Food Policy Research In-
stitute launched 2020 Vision, a call for a new “Green Revolution.” A
total of 1.02 billion people, residing mostly in the developing world,
suffer from chronic under-nutrition, and 200 million children are
affected due to lack of essential energy and protein (31). Therefore,
improvement of nutritional value in food crops, particularly im-
provement in protein content, poses a major challenge in de-
veloping countries where plants provide most of the protein in the
human diet and in animal feed. The biotechnology-based strategies
to modify proteins and/or amino acids have always focused either on
increasing the concentration of the direct precursors for bio-
synthesis of the targeted product (2) or on the concentration of some
unique proteins (1, 32, 33). Although many of these strategies have
yielded positive results, many others have failed despite changes in
some or all of the required metabolic precursors (34). Our approach
of using AmAI to increase the nutritional quality in tuber crops,
particularly in potato, has been successful. We have developed an
efficient, rapid, and genotype-independent transformation method
for potato. The protocol involves a single medium composition
throughout, and transformants were obtained within 6-8 wk. To our
knowledge, the increase in protein content of genetically modified
tubers in this study is one of the highest increases observed in any
transgenic crop. Although the expression level of AmAL in trans-
genic tubers was not high enough to be directly correlated with the
protein increase, comparative proteome analysis showed a positive
correlation with the finding of biochemical analysis. The increase in
total protein content as shown by Kjeldahl and 2-DE analyses may
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be explained as due to de novo synthesis and accumulation of unique
proteins and/or quantitative change in the expression level or re-
distribution of proteins as a result of AmA1 expression. It is known
that synthesis of seed storage protein depletes free amino acid in the
storage organ that leads to an increase in the rate of photosynthesis
(35). AmA1, a seed storage protein gene, when engineered in pota-
to tuber might lead to the depletion of the endogenous free amino
acid pool for its synthesis and accumulation. It is likely that the
depletion of endogenous free amino acids in the transgenic tuber is
then sensed by the photosynthetic machinery, causing an increase in
the rate of photosynthesis. Earlier studies have also shown that
protein synthesis increases as a consequence of photosynthesis,
which is the ultimate basis of yield (35, 36). Thus, the increase in
photosynthesis in transgenic potato, as shown in Fig. S2B, in turn
enhances the total protein content as well as the yield. Seed storage

Fig. 2. Histopathological analysis of gut tissues. (/) Rats fed wild-type potato
and (/) rats fed AmA1 potato: sections showing hematoxylin and eosin
staining of (A) stomach (nonglandular), (B) stomach (glandular), (C) small
intestine, (D) large intestine, (E) liver, and (F) kidney.
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Fig. 3. Specific antibody response in Balb/C mice: serum antibody following
i.p. administration of ovalbumin (¢), wild-type (M), and transgenic (A)
potato protein extract. (A) specific IgE, (B) specific IgG1, and (C) specific
1gG2a. A preimmune serum was taken as the control, and the values were
subtracted before plotting. Data are reported as mean + SD.

proteins are known to serve as the sink to regulate the movement of
photosynthate into developing organs (35). It is conceivable that
AmALI as a storage protein might act as a sink protein in transgenics,
thereby regulating the movement of metabolites, including the
amino acids, into the developing tuber where they are fixed into
newly synthesized proteins and consequently enhance the level of
essential amino acids.

Potatoes are grown as vegetable for consumption and also as raw
material for many processed foods. It is well documented that dry
matter, specific gravity, and viscosity of the tuber are the major
parameters that determine the cooking quality and viscosity and
firmness reflect the processing grade of potato (37, 38). To find the
cooking quality, processing, and palatability of AmA1 potato, we
performed the comparative physio-chemical and rheological
analyses of the transgenic and the corresponding wild-type tubers.
Specific gravity of most of the transgenic lines was found to be 1.68—
6.86% higher (Fig. S54), indicating better quality of the processed
product. With reference to dry matter, KC1/21 and KC2/15 showed
the maximum increase, having 23.7 and 19.5%, respectively, as
compared with 12.5-18.8% in the transgenic lines of other genetic
backgrounds (Fig. S5B). Furthermore, transgenic potatoes upon
frying showed less browning (Fig. S6 4 and B) with higher firmness
after boiling (Fig. S6 C and D), suggesting better palatability.
Proteins are known to be major water absorbers, and they increase
viscosity significantly (39). Viscoamylograph analyses revealed that
transgenic potatoes reach pick viscosity either more slowly or at the
same time in comparison with their respective wild types, main-
taining a similar pasting temperature (Fig. S6 E and F). These
results demonstrate that enhanced protein content in transgenic
potatoes neither changed pasting temperature nor increased peak
viscosity to affect crispiness and texture of fried potatoes. Alto-
gether, analyses of these variances imply better cooking and pro-
cessing quality of the transgenic tubers. Our strategy thus allows the
achievement of developing nutritionally enhanced potato with
quality traits by judicious manipulation of storage protein.

Recently, there have been efforts to express 2S albumin from
Brazil nut and sunflower seed albumin to increase the nutritive
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value of transgenic crops. However, these attempts were not suc-
cessful because, when introduced in target plants, the transgene
resulted in a dramatic increase only in methionine along with
a significant decrease in cysteine (13, 17). Other examples include
the soybean glycinin, expression of which in potato tubers did not
lead to any remarkable increase either in protein content or in
amino acid concentration (40). Furthermore, plans for commer-
cialization of these transgenic crops were abandoned because the
donor proteins were allergenic (41). On the contrary, an intensive
literature search did not reveal any allergenicity associated with the
source of the transgene, amaranth grain or amaranth forage (S/
Text). Feeding trials of the AmA1-transgenic tubers in rat models
did not show any toxicity. Blood and serum biochemical indices
indicated normal functioning of metabolic organs in the test ani-
mals. Postmortem examination demonstrated normal appearance
of stomach, intestine, liver, kidney, and other organs. Thus, it seems
that consumption of AmA1 potato has no detrimental effect on the
growth and metabolic function of rat. The hypersensitivity test in
animal models also showed that potato tubers expressing AmA1 do
not evoke any IgE response, which negates the possibility of the
protein being allergenic. The in vitro digestibility test showed that
the accumulated AmA1 is readily degraded by SGF, confirming
that the transgenic tubers are nonallergenic. The findings are sig-
nificant because the ability of the food allergens to reach the in-
testinal mucosa is the prerequisite to allergenicity. It is apparent
that the ability of food allergens to reach the intestinal mucosa
necessarily implies their survival to gastric digestion by pepsin se-
creted in the stomach. Because the expressed protein is efficiently
digested and degraded, the AmA1 protein as a whole would not
reach the intestinal mucosa and cause allergenic reaction.

In summary, the tuber-specific expression of AmA1I was associ-
ated with increased protein and a concomitant increase in several of
the essential amino acids that are otherwise limited in potato. This
study represents a major technological advance in translational
research in which the engineering of a seed storage protein has led
to nutritional improvement with essentially no negative collateral
effects on crop yield or quality. The commercial potential of
genetically modified plants depends on stable integration and
expression of the transgene under the different genotypic back-
grounds of the host species, on their wider environmental appli-
cability, and on sustainable production, including food safety.
Therefore, our strategy may prove to be more acceptable to the
general public than currently used genetically modified crops be-
cause AmA1I is an edible crop-derived sequence. The benefits are
magnified particularly considering that this occurs without any yield
penalty, but rather in combination with increased harvestable bio-
mass. Because potato constitutes an important part of the diet of
many people in developed as well as developing countries, it is
apparent that this can add value to potato-based products with
enhanced benefits for better human health. Our strategy also offers
unique opportunities for the genetic engineering of unique traits
into the next-generation crop to accrue nutritional benefits.

Materials and Methods

For detailed descriptions of materials and methods, see S/ Materials and
Methods and associated references. Transgenic potato lines were developed
and molecular analyses of transgenics were performed as described in S/
Text. Expression of AmA1 protein was detected and confirmed at maturity
of potato tubers using anti-AmA1 antibody as described in S/ Text. Chemical
analysis and proteomic study of transgenics were carried out using extracts
from wild-type and transgenic tubers as described in S/ Text. Field trials,
morphological characterization, measurement of photosynthetic activity,
digestibility and allergenecity analyses, food safety assessment and toxicity
studies, palatability, and cooking and processing quality analyses are also
described in S/ Text.
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