Fruit, Vegetable and Cereal Science and Biotechnology ©2012 Global Science Books !E‘

Crop Physiology of Sweetpotato
Velumani Ravi® « Raju Saravanan

Central Tuber Crops Research Institute, Thiruvananthapuram — 695 017, India

Corresponding author: * veluravi03@yahoo.co.in

ABSTRACT

Sweetpotato is an important tropical tuber crop cultivated mostly under temperate and mild tropical climatic conditions. Its tubers are rich
in carbohydrate and some are rich in carotene. The crop is vegetatively propagated through vines. The shoot emerging from the planted
vine which grows rapidly for two months and later the growth rate slows down. Within three weeks after planting vines, tubers are formed
which later develops into tuber. Soil nutrients such as nitrogen and potassium influence growth and yield of sweetpotato. Water deficit
stress and high temperature are major abiotic stresses that affect sweetpotato growth and yield. Sweetpotato can tolerate low level of
shade. This chapter presents recent research work done on physiological aspects that influence the growth and productivity of sweetpotato.
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INTRODUCTION and warm temperate regions of the world between latitudes

40°N and S of the equator and between sea level and 2,300
Sweetpotato (lpomoea batatas (L.) Lam., Convolvulaceac) = m altitude. Sweetpotato, is perennial in nature and is com-
is a herbaceous dicot, widely grown throughout the tropics = monly cultivated as an annual crop. Depending on the
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Table 1 The total chlorophyll content, photosynthetic rate and tuber yield of normal green and pale green sweetpotato genotypes.

Genotype Total chlorophyll content  Total carotene content Photosynthetic rate Tuber yield
(mg g fresh leaf) (mg g fresh leaf) (umol m?s™) (g plant™)
Sree Bhadra* (S-1010) 1.7 0.278 18.56 587.33
Sree Vardhini* (OP-219) 1.6 0.265 17.87 496.50
S-108* 1.5 0.272 17.23 455.70
Kanhangad* 1.2 0.254 17.50 426.80
S-1267** 0.297 0.107 13.25 657.33

*normal green; **pale green
Authors’ unpublished data

growing conditions and cultivars, crop growth period varies
between 12-35 weeks, whereas a long duration of 25-50
weeks also has been reported for some cultivars. However
most of the cultivars attain maximum tuber yield in 12-22
weeks after planting (WAP) (Sen er al. 1990).

Sweetpotato cultivars vary widely in their tuber yleld
potential. An average fresh tuber yield of about 10-25 t ha’!
in 16-20 weeks has been obtained in many countries (Rao
and Sultana 1990; Golder et al. 2007). Fresh vine yield
varies between 11-45.7 t ha”' when harvested as whole
shoots (Mukhopadhyay ef al. 1992).

Wide variability in tuber yield among sweetpotato
cultivars and individual plants of the same cultivar has been
attributed to cultivar, propagation material, environment,
and soil factors. Genetic and environmental factors influ-
ence leaf area, leaf production and abscission, leaf photo-
synthesis, tuber formation and development, total dry
matter production, dry matter partitioning and tuber yield
(Ravi and Indira 1999). This chapter discusses the inter-
action of physiological traits, gene expression and molecu-
lar aspects of tuber initiation and bulking as well as envi-
ronmental and edaphic factors which determine sweetpotato
yield including tuber and vine.

SHOOT SYSTEM
Stem branching

Sweetpotato has a decumbent stem and cultivars can be
arbitarily categorised as either erect bushy, intermediate, or
spreading, based on the length of their vines. Branching is
cultivar dependent and branches vary in number and length.
Normally, sweetpotato plants produce 3 types of branches:
primary, secondary and tertiary at different periods of
growth (Sasaki ef al. 1993). The total number of branches
varies among cultivars from 3 to 20 whereas stem length
varies between 0.5-2.2 m (Jeong and Oh 1991; Rao et al.
1992; Rajeshkumar et al. 1993). However, the branching
system in sweetpotato plants is heavily influenced by
spacing, photoperiod, and soil moisture and nutrients.
Increasing plant density decreases stem length and total
number of branches per plant presumably due to increases
in competition for nutrients and irradiance (Sasaki 1991;
Hamid and Sasaki 2001). The increase in stem length and
total number of branches per plant at decreasing plant den-
sity is primarily due to the formation of secondary branches
(Somda and Kays 1990a). Stem length and total number of
branches per plant increase with irrigation (Nair and Nair
1995) and soil application of N (Nayar and Vlmala 1990;
Nair and Nair 1995). Increase in K up to 75 kg ha™ however
does not significantly increase the total number of branches
(Nair and Nair 1995). A long photoperiod (18 h) decreases
branch number while increasing the branch length when
compared to plants exposed to a 12.5 h photoperiod. A short
photoperiod of 8 h increase branch number while decrea-
sing the branch length. Light intensity does not have any
clear effect on the number of branches.

Leaf characters
Sweetpotato cultivars predominantly have prostrate stems

with leaves expanded into a horizontal, shallow canopy
close to soil surface enabling the plant to intercept maxi-

mum solar radiation. Leaf shape varies widely among cul-
tivars. The leaves may be round, reniform, cordate, trian-
gular and lobed moderately or deeply. Plants have an
indeterminate growth habit and continuously produce new
leaves. As the number of leaves produced increases through-
out the growing period, the percentage of leaves attached to
the plant significantly decreases due to shedding (Somda et
al. 1991). The number of leaves depends on the number of
branches or growing points, stem and internode length, rate
and duration of leaf production and leaf longevity or leaf
shedding. Total number of leaves per plant among cultivars
varies between 60-300 (Rajeshkumar ef al. 1993). Number
of leaves per plant increases with decreasing plant density
(Somda and Kays 1990b), increasing irrigation (Indira and
Kabeerathumma 1990; Holwarda and Ekanayake 1991;
Nair and Nair 1995), and N application (Nair and Nair
1995). Increase in K however does not appreciably increase
the number of leaves per plant. Defoliation of vine cuttings
prior to planting drastically decreases the number of leaves
per plant (Jayakrishnakumar ez al. 1990).

The specific leaf weight (SLW) or leaf weight/area ratio
of sweetpotato cultivars varies between 2 and 4.4 mg cm’
(Nair and Nair 1995). The SLW declines at the end of
growth period mainly due to translocation of dry matter
from the leaves to the tubers (Somda ef al. 1991; Nair and
Nair 1995). SLW increases with increasing plant density
(Sasaki 1991), and CO, concentration in the atmosphere
(Bhattacharya et al. 1992). A long photoperiod (24 h)
increases leaf dry weight and number as compared to short
photoperiod (12 h) (Bonsi ef al. 1992).

Stomatal density of sweetpotato leaves varies between
47-155 mm™ on the adaxial side and between 151-318 mm™
on the abaxial side (Bhagsari 1990; Kubota ef al. 1992a).
High yielding cultivars have greater number of stomata on
the abaxial surface and lower number of stomata on the
adaxial surface than low yielding cultivars (Kubota ef al.
1993). The concentration of chlorophyll (chl) a, B-carotene
and xanthophyll in leaves vary widely among cultlvars
Chlorophyll a content varies between 5.3-7.8 mg g dry leaf
tissue while the chl b content varies between 2.4-3.8 mg per
dry leaf tlssue The total chl (a+b) content varies between
7.6-10.6 mg g’ dry leaf tissue. The leaf chl content remains
relatively constant throughout the growth period while the
chl a:b ratio increases with plant age (Songhai et al. 1994).
Sweetpotato shows significant positive correlation between
leaf chl and N content. However, leaf chl content does not
show significant correlation with the net photosynthetic rate.
A sweetpotato genotype with pale green leaves and 20%
total chl content of a genotype with normal green leaves
had 80% Py rate of normal green leaf genotype (Table 1).
The pale green genotype also had tuber yield at par with the
normal green genotype (Table 1). Deficiency of Mn, Zn,
and Cu causes interveinal chlorosis that leads to complete
bleaching of the young and middle leaves. Petiole NO;-N
concentration can be a reliable indicator of current N status
of the plants while total N concentration of blades appears
to be a more reliable predictor of tuber yield. Nitrogen
stress increases transpiration per unit leaf area and de-
creases water use efficiency (WUE). This was due to lower
total plant DM production rather than to increased total
water transpiration per plant (Kelm ez al. 2001). Sweet-
potato leaves showed typical discolouration symptom due
to low P (0.04-0.12%) and K (0.63%) (Susan et al. 2004).
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Leaf area

Leaf area per plant or the leaf area index (LAI) is the ratio
of leaf area to land area. LAI varies widely among sweet-
potato cultivars and at different growth periods depending
on the number of leaves retained on the stem and their size.
Shorter photoperiod, increasing N application (Patil et al.
1990), and decreasing plant density (Somda and Kays
1990b) significantly increase individual leaf area and leaf
area per plant.

Changes in LAI during growth occur in three phases.
LAI steadily increases from the 2™ WAP in the first phase,
reaching a plateau between the 8-16™ WAP in the second
phase, and declines during the third phase at the end of the
growth period partly due to leaf shedding, mutual shading
and reduced light intensity in the lowermost leaves. The
maximum LAI among cultivars during second phase varies
between 2-11 (Bhagsari and Ashley 1990; Nair and Nair
1995). LAI increases with increase in air temperature (Muk-
hopadhyay et al. 1991), photoperiod (Mukhopadhyay et al.
1991), N application (Nair and Nair 1995), soil moisture
(Chowdhury and Ravi 1990) and due to staking (Bhagsari
1990). Higher dose of K has no effect on LAI (Nair and
Nair 1995).

Brown (1992) estimated that LAI of 3 to 4 is required to
intercept 95% of PAR in sweetpotato. Most of the cultivars
in fact maintain LAI between 3-4 between 8-16 WAP. At
this LAI, maximum weekly crop growth rate (CGR) or drg
matter productlon of cultivars varies between 106-133 g m

Photosynthesis

Photosynthesis of sweetpotato leaves is similar to that of C;
plants. Net photosynthetic (Py) rate of individual leaves
varies between 12-39 mg CO, dm™ h™' among cultivars
(Ravi and Saravanan 2001; Ravi 2003; Cen and Sage 2005).
The Py rate is highest during early growth period and
declines at the end of growth period because the sink attains
maximum size at this time. Lack of consistent Py rate of
cultivars in different seasons and at different periods of
growth in the same season is primarily due to the inter-
action of Py with environmental factors and plant growth
period. The Py capacity of leaf blade relates to thickening
property of tubers. In reciprocal grafts between I. batatas
cultivar and /. trifida, a related species which does not form
tubers, Py rate of leaf blade was greater in grafts with larger
tubers than in grafts of smaller tubers. The Py rate of
individual leaves drastically declines with leaf age. The Py
rate of individual leaves negatively correlates with indivi-
dual leaf size and the Py rate per unit leaf area decreases in
leaves greater than 50 cm”. Maximum Py rate occurs at air
temperature >25-34°C (Bhagsari and Ashley 1990; Kubota
et al. 1992a). The Py rate of individual leaves steadily in-
creases with an increase in CO, concentration up to 900
ppm in atmosphere surrounding the leaf. The Py rate of
sweetpotato leaves saturates at irradiance (I) of 750-1000
pumol.m?s’ (Ravi and Saravanan 2001; Cen and Sage
2005). The response curve of Py /I depends upon the leaf
internal CO, concentrations (C;) and increase in inter-cel-
lular CO, concentrations cause the Py rate to saturate at a
high level of I (Kubota ef al. 1992b; Cen and Sage 2005).
Photosynthesis of sweetpotato leaves is also influenced by
stomatal resistance (Sg) because Sy regulates C; (Kubota et
al. 1994). High relative humidity (RH) increases Py rate
and plants grow under higher RH (85%) have greater sto-
matal conductance and Py rates than those grow under low
RH (Mortley et al. 1994). Temperature increases the CO,
saturated rate of photosynthesis more than 5-fold between 5
and 35°C (Cen and Sage 2005).

Sweetpotato leaves show maximum photosynthetic rate
between 10.00-11.00 h followed by stomatal closure and a
significant decrease in Py rate during midday (Ravi 2003).
The midday depression in Py neither relates to the accumu-
lation of photosynthates nor to changes in CO, concentra-
tion of the air but closely correlates with an increase in Sg

of leaves. However, under constant environmental con-
ditions, Py rate of sweetpotato leaves remains high and
relatively stable during the morning but decreases toward
the late afternoon. Under field conditions, high relative
humidity and relative water content of leaves significantly
influence the Py rate of individual leaves (Ravi 2003).

It was found the Py rate to be positively correlated with
nitrogen (N) content of leaf blade. However, the Py rate to
have no significant correlation with N content of sweet-
potato leaves. Photosynthesis is markedly higher in sweet-
potato leaves containing >4% K on dry weight basis. This
may be because K increases the rate of translocation of
photosynthates from leaves which in turn accelerates photo-
synthetic activity. Under P-deprivation, photosynthesis and
photorespriation (Rp) of isolated sweetpotato leaf cells
decreased and the ratio of Ry and Py rates increased (He et
al. 1992). The optimum P concentration for photosynthesis
of isolated leaf cells of sweetpotato is lower with 21% O,
than with 2% O, and conditions favoring R; could decrease
the demand for P in photosynthesis due to release of P
during the hydrolysis of phosphoglycolate to glycolate (He
et al. 1993). Inoculation with vesicular arbuscular mycor-
rhizae in the root system (Potty and Indira 1990) and high
concentration of CO, in the atmosphere surrounding the
leaf increase PN rate of sweetpotato plants. The PN rate
shows a negative correlation with starch content of leaves
due to feedback inhibition of photosynthesis.

The Py rate of individual leaves in sweetpotato canopy
is variable and therefore Py rate does not precisely reflect
the performance of all leaves together in the canopy. Lack
of correlation between Py rate and canopy photosynthetic
rate (CPy) (Bhagsari and Ashley 1990) is presumably due to
the indeterminate growth habit which results in the presence
of a portion of leaves with high Py rate while a portion of
leaves have reduced Py rate. The Py of individual leaves
also shows no significant correlation with the total dry
matter production and tuber yield (Ravi 2003). Maximum
CPy rate of sweetpotato cultivars varies between 3.7-6.5 g
CO, m™ h' (Bhagsari 1990). At the end of growth period
CPy rate declines to 50% presumably due to increase in
proportion of older leaves in the canopy and the decrease in
Py rate of individual leaves due to the maximum growth of
tubers (Bhagsari 1990). In one study, sweetpotato cultivars
differed in CPy rates at each measurement during a 23
weeks growth period due to interaction of Py rate with the
environment (Bhagsari 1990). This makes the ranking of
cultivars for CPy difficult. Increase in plant density does not
have significant effect on CPy.

Respiration

Dark respiration (Rp) of different parts of sweetpotato plant
including leaves, stem, storage and fibrous roots has not
been extensively investigated. Leaves of sweetpotato plant
have the highest Rp rate when compared to the stem, sto-
rage and non-tubers. The leaves also have high light depen-
dent resp1ratory CO, efflux rate (Ry) varying between 4.9-
5.7 mol m? s (Ravi and Saravanan 2001). Throughout the
growth period, leaf blades show the largest proportion
(50%) of total respiration and there is no cultivar difference.
The Rp rate of leaves, stems, and tubers steadily increases
during the early period of growth, levels during middle of
growth period, and then declines at the end of the growth
period. The higher Rp of leaves, petiole, and stems than
tubers may presumably decreases tuber yield when exces-
sive vine growth occurs.

Translocation

The carbon fixed by sweetpotato leaf is translocating as
sucrose out of the leaf into the stem. For sweetpotato tuber
growth, high shoot growth should be combined with effici-
ent translocation of photosynthates. Under low yielding
conditions, translocation limitation is more important than
sink limitation.
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Translocation of '“C photosynthates in rooted sweet-
potato leaves (phytomodels) ere studied with tubers and
found that 50% of the total "*C disappeared within 24 h of
exposure to “CO, presumably due to respiration while the
rest translocated to tubers. It was reported that both apical
and basal leaves on the sweetpotato stem display bidirec-
tional transport while the lower leaves transport a major
portion of their photosynthates in a basipetal dlrectlon
However, exposing the leaves in a whole plant to '*CO,
found that essentially all of the photosynthates from the
leaves on the main stem is basipetally translocated toward
the roots. In that case, carbon stored as starch within the
apical leaves on the main stem may be recycled for growth
of the main stem apex. While acropetal translocation is
negligible within the main stem, lateral branches at the base
of the plant, which bear number of fully developed leaves
capable of photosynthates export, exhibit acropetal trans-
location of some photosynthates derived from the main
stem. It is not clear if the photosynthates from the main
stem moves directly into the lateral branches or first moves
to the root system and then translocated into the lateral
branches. The significance of acropetal translocation in late-
ral branches is not known.

Sweetpotato leaves export greater amount of photosyn-
thates when measured during early hours of forenoon and
late hours of afternoon than the mid-day. This means basi-
petal translocation occurs during the dark period. Cor-
respondingly, the export pool of photosynthates in leaves is
greater in the early forenoon and late afternoon than the
mid-day. In contrast to the export, storage pool of photosyn-
thate within the leaf remains low in the early forenoon and
late afternoon but increases during the mid-day. The speed
of basipetal translocation of photosynthates is an important
factor for tuber growth and it varies during the day and
between various sites along the main stem. This may be due
to influxes of photosynthates from other leaves along the
stem and/or changes in the resistance to flow once the
photosynthates enters the phloem tissues of the main stem.

Photosynthates translocated toward the root system are
partly used for expansion of fibrous, non-tuberous roots and
the rest deposited in tubers. Basipetal translocation toward
underground parts increases when the tubers are initiated.
High sink (tuber) potential and factors which increase tuber
growth such as moderate soil moisture, RH, low soil tem-
perature and low light intensities enhance the rate and speed
of basipetal translocation. Due to increase in sink strength,
subsequently decrease concentration of photosynthates in
the phloem within the sink which in turn would increase the
concentration gradient between the leaves and the tubers.
Velocities of acropetal translocation are not much affected
due to changes in the sink potential.

ROOT SYSTEM

The root system of sweetpotato plants comprises tubers,
pencil roots and fibrous roots.

Non-tubers

Thin, adventitious roots arise from the internodal regions of
vine cuttings or cut sprouts used for propagation. These
internodal roots are typically tetrarch with a central core of
xylem with no central pith and four protoxylem points with
alternate phloem tissues within the stele with a broad sec-
ondary cortex and a limited amount of secondary phloem.
These roots develop horizontally or obliquely in the soil.
Such roots develop largely into fibrous roots. The fibrous
roots are less than 5 mm thickness and are branched and
rebranched with lateral roots forming a dense network
throughout the root zone and constitute the water and nutri-
ent absorbing system of the plant. The fibrous roots and
tubers occupy much of the soil volume. It was found that 51
and 92% of total roots were within the top 45 and 57 cm,
respectively. These roots have heavily lignified stele and
very low levels of vascular cambium activity. In one study,

20

fibrous roots accounted for 3% of the total plant dry weight
(Somda et al. 1991). Light, dry and compact soil, high
levels of N supply, low O, within the root zone and long
photoperiod (Bonsi et al. 1992) are known to favor the
development of non-storage, fibrous roots. The optimum
pH for better root growth varies between 4.5-7.0. Whereas
at pH below 3.5 no root growth occurs (Ilaava et al. 1995).
The root cation exchange capacity (CEC) varies between
21-50 me 100 g’ dry roots. Because of a strong positive
correlation between root CEC and yield of tubers and lack
of variation in root CEC in a particular cultivar at different
seasons, the root CEC can be used as a reliable index to
reflect the tuber yield. However, many of the agroclimatic
factors including soil physical characters and fertility, plant
spacing, soil moisture, soil and air temperature, are likely to
influence the root system of sweetpotato plants.

Tubers

Tubers are capable of storing starch grains through loca-
lized lateral bulking in a specific sub-apical region of thick
adventitious roots originating from the nodal region of
underground portion of vine cuttings used for propagation.
Such thick roots develop horizontally or obliquely in the
soil. The initiation of tubers can be recognized on the basis
of primary stelar structure of thick adventitious roots. The
primary structure of thick roots varies. The thick roots are
pentarch or hexarch or septarch at the base and tetrarch
nearer to the apical meristem and contain a central pith with
or without central metaxylem cells (Ravi and Indira 1996).
Some roots which are tetrarch do not differentiate into
tubers.

Tuber growth depends on the sink strength, the potential
of leaves to export photosynthesis and on the photosyn-
thetic efficiency of leaves (Keutgen ef al. 2002). The initia-
tion of tuber growth involves secondary growth by genesis
of a vascular cambium as well as several anomalous cir-
cular cambia in the subapical region of thick roots (Ko ef al.
1993; Ravi and Indira 1996). At the onset of secondary
thickening, vascular cambium initials are first laid down
within the parenchymatous zone lying between the xylem
and phloem and are connected to form a continuous and
irregular cylinder through division of the single layered
pericycle. Subsequent vascular cambial activity leads to
centripetal production of thin walled storage parenchyma,
secondary vascular tissues and a regular cylinder of vas-
cular cambium. Differentiation of vascular cambium is
accompanied by the origin of anomalous circular cambia in
the central pith around central metaxylem cell as well as
around each of the discrete protoxylem elements. These
meristems are referred to as anomalous primary cambia (Ko
et al. 1993). Anomalous circular secondary cambia also
originate around secondary xylem elements derived from
the vascular cambium. Phellogen activity on the periphery
of the tubers gives rise to the periderm. The time of initia-
tion of tubers varies widely among cultivars and may occur
during 1-13 WAP (Songhai ef al. 1994; Ravi and Indira
1996) by which time the typical tuber number of a cultivar
is determined.

Tuber growth occurs by the activity of vascular cam-
bium as well as anomalous primary and secondary cambia.
Cambial strips unassociated with vascular tissues also
develop within the secondary parenchyma and contribute to
tuber growth. Activity of all cambia results in the formation
of thin walled, starch storing parenchyma cells. The contri-
bution of different cambia in production of storage paren-
chyma varies among cultivars and appears to be cultivar
characteristic. A high yielding cultivar will show extensive
anomalous circular cambial activity compared to a low
yielding cultivar. Cultivars with high activity of vascular
cambium develop narrow uniform tubers whereas cultivars
with both vascular cambium as well as anomalous cambial
activity develop globular tubers (Ravi and Vimala 2001).
For a detailed review on storage root formation and its
molecular regulations, a detailed review is presented else-
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where (Ravi et al. 2009).

In some tubers, cambial activity does not lead to lateral
root bulking but results in uniform thickening of the entire
root. Failure of further development of these tubers results
from restricted activity of vascular cambium to produce a
heavily lignified “pencil roots”.

STARCH SYNTHESIS

Because starch is the major storage material in tubers of
sweetpotato, tuber growth is influenced by the extent of
starch synthesis and accumulation. Starch content of tubers
also varies among sweetpotato cultivars.

Regulation of starch synthesis in sweetpotato tubers is
little understood. As in other crops, starch is synthesized by
starch synthase in tubers of sweetpotato. There are two
forms of starch synthase, one tightly bound to the starch
granule (starch granule-bound adenosine diphosphate glu-
cose (ADPG) / uridine diphosphate glucose (UDPG) starch
synthase) and the other a soluble form of the enzyme pre-
sent in the amyloplasts (soluble ADPG (UDPG) starch syn-
thase). In a developing sweetpotato tuber, starch granule-
bound starch synthase activity is high during early period
and it sharply declines during later periods (Babu and Nam-
bisan 1996). Uridine diphosphate glucose (UDPG) is the
predominant nucleotide during the early period while
adenosine diphosphate glucose (ADPG) content is low and
the latter increases during active growth. Starch granule-
bound form of starch synthase prefers ADPG to UDPG as a
substrate. However, the soluble form of starch synthase
shows similar affinity to both ADPG and UDPG as sub-
strates. Soluble starch synthase activity is much higher than
the granule-bound enzyme activity throughout the tuber
growth period. Because amylopectin makes up 70 to 80%
of most starches and soluble starch synthase is responsible
for its synthesis, it is likely that the soluble starch synthase
activity is greater than the granule-bound starch synthase
activity (Babu and Nambisan 1996). High activity of bound
starch synthase during the early growth period and its sharp
decrease at a later time indicates that amylose synthesis
takes place early in the tuber growth (Babu and Nambisan
1996).

Although starch synthase is involved in starch synthesis,
the enzyme does not account for differences in tuber dry
matter and starch content among sweetpotato cultivars
(Babu and Nambisan 1995). However, ADPG pyrophos-
phorylase (ADPGPPase) (enzyme that catalyse the syn-
thesis of ADPG) activity shows a significant positive cor-
relation with the dry matter and starch content of tubers
(Tsubone et al. 1997). High ADPGPPase activity occurs in
cultivars with high starch content whereas ADPGPPase
activity is low in cultivars with lowest starch content. The
rate of increase in starch content declines in parallel with
decrease in ADPGPPase activity (Nakatani and Komeichi
1992b). Therefore the reaction catalysed by ADPGPPase
appears to be more important than starch synthase in deter-
mining starch content of sweetpotato tubers. An increase in
sugar concentration in the plant (stem) 27-63% increases
ADPGPPase and sink activities or increase in C supply pro-
motes starch synthesis and accumulation in roots (Kado-
waki et al. 2001). However, activities of sucrose synthase
(SUS), ADPGPPase, and starch synthase (SS) were highest
in the tuber forming roots of sweetpotato rather than in
thick and fibrous roots. Their activities were also greater in
high yielding than in low yielding varieties (Yatomi et al.
1996).

TUBER BULKING PATTERN

Sweetpotato tuber yield is determined by the duration and
rate of tuber growth which varies widely among cultivars.
Sweetpotato tuber growth fluctuates over a long bulking
period due to changes in the agroclimatic conditions. Hence,
unlike cereal grains, the sweetpotato tuber can undergo
periods of arrested growth during unfavorable conditions
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and then continues growth once conditions improve. High
yielding cultivars have a high bulking rate over a long
period whereas cultivars with intermediate and low tuber
yield have a high bulking rate for short duration or low
bulking rate for longer duration. In late bulking cultivars
high bulking rate for short duration may also result in in-
crease in tuber yield. Early maturing, short duration cul-
tivars exhibit fast initiation and bulking of tubers whereby
yields reach a maximum within a growing period of 12-16
weeks. Cultivars are classified into short duration or early
maturing (12-17 weeks), medium duration (17-21 weeks)
and long duration or late maturing (>21 weeks) types. The
bulking rate of tubers of early maturing cultivars declines or
even pauses at 12 WAP whereas for the late maturing cul-
tivars bulking rate increases at the middle and later growth
period. Short duration cultivars exhibit maximum bulking
rate during 12-17 weeks period and the daily rate varies
between 1.8-7.3 g plant” on fresh weight basis or 0.7-1.7 g
plant’ on a dry weight basis (Goswami et al. 1995). High
and low yielding cultivars differ in their bulking rate and
the period at which they exhibit the maximum bulking rate.
Cooler night air temperature (11.3-26.4°C) (Mukhopadhyay
et al. 1991), application of K (Mukhopadhyay et al 1993),
and 2 or 3 subsequent irrigations during 5-13" week of
growth period (Goswamy ef al. 1995) significantly increase
the bulking rate of tubers. The tuber bulking rate shows a
positive correlation with rainfall and relative humidity
(Chowdhury 1994).

ENDOGENOUS GROWTH REGULATORS

Storage root growth (bulking) involves increase in size and
weight through increase in cell number and cell size.
Whereas the storage root weight increases through accumu-
lation of photosynthates, increase in cell number and cell
size in storage roots is under the control of endogenous
growth regulators. Cytokinins help in the storage roots for-
mation by developing and activating the primary cambium
(Nakatani and Matsuda 1992; Tanaka et al. 2008). Longitu-
dinal distribution of cytokinins in developing storage roots
showed that the concentration of trans-ZR to be higher in
parts of the proximal side than in distal parts of storage
roots (Tanaka et al. 2008). In the transverse section of the
storage roots, although #-ZR levels were higher in periderm
(~90-140 pmol 'g fresh root) moderate in primary vascular
cambium (~ 80-140 pmol g fresh root) and lower in central
xylem-parenchyma region (~ 50-120 pmol” g fresh root)
the differences were not significant. 7rans-ZR content of
roots increases rapidly when the thick roots begins to
appear and declines later in storage roots growth. However,
t-ZR content of fibrous roots does not change during the
growth period. Trans-ZR content of thick storage roots is 6-
7-fold greater than fibrous roots in the beginning. Deve-
loping and mature storage roots in the plant at 40 days after
plantaing (DAP) showed 2.8- and 3.6-fold increase in #-ZR
levels relative to that of fibrous roots at 14 DAP respec-
tively (Tanaka et al. 2008). In a mutant with a late-storage
root forming phenotype, the rapid increase in of -ZR was
suppressed (Nakatani et al. 2002). Furthermore, exogenous
applications of synthetic cytokinins were reported to be
effective in promoting storage root formation (Nakatani
1994). Therefore, it appears that cytokinins especially -ZR
participate in the activation of vascular cambium in sweet-
potato roots. Cytokinin appears to be pre-requirement for
proliferation of the cambial cell files in roots and stem (Nie-
minen et al. 2008)

Indole-3-acetic acid (IAA) is involved in maintaining
the meristematic state of the cambial zone cells. The level
of TAA was thought to be critical for pentarch or hexarch
condition of the root, a prerequisite for storage roots initi-
ation. IAA was found to be one of the phytohormone con-
trolling the growth rate of tuber in potato but does not
appear to play any direct role in storage organ formation
(Menzel 1985). Application of IAA induced larger tuber
formation in potato by counteracting effects of endogenous
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GA (Xu et al. 1998). An increase in the activity of cell wall
bound invertase in sweetpotato roots treated with auxin
(Aux) and high levels of IAA oxidase activity in non-
storage roots indicates that auxin might play a key role in
storage root initiation (Acock 1984). Overexpression of
genes for enzymes involved in auxin biosynthesis such as
tryptophan decarboxylase and nitrilase may throw light on
the role of auxin in sweetpotato storage root development.
Auxin is known to regulate gene expression through tar-
geted degradation of the short lived nuclear Aux / TAA pro-
teins (Aux / IAA transcription repressors) that modulate the
expression of wide range of genes (Leyser 2002; Dharma-
shree and Estelle 2004; Tan et al. 2007). With the recent
progress in understanding the molecular mechanism of
auxin signal transduction (Leyser 2002), the auxin mediated
regulation of gene expression in sweetpotato storage roots
warrants investigation.

The higher level of endogenous abscisic acid (ABA) in
storage roots of 1. batatas cultivar than non-storage roots of
1. trifida indicates the involvement of ABA in storage root
thickening by activating cell division, especially at the
sedcondary meristem in the xylem (Oritani er al. 1983;
Wang et al. 2005). Endogenous level of ABA also shows a
positive correlation with the thickening potential of storage
roots (Nakatani et al. 1987, 1988, 1989). ABA level remains
much lower than that of #-ZR throughout the storage roots
growth (Matsuo ef al. 1988). ABA content of storage roots
remains considerably greater in a cultivar with maximum
root diameter than a cultivar with maximum number of
thick storage roots. ABA content is higher in the vascular
cambium zone than peripheral phloem and peripheral as
well as central xylem (Nakatani and Komeichi 1991). These
results indicate that ABA may be related to the activity of
vascular and anomalous cambia and promotes cell differen-
tiation and thickening of storage roots by itself or through
interaction with cytokinin. Exogenous application of ABA
stimulated tuber formation in potato (Solanum tuberosum)
(Xu et al. 1998) by increasing numbers of tubers (Abdullah
and Ahmad, 1980) and the earlier initiation of tubers
(Menzel 1980). ABA has been proposed to be the tuber for-
ming stimulus in potato (Menzel 1985) and the stimulation
effect was proposed to be due to an antagonistic effect
between ABA and GA (Krauss and Marschner 1982; Xu et
al. 1998).

Jasmonic acid and related compounds are synthesized in
leaves (Sembdner and Parthier 1993; Creelman and Mullet
1997; Mueller 1997) and roots (Abdala et al. 2003) and that
JA is metabolized to tuberonic acid glucoside (TAG) and
transported to all parts of the plant (Yoshihara ez al. 1996).
When the concentration of TAG reaches a sufficiently high
level, the increase in the level of sucrose and enlargement
of meristem occur before cell expansion in potato tuber
formation (Takahashi et al. 1995). Extracts from the shoot
of sweetpotato show the activity of jasmonic acid (JA) or
JA-related compounds (JAs) whereas the JA activity was
very high in storage roots (Nakatani and Koda 1992, 1993).
In 1. batatas cultivar, JA increases the frequency of storage
roots formation as well as the diameter of storage roots
(Nakatani 1994). The thickening of roots of I. trifida by
grafting with the top organs of /. batatas cultivar also indi-
cate that some substance(s) which stimulates root thick-
ening are translocated from [lbatatas shoot to roots of 1.
trifida (Hozyo and Park 1971). Whether JAs functions in
combination with other phytohormones such as cytokinins,
IAA, ABA for sweetpotato storage root formation warrants
further investigation.

GENE EXPRESSION DURING STORAGE ROOT
FORMATION AND DEVELOPMENT

The sweetpotato storage root formation and development is
a complex process characterized by the cessation of root
elongation, genesis of secondary vascular cambium, anoma-
lous and interstitial cambia, increase in radial growth by
increased rate of cell division, cell proliferation and cell
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expansion concomitant with the massive deposition of
starch and of storage proteins such as sporamine which
eventually result in enlargement of storage roots. These
processes are mediated by the interaction of phytohormones
such as auxins, cytokinins, jasmonic acids, abscisic acid and
coordinated by the expression of several genes which are
influenced by environmental and edaphic factors. There are
several group of genes which are involved in the root deve-
lopment are discussed in detail below.

KNOXI genes

Knotted-like homeobox (knox) genes have been isolated
from several plant species (Reiser et al. 2000). Recent
molecular studies have identified number of these genes
differentially expressed in developing sweetpotato storage
roots (Tanaka et al. 2005). KNOXI proteins positively
regulate cytokinin biosynthesis (Sakamoto et al. 2006) and
negatively regulate gibberellin biosynthesis (Chen et al.
2004). Plants overproducing cytokinins exhibited higher
levels of KNAT! and STM (SHOOTMERISTEMLESS)
mRNA and overexpression of KNOX genes also led to
modification of auxin and GA levels (Kusaba ef al. 1998).
The KNOXI genes are also involved in the development of
sweetpotato storage root. The KNOXI genes regulate cyto-
kinin levels in sweetpotato storage root. Tanaka et al.
(2008) identified 3 different KNOXI gene fragments viz.,
ibknl, ibkn2 and ibkn3 in sweetpotato storage root. Expres-
sion of Ibknl and Ibkn2 were up-regulated in developing
and mature sweetpotato storage roots. In sweetpotato plants,
before storage root development (14 DAP), all three genes
(ibknl, ibkn2 and ibkn3) were highly expressed in inter-
nodes of mature stems. After storage root development (40
DAP), ibkn2 and ibkn3 genes were highly expressed in
developing and mature storage root as well as in stems. In
developing and mature storage root, the expression of ibknl
was considerably lower than that in the stem. The expres-
sion patterns of ibknl and ibkn2 genes were consistent
among sweetpotato cultivars. In contrast, the expression
pattern of the ibkn3 gene varied depending on the cultivar.
In sweetpotato plants the expression of ibknl and ibkn3
were also observed in shoot apices. However, expression
levels in shoot apices were significantly lower than those in
storage roots. Expressions of ibknl, ibkn2 and ibkn3 were
faint or undetectable in fibrous, non-storage root.

KNOXI genes (Ibknl and Ibkn2) have functions in the
storage root development process. High expression of
KNOXI genes also seems to activate cytokinin biosynthesis
as indicated by the high #-ZR content in developing sweet-
potato storage roots whereas the lower #-ZR content in the
distal end is concordant with the lower expression of
KNOXT genes in this part (Tanaka et al. 2008). Alterna-
tively, #-ZR accumulation may also induce the expression of
KNOXI genes in sweetpotato storage roots, because the
regulation of KNOXI genes by cytokinins has also been
reported in Arabidopsis.

Tanaka ef al. (2005) identified 10 storage root formation
(SRF) genes, named from SRFI to SRF10, developmentally
regulated during sweetpotato storage formation. Of these
genes, the expression of SRF'I/, SRF2, SRF3, SRFS5, SRF,
SRF7 and SRF9 increased during storage root formation,
whereas that of SRF4, SRFS, and SRFI10 decreased. The
SRF4, SRF7 and SRF8 genes were homologus to the en-
zymes involved in carbohydrate metabolism. The SRF4 was
thought to encode the rice cellulose synthase-like (Csl) pro-
tein putatively involved in the synthesis of f—linked poly-
saccharides. The SRF'7 appears to encode a UDP-glucosyl-
transferase. The SRFI and SRF6 were homologus to the
proteins involved in signal transduction. The SRF'/ appears
to encode a transcriptional factor which is a Dof zinc finger
protein. Dof zinc finger proteins have been reported to
regulate variety of physiological processes, such as light
response, auxin response, gibberellin response or guard cell
specific gene expression (Yanagisawa 2002). The SRF6 was
homologus to the protein kinase which is involved in a wide
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range of signaling processes. It encoded a receptor-like
kinase (RLK) having a leucine-rich repeat (LRRs) motif in
the extra-cellular domain. RLKs with LRR (LRR-RLK3s)
play various roles in plant development by transmitting
extra-cellular signals. The SRF6 was highly expressed
around the circular primary cambium and anomalous sec-
ondary meristem in the xylem in storage roots. These tis-
sues consist of actively dividing cells and cause the increase
in root diameter during storage root formation. Since ABA
promotes the thickening of the storage root by activating the
meristems on the inside of the primary cambium and endo-
genous ABA is localized around the primary cambium and
meristem in the xylem. Tanaka et al. (2005) proposed the
possibility of ABA and SRF6 function in the same signaling
pathway, which controls storage root thickening. However,
the relatively high expression of SRF6 in stems and petioles
suggests that this gene may be involved in the regulation of
cell division in these organs. SRF6s expression was very
low in leaves and not around the cork cambium. The SRF§
appears to encode a neutral invertase-like protein while its
expression decreased during storage root formation. The
expression and activity of invertase has been shown to
decrease during sweetpotato storage root development (Li
and Zhang 2003). The SRF5 appears to encode a heavy
chain protein kinesin which is similar to KIN1 protein from
maize. The maize KIN1 protein is structurally related to the
human CENP-E protein which is involved in the process of
cell division. This suggests that SRF'5 expression is related
to active cell division during sweetpotato storage root for-
mation. The SRF9 was homologus to phytoene dehydro-
genase, which is involved in bacterial carotenoid biosyn-
thesis. It also showed similarity to the carotenoid isomerase
of plants, which functions in the early step of plant caro-
tenoid biosynthesis. Thus, SRF9 was thought to encode an
enzyme involved in carotenoid biosynthesis (Tanaka et al.
2005). The SRF2 showed similarity to the NBS-LRR pro-
tein, a class of proteins involved in the recognition of patho-
gens. The SRF3 was partially homologus to an ubiquitine
conjugating enzyme, which usually works in selective
protein degradation as a component of the ubiquitine / 265
proteosome pathway. However, SRF2 and SRF'3 contained
several stop codons, indicating that these genes are pseudo-
genes. The SRFI0 did not show significant homology to
any known functional proteins, except for very weak simi-
larities to polygalacturonase and the reverse transcriptase of
A. thaliana.

MADS-box genes

MADS-box transcription factors have been found exten-
sively controlling floral organ differentiation, MADS-box
transcription factors appear to participate in divergent func-
tions. Several MADS-box genes have been identified from
sweetpotato roots, such as IbMADS3, IbMADS4, IbMADS10,
1bAGL20, and IbMADS79 (Kim et al. 2002, 2005b; Lalusin
et al. 2006). These MADS-box genes derived transcription
factors may contribute to root development at different
stages (Kim et al. 2005b). The expression of IbMADSS3,
IbMADS4 and IbMADS79 has been detected mainly in
fibrous roots before storage root formation while their
expression was highest at root thickening. Transcripts of
IbMADS3 and IbMADS4 in roots were found in the vascular
cambium region where the most active cell proliferation
occurs during storage root development. Recently, Ku et al.
(2008) identified for the first time the expression of an
IbMADS1 (Ipomoea batatas MADS-box 1) gene (a typical
MIKC type I MADS-box gene) during sweetpotato storage
root formation. Among other MADS-box genes such as
IbAGL17, IbAGL20, IbMADS3, IbMADS4, IbMADS10 and
IbMADS79 identified from sweetpotato. In contrast, the
expression of /bMADSI homologue was too low in all tis-
sues from Ipomoea leucantha and I. trifida, which do not
form storage roots but are the two close relatives and
putative progenitors of sweetpotato. This clearly showed
that the expression of I/bMADSI was storage root organ
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dependant and seemed to be specifically expressed in
sweetpotato among Ipomoea species (Ku et al. 2008). The
IbMADS1 expression was also tissue-specific and cell-spe-
cific and was not expressed in flowers or leaves in sweet-
potato. In transverse sections of sweetpotato fibrous roots,
the IbMADS1 expression was mostly restricted to the stele,
especially around the primary cambium as well as in the
emerging lateral root primordium and immature vascular
cells such as the protoxylem and protophloem within the
root stele (Ku et al. 2008). Thus, active expression of
IbMADS1 appears to induce a signal-transduction pathway
of cell proliferation and cell growth and activate starch bio-
synthetic genes to fill the storage parenchyma cells which
eventually cause expansion of stele.

Spermidine synthase gene

Polyamines, spermidine (Spd, a triamine) and spermine
(Spm, a tetramine) and their oblicate precursor putrescine
(Put, a diamine) play important roles in plant growth,
development and reproduction, plant tolerance to a wide
array of environmental stresses such as low and high tem-
perature (He ef al. 2002), salinity and oxidative stress.
Recently, Kasukabe et al. (2006) developed transgenic
sweetpotato plants by introducing spermidine synthase gene
(FSPDI) derived from Cucurbita ficifolia. The FSPDI —
transgenic sweetpotato plants showed two fold increase in
spermidine content as compared to the non-transgenic
counterpart in both leaves and storage roots. The FSPDI-
transgenic plants also had greater putrescine content in the
leaves than the non-transgenic plants. The transgenic sweet-
potato plants showed a similar rate of vine growth to the
non-transgenic plants but the transgenic sweetpotato plants
produced greater number and mass of storage roots under
both stress (salinity and drought) and non-stress environ-
ments, showed greater tolerance to chilling and heat medi-
ated damage to photosynthesis, and had enhanced oxidative
stress tolerance compared to the wild type plants. Because,
storage root formation depends upon active cell division in
the primary cambium and the secondary meristems, poly-
amines may be involved in sweetpotato storage root forma-
tion. Thus, the marked increase in the spermidine content in
the roots could have played a role in enhancing the potential
for storage root formation in the F'SPDI- transgenic sweet-
potato plants (Kasukabe et al. 2006). The FSPD]I-trans-
genic sweetpotato plants also had greater photosynthetic
rate than non-transgenic sweetpotato plants because of
higher storage root formation and the subsequent increase
in the rate of assimilates flow to storage root sink. The
FSPD]-transgenic sweetpotato plants also exhibited higher
antioxidant enzyme activities in chloroplasts and showed a
greater tolerance to oxidative stress (Kasukabe et al. 2006).

Source and sink relation

The yield of a crop depends on the production of assimi-
lates by a “source” and the extent to which they can be
accumulated in a “sink” represented by the organs which
are harvested. In sweetpotato, the tubers which accumulate
assimilates are the predominant sink. The shoots, mainly
leaves, which produce assimilates are the source, although
shoot growth is itself an important sink in the early period
of crop growth. The photosynthetic rate and the leaf area
can be regarded as the “source potential” while the number
of tubers and the mean tuber weight can be regarded as the
“sink capacity”. The source potential as well as sink poten-
tial varies widely among sweetpotato cultivars. The tuber
yield is controlled not only by source potential but also by
sink capacity. However, considering the wide variation in
source potential and sink capacity among sweetpotato
cultivars it is uncertain whether the source or the sink is
limiting the tuber yield. Earlier studies were conducted to
understand source and sink relations by changing the sizes
of both source and sink. Source size has been varied by
removing leaves while sink size has been varied either by
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exposing the tubers to light or to different temperatures or
by removing the tubers and by treating with growth regu-
lators. Such treatments however, were likely to have an
adverse effect on other physiological processes. To mini-
mise interference with these processes, reciprocal grafts
have been used (Ko et al. 1993).

Some studies indicate that in grafts between 1. batatas
and [. trifida, plants that had strong sink as stock accumu-
lated dry matter much higher than plants with weak sink.
Therefore, it was inferred that tuber yield of sweetpotato is
determined primarily by sink capacity rather than source
potential (Ko et al. 1992). However, both source potential
and sink capacity can be factors limiting tuber yield. The
relative contribution of source potential and sink capacity to
tuber yield differs during the crop growth period among
cultivars. The source potential is more limiting than sink
during the early growth period but they are equally impor-
tant in determining tuber yield at later growth period after
the formation of tubers (Li and Kao 1990).

Several studies reveal a positive correlation between
shoot weight and tuber weight indicating that tuber growth
is closely associated with shoot growth (Mukhopadhyay et
al. 1992, 1993). However, other studies indicate a negative
correlation between shoot weight and tuber weight (Gos-
wamy 1994). This means that tuber growth depends on the
shoot growth to a certain extent. Excess shoot growth con-
sumes greater amount of photosynthates and does not favor
tuber growth. The number of branches shows negative cor-
relation with tuber yield (Thankamma and Eswariamma
1990). LAI has a positive correlation with tuber yield
(Chowdhury 1994). Sink related parameters like tuber num-
ber per plant shows positive significant correlation with
tuber yield (Zang and Lian 1994). Sink characters like tuber
girth and length, fresh weight per tuber (Zhang and Lian
1994) and bulking rate (Chowdhury 1994) show significant
positive correlation with tuber yield.

Carbohydrate accumulates in the leaves of shoots
grafted on to plants with low sink capacity (Ko et al. 1993).
The Py rate drastically declines when root enlargement is
restrained. When grafted, the high sink capacity of high
yielding cultivars increases the source potential of low
yielding cultivars which in turn increases root yield (Zhong
1991). This is because higher sink capacity stimulates the
translocation of photosynthates thereby reduces the carbo-
hydrate content of the leaves and increases source potential
(photosynthetic rate). The balance between source potential
and sink capacity changes during the day, at different periods
of growth, and due to change in environmental conditions.
This makes it difficult to generalise the relative importance
of either source or sink towards tuber development. There-
fore, the relative contribution of source and sink towards
tuber growth appears not to be constant throughout the
growth period and appears to be specific to initiation and
bulking period of tubers. More vine growth in cultivars rep-
resent more shoot activity which competes with tuber
growth for assimilates. An active source coupled to a higher
sink capacity is desirable provided that the source compo-
nent should not be so active as a competitive sink.

Dry matter production and harvest index

Total dry matter (TDM) production and efficiency of dry
matter (DM) allocation to tubers is an important factor
determining tuber yield. The increase in TDM as well as
tuber dry matter (TBDM) follows a sigmoid pattern in
sweetpotato (Oswald ef al. 1994). A few reports indicate a
linear increase in TDM (Nair and Nair 1995) and TBDM
(Nair and Nair 1995). The increase in TBDM is maximum
during 7-23 weeks. In general, sweetpotato exhibits three
growth phases based on dry matter partitioning. During the
first phase, shoot growth dominates with an increasing pro-
portion of DM diverted to shoot growth. This is followed by
a second phase of constant partitioning of DM between
shoot and tuber growth. During the third phase, a major
portion of DM is partitioned to tubers. High soil moisture
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prolongs TDM production, reduces the proportion of DM
allocation into tubers and diverts to shoot growth. An
increase in N and K fertilizers considerably increase TDM
and TBDM (Satapathy et al. 2005). An increase in plant
population decreases TBDM and shoot DM per plant but
significantly increases per hectare. Increase in shoot DM
follows a hyperbolic pattern (Oswald et al. 1994).

The ratio between the TBDM and the TDM (harvest
index, HI) indicates dry matter partitioning efficiency to
tubers. Accordingly 80% HI has been estimated to equate
tuber yield of the order of 46 t ha” for a 16 weeks crop or
69 t ha™ for a 24 weeks crop. Sweetpotato cultivars differ in
TDM production and cultivars with higher TDM divert
more DM to tubers than those with lower TDM. High yiel-
ding cultivars divert more DM to tuber than low yielding
cultivars. The HI among sweetpotato cultivars varies
between 11-85% when harvested during 12-24 weeks (Gos-
wami ef al. 1995). Excess or inadequate soil moisture
reduces HI (Goswami ef al. 1995). Application of N fertili-
zer either has no influence or reduces HI (Nair and Nair
1992) while K increases it.

HI has a strong positive correlation with tuber yield
(Bhagsari and Ashley 1990). There is a strong positive
correlation between TBDM and TDM and between HI and
TBDM. The correlation between HI and TDM is positive
but insignificant (Li et a/. 1991). The HI and tuber dry
weight of cultivars respond differently to a change in the
environment. Because, variation in HI among individual
plants within cultivars is small as compared to the TBDM
and HI might be influenced to a lesser extent than TBDM
by change in environmental conditions (Li ef al. 1991). HI
can be used as reliable selection parameter.

RESPONSE TO STRESS

Sweetpotato production may be increased by increasing
yield per unit area or increasing area under cultivation.
Yield increases per unit area can be achieved by breeding
and subsequent selection program. However, most of the
land available in the tropics is limited in its productive
capacity by either unfavorable soil properties or climatic
conditions. Therefore, for increasing area under cultivation,
attention must be given to developing resistant cultivars to
various stress conditions.

Water deficit

Sweetpotato yields best when irrigated at 25% available soil
moisture and there is no increase in storage yield by main-
taining soil moisture >50%. Under typical production con-
ditions, the crop requires 500 mm water for 16-20 weeks
growth period (Chukwu 1995). However, tuber yields are
affected by amount, timing and distribution of water. Tuber
yield decreases under water deficit stress (WDS) particu-
larly when the available soil moisture decreases below 20%
(Nair et al. 1996). Irrigation less than 50% of cumulative
pan evaporation rate also has been reported to decrease
tuber yield (Indira and Kabeerathumma 1990; Chowdhury
1996). The tuber initiation period is the most sensitive to
WDS due to its effect on tuber number (Nair et al. 1996;
Ravi and Indira 1996). WDS during tuber initiation period
induces lignification of tubers and hampers tuber growth.
Lignification and reduction in tuber yield is greater in
cultivars with weak sink capacity than those with higher
sink capacity (Ravi and Indira 1996).

The reduction in tuber yield under WDS is also related
with physiological and biochemical changes in the leaves.
Under WDS conditions, water potential (WP.) or relative
water content (RWC) of sweetpotato leaves decreases
(Chowdhury and Naskar 1993; Ravi and Indira 1995).
Leaves permanently wilt when WP decreases to -1.3 MPa
and at WP between -1.6 and -2.0 MPa the leaves senesce
(Ravi and Indira 1995). The decrease in WPy increases Sg
to CO, exchange (Indira and Kabeerathumma 1990) causing
reduction in Py rate (Ravi and Indira 1996). Cultivars differ
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in their tolerance to WDS conditions (Ravi and Indira 1996).

Tolerant cultivars have greater Sy than the susceptible ones
(Kubota et al. 1993). High Sy in tolerant cultivars may be
advantageous for conserving leaf water content at the cost
of reduction in photosynthesis under WDS This helps
tolerant cultivars to have lower desiccation rate in the leaf
tissue than the susceptible ones (Naskar and Chowdhury
1995). Under WDS conditions, increase in CO, concentra-
tion surrounding the leaf improves the WP, and the tuber
yield (Bhattacharya et al. 1990b). Drought resistance was
significantly and positively correlated with RWC and anti-
oxidative enzyme like superoxide dismutase (SOD) activity
but negatively correlated with malondealdehyde (MDA)
content in leaves (Zhang et al. 2005). Overexpression of
Cu/Zn SOD and APX in chloroplasts of sweetpotato en-
hanced drought tolerance. However, tuber formation in
transgenic plants was poor (Lu ef al. 2010).

The total chl, chl a (chl a), chl b content and ratio of chl
a and b of leaves decreases in sweetpotato plants subjected
to WDS (Zhang et al. 2002). Cultivars tolerant to WDS
have lower chl and higher ATP content (Zhang et al. 2002)
in leaves than the susceptible ones. Under WDS conditions,
nitrate reductase (NR; the first enzyme of the nitrate assimi-
latory pathway which reduces NO;™ to NO;™ in the cytosol)
activity decreases in sweetpotato leaves (Indira and Kabeer-
athumma 1990). In corn (Zea mays L.) and barley (Hor-
deum vulgare L.) plants, nitrate reductase (NR) activity
decreased due to decrease in protein synthesis but not due
to NO;3;™ amount in stressed tissue. Whether the decrease in
NR activity in stressed sweetpotato leaves is due to
decrease in the enzyme activity itself because of decrease in
protein synthesis or due to decrease in NO;™ uptake or both,
is not known. In cotton (Gossypium hirsutum L.) plants,
during WDS, N deficiency promoted ABA accumulation
which in turn induced stomatal closure and decrease in
stomatal conductance at a higher WPy than normal. How-
ever, in sweetpotato, under WDS, the interaction among
low N, WP, ABA, and stomatal closure is not known.
Because the inflow of inorganic N into plants is largely
controlled by NR activity, reduction in NR activity under
WDS may limit growth, development and protein synthesis.
Sweetpotato cultivars tolerant to WDS have greater NR
activity than the susceptible ones (Naskar and Chowdhury
1995). In 15 cultivars, the IAA, GA, ZR and iPA content in
leaves decreased while ABA increased during drought
(Zhang et al. 2002).

Drought tolerant sweetpotato cultivars accumulate
greater amount of proline in the leaf and fibrous root tissues
than the plants under WDS free conditions (Ravi and Indira
1997). In both tolerant and susceptible cultivars, leaves
accumulate greater amount of proline than the non-storage,
fibrous roots (Ravi and Indira 1996). However, some sus-
ceptible cultivars which do not yield but survive under
WDS also accumulate good amount of proline in their leaf
tissues (Ravi and Indira 1997). Because most of the proline
accumulation occurs after growth has ceased, proline does
not seem to influence sweetpotato plant growth during
WDS. Free proline accumulation was also not correlated
with drought resistance in sweetpotato (Zhang et al. 2005).
The transgenic sweetpotato plants transformed with spermi-
dine synthase gene (FSPDI) had 2-fold increase in foliar
and tuber spermidine (Spd) content, higher photosynthetic
rate, lower H,O, concentrations in leaves due to higher
antioxidant enzyme activity in chloroplasts, produced more
number of larger tubers and showed greater tolerance to
drought stress conditions (Kasukabe ef al. 2006).

Flooding

In the tropics, waterlogging in the field during heavy rain
storms or excess soil moisture in heavy soils with poor
drainage, impedes the growth of plants by restricting the
availability of O, in the root zone. Because induction and
growth of tubers depend on the presence of sufficient O, in
soil, anaerobiosis during waterlogging or surplus soil mois-
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ture reduces tuber production. Excessive vegetative growth
under high soil moisture conditions results in low tuber pro-
duction (Goswamy et al. 1995). Cultivars differ in their
abilities to withstand flooding or surplus soil moisture. In
rooted sweetpotato leaves flooding induces fewer tubers
and increases the fibrous root dry weight. Flooding induces
reduction in the number, size and diameter of tubers and
increases in the shoot fresh weight, presumably due to the
decrease of sink capacity which in turn inhibits the trans-
location of photosynthate to tubers. High temperatures
during flooding also enhance leaf senescence. Plants sub-
jected to flooding during early period of growth resumes
their normal growth better than plants subjected to flooding
later in the development cycle. Therefore, the reduction in
storage yield is greater in plants exposed to flooding at later
growth period than plants that are subjected to flooding at
early growth period. Flooding resulted in less reduction of
tuber yield in grafted plants with high sink capacity than
those with poor sink capacity. Therefore, it appears that cul-
tivars with high sink potential tolerate flooding than those
with weak sink potential. Transient flooding (flooding two
days in a week) however, increases shoot growth and tuber
yield. The physiological and biochemical changes associ-
ated with flooding and the mechanism of flood tolerance
needs investigation. The level of antioxidants (AOs) and
AO enzyme (glutathione reductase) activities of sweet-
potato leaves increase during flood stress and induce flood
tolerance (Lin et al. 2006).

PROPAGATION PHYSIOLOGY

Sweetpotato is normally propagated vegetatively by vine
cuttings. However, where vines are unavailable for planting,
root sprouts and storage root pieces can be used for propa-
gation. Micropropagation techniques and propagation from
true seed have been suggested but neither of these methods
is practical.

Vine cuttings

Vine cuttings are used as planting material in tropical
regions. Cuttings are normally taken straight from one field
being harvested to the one being planted. Adequate soil
moisture, aeration, light, and heat are necessary for better
establishment of vine cuttings. Portion of the vine from
which cuttings are made, age of the source plants, physio-
logical state of the cuttings, number of days the cuttings
stored influence growth and subsequent storage root yield.
The advantage of vine cuttings is that they are free from soil
born diseases but not viral diseases (Phills and Hill 1984).
Cuttings from the shoot apex are better planting material
than basal or middle vine cuttings (Villamayor Jr. and Perez
1988a; Balasurya 1991; Schultheis and Cantliffe 1994).
Plants grew from apical and middle cuttings accumulate
maximum dry matter in the storage roots. Age of the source
plants from which cuttings are taken is a critical factor.
Storage root yields are significantly reduced when cuttings
from older plants are used. The yield of plants from basal
cuttings was 56% lower than those from apical shoot
cuttings whereas yield of mixed plants was 13% lower than
those from the apical vine cuttings (Villamayor Jr. and
Perez 1988a). Thus for better storage root yields apical cut-
tings can be used. When there is scarcity of apical vine
cuttings the middle or basal cuttings from any age of the
source plant can be used.

The presence of leaves on vine cuttings greatly increa-
ses adventitious root production presumably due to the pre-
sence of active endogenous root promoting substances).
Storage root yield is significantly higher in plants from vine
cuttings with foliage than plants from cuttings without foli-
age (Ravindran and Mohankumar 1989). Therefore strip-
ping of vine cuttings should be avoided if vine cuttings are
to be stored.

For better storage root yield, 20-40 cm long vine cut-
tings should be used (Bautista and Vega 1991). Plants from
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cuttings stored for 2-5 days under damp but well aerated
conditions yield better than those from fresh cuttings
(Ravindran and Mohankumar 1989; Nwinyi 1991; Villa-
mayor Jr. 1991).

Root sprouts

Sprouts produced from storage roots also may be used for
propagation. In temperate regions, immediately after har-
vest, storage roots are exposed to higher temperature about
32°C and 85% RH for about one week (curing) and then
stored at about 16°C and 85% RH. During the next planting
season, sound storage roots are taken from the stored lot,
exposed to about 32°C and 85% RH (presprouting). Brief
extension of curing and pre-sprout period induce early
sprouting and increase sprout production. The pre-sprouted
storage roots are then buried in moist sand or soil beds and
stimulated to sprout by application of moisture. The bedded
storage roots sprout within 2 weeks and about 4-6 weeks
after bedding, the first batch of spouts of desirable length
(20 cm) are ready for harvest. Subsequent harvests can be
made at weekly intervals. Sprouts from the earlier harvests
may be stored with their bases dipped into moist sandy
loam soil in trays. When sufficient spouts are collected they
are transplanted to the field. Cutting the storage roots trans-
versely in to 3 or 4 sections increases sprout production.
Experimental results show that ethylene chlorhydrin, thio-
urea or acetylene, 2,4-D, NAA, a-methoxyphenyl acetic
acid, P-naphthoxyacetic acid, 3,4-dichlorophenyl o-
methoxy acetic acid, dimethyl sulfoxide (DMSO), 3-IBA
plus DMSO, ethephon and GA; (Hall 1994) increase the
number of sprouts from treated storage roots with earlier
sprouting in the ethephon or GAj; treatments. However,
sprouts produced through chemical treatments are not suita-
ble for transplantation.

Cut root pieces

Several workers studied the potential of using cut storage
root pieces directly as planting material (Mohankumar and
Potty 1993). Cutting the storage root into pieces of 2.5 cm
thickness decreases the proximal dominance and enhances
sprout production. Larger root pieces produce progressively
larger sprouts but these sprouts are substantially smaller
than sprouts produced by intact roots. Cut roots produce
more vigourous shoot growth and more adventitious roots
but less uniform storage roots than vine cuttings. Smaller
root pieces (6.4 cm®) produce slightly more sprouts per cm’
of surface area than the larger root pieces. The set size may
be 20-50 g or 40-50 cm’. Curing of cut root pieces for 24 h
at 30-35°C and 100% RH or treatment with IBA and BA sti-
mulates formation of adventitious roots and shoots. Mohan-
kumar and Potty (1993) found no significant difference in
the yield of marketable storage roots or vine, when dam-
aged, non-marketable as well as good quality marketable
roots were used as planting material. However, this tech-
nique is not yet useful in commercial production.

Micropropagation

There is an increasing interest in the micropropagation of
sweetpotato through somatic embryogenesis and other in
vitro cultures. Use of somatic embryogenesis in a seeding
system offers several potential advantages e.g. the produc-
tion of large quantities of propagules in limited space, main-
tenance of genetic uniformity, rapid propagule multiplica-
tion (Monica et al. 2009), and direct planting of somatic
embryos in the field thus eliminating cost of transplanting
and reduce incidence of disease (Bienick et al. 1995; Liu et
al. 2001). Within 3-4 weeks, somatic embryos and plantlets
with roots and shoots could be successfully regenerated
from embryogenic callus derived from shoot apical meri-
stem (Schultheis and Cantliffe 1992), stem and root ex-

plants, leaf explants, anther, nodal explants, petiole explants,

petiole protoplasts, stem and petiole protoplasts and meso-
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phyll cell suspension (reviewed in Ravi and Indira 1999).
Such plantlets could successfully establish in the field.

Addition of salts and carbohydrates within hydroxy-
ethyl cellulose gel increase plantlet production from soma-
tic embryos where suspension of somatic embryos in a
vicious gel supplied with growth additives was performed
(Schultheis and Cantliffe 1992). Inclusion of hormones,
beneficial microbes may improve embryo growth or inclu-
sion of pesticides can prevent growth of microbes that
would inhibit embryo development into plantlets. Torres et
al. (2001) found that the number of somatic embryos in-
creased from callus proliferation cultures when they were
pulsed with 0.1 uM ABA for 14 days and addition of man-
nitol also improved the synchrony of sweetpotato somatic
embryos.

Photoautotrophic micropropagation using sugar-free
medium is an alternative to conventional method for com-
mercial scale production of plantlets. It offers great advan-
tages in terms of faster growth and higher biomass produc-
tion in vitro compared to conventional tissue culture tech-
niques. The demand for quality planting materials neces-
sitates the scaling-up of photoautotrophic micropropagation
systems. Forced ventilation photoautotrophic micropropa-
gation systems were developed leafy stem cuttings of
sweetpotato with nutrients but without sugar (Heo and
Kozai 1991; Zobayed et al. 1999b). The inlet CO, concen-
tration of the system was 1500 pmol mol” and the photo-
synthet1c photon flux on the culture shelf was 150 pmol m™

. The net photosynthetic rate and dry mass of sweetpotato
plug plantlets from the forced ventilation treatment on day
22 were 30-40 times and 4-6 times greater, respectively,
than those of the plantlets grown under the conventional,
photomixotrophic micropropagation in gelled agar medium
containing sugar. Zobayed et al. (1999a) used vermiculite
mixed with 30% (w/w) paper pulp as supporting material in
photoautropic micropropagation of sweetpotato and
achieved higher growth performance. The shoot and root
fresh mass were x2.7 greater than that in agar; the leaf, stem
and root dry mass were also greater and at least two fold.
The plantlets grown photoautotrophically under forced ven-
tilation survived better when transplanted directly into soil
in the greenhouse (without ex vifro hardening) and grew
faster. This was because they were better able to control
transpiration and thus lost less water and showed no signs
of wilting. In contrast, plantlets cultured under photomixo-
trophic conditions had open stomata which were not func-
tional, a higher transpiration rate, and uncontrolled and
rapid water loss immediately after transfer ex vitro (Zoba-
yed et al. 2000).

Seed

Use of true seeds for sweetpotato production may simplify
the planting process compared with the routine method of
planting vine cuttings but genetic segregation would make
true seed propagation unlikely. Many problems affect seed
production in sweetpotato. Cultivars that do not flower
readily can be stimulated to flower by various techniques.
However, problems of incompatibility and sterility impede
controlled pollination in sweetpotato. Serious physiological
problems, occurring as post-pollen germination barriers to
fertility, often impede seed production in sweetpotato even
when a cross is compatible. Compared with vine cutting
planting, storage root yield is significantly reduced in true
seed planting (Schultheis and Cantliffe 1994). Storage root
yield varies widely among the true seed population and
cultivars tend to have higher storage root weight ratio than
the true seed population. True seed method does not appear
to be promising for sweetpotato propagation.

CONCLUSION

Over the past five decades understanding of the growth and
productivity of sweetpotato has rapidly increased, although
it still remains incomplete. Under tropical conditions,
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sweetpotato can be grown throughout the year wherever
water is available through rain or irrigation. Although pro-
ductivity of sweetpotato is high under cool climate con-
ditions, there is a wide gap between the potential and
average yield due to vagaries of agroclimatic conditions. In
view of the changing climatic conditions, sweetpotato
varieties have to be developed with new potential to combat
abiotic stresses such as water deficit and high temperature
stresses under high CO, environment. The knowledge on
genes identified for abiotic stress tolerance and starch bio-
synthesis has to be exploited for high productivity of sweet-
potato in the weird climate conditions.
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