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Abstract

Constant removal of sugars from the site of synthesis (i.e., leaves), in response to elevated sink (culm) demand, may per-
haps prevent damping of photosynthesis, by sugar, and hence promote further sucrose accumulation in the culm. In this
study, gibberellic acid (GA;) induced nearly 42.3% enlargement in cell size and about 39.3% increase in internodal length
(sink capacity), 177% escalation in reducing sugar level (sink strength), amplified the expression of sucrose-metabolizing
enzymes (sink demand), viz., 7.5-fold for SAI, 4.5-fold for CWI, sixfold for SPS, all demonstrating facilitation of augmented
sucrose accumulation in the culm. The GA;-treated BO 91 cane (late maturing sugarcane variety) exhibited an elevated final
sucrose concentration (40.54-41.6%) as compared to control (30.44-38.8%). The GA;-sprayed cane of early maturing Co
J64 also showed such a boost, but it was lost by the end of maturity, perhaps due to inversion and/or the less effective GA,
treatment. Thus, results demonstrated the role of GA; in augmenting sucrose content of cane culm, possibly by influencing

source—sink dynamics in sugarcane.
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Introduction

Sugarcane houses a unique source—sink system wherein the
mature culm serves as a large sucrose reservoir called the
‘sink” and the leaves play the ‘source’ of photosynthetic sug-
ars (Watt et al. 2014). The supply of photoassimilate works
on a demand and supply basis wherein sucrose demand for
growth and differentiation during plant development origi-
nates in the sink tissues and sucrose synthesis to meet this
demand, occurs in the leaves of plants (Hussain et al. 2004).
Changes in sink activity as plants grow and mature, result
in change in the demand for photosynthate (viz., immediate
utilization for growth and respiration or for storage too). The
rate of phloem loading is accordingly adjusted, to accommo-
date the changing sink demand (Lalonde et al. 2003). Thus,
the rate of sucrose synthesis in the source is governed by the
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rate of photosynthesis and also the rate of export from leaves
(Battistelli et al. 1991).

Sucrose accumulation in sugarcane culm occurs against
the concentration gradient powered by respiration-generated
energy (Bieleski 1960). Sucrose has been reported to be
present in the vacuole as well as the apoplastic space and
symplast, in similar concentrations (Welbaum and Meinzer
1990). As the culm matures, sucrose concentration along the
entire stalk increases, while the proportion of glucose and
fructose decreases (Lontom et al. 2008). Hence, a sucrose
gradient exists in the culm, with low levels in young inter-
nodes to more than 200 g kg~ fresh weight in the mature
internodes (Glasziou and Gayler 1972).

The quantum of sucrose accumulation is regulated by
various enzymes involved in its synthesis and breakdown
(Moore 1995), viz., invertases and synthases. SPS (sucrose
phosphate synthase) is a key sucrose-synthesizing enzyme
which regulates photosynthetic sucrose synthesis (Stitt et al.
1988). Photosynthetically produced sucrose present in the
source mesophyll cells is either loaded symplastically via
bundle sheath cells or exported to apoplasm and loaded
into SE-CCC (sieve element-companion cell complex) by
a proton-sucrose symporter (Riesmeier et al. 1994). Upon
transportation and arrival of sucrose in the culm/stem, it
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can be catabolized by sucrose synthase (SuSy) or the three
invertase isoforms, viz., soluble acid invertase (SAI; high
in apoplast and vacuoles of young internodes, pH optimum:
4.4), cell wall bound acid invertase (CWI; pH optimum:
3.8), and neutral invertase (NI; in cytoplasm, pH optimum:
7.0) (Glasziou and Gayler 1972). The thus generated hex-
oses may be metabolized and fed into various biochemi-
cal pathways, or resynthesized into sucrose by SPS (Hatch
et al. 1963). Sucrose synthase (SuSy) is also reported to
partake in sucrose synthesis though it is primarily involved
in sucrose degradation. As reported in sugarcane culms too
(Moore 1995), during sink development, phloem unloading
may initially occur via the symplastic route and later involve
an apoplastic step also. The additional route for unloading
is reasoned by the increased need for sucrose translocation
due to growing sink demand. Sucrose transporters (SUTs)
mediate sucrose influx at the source as well as its efflux at
the sink. The sucrose unloaded in the stem parenchyma is
cleaved by CWI, thus facilitating transport of monosaccha-
rides through the plasma membrane. Surplus sugar (other
than that required for growth, respiration and other meta-
bolic processes) is resynthesized into sucrose by SPS and
SS and stored in vacuole.

The idea of present study is derived from the fact that sug-
arcane culms have the potential to accommodate much more
sucrose than has been attained till date. Sucrose accumula-
tion in the culm can perhaps be improved by preventing/
delaying saturation of the sink demand, which will in turn
induce greater sucrose production at the source, thus facili-
tating increased export of photosynthate supply through the
phloem (Grof and Campbell 2005). Sugar feeding and cold-
girdling treatments have demonstrated how sugar accumu-
lation in leaves causes decrease in photosynthetic rates and
chlorophyll content, and down-regulation of enzymes related
to photosynthesis (Krapp and Stitt 1995), and sugar trans-
porters (Chiou and Bush 1998), in several species including
sugarcane (McCormick et al. 2006, 2008). McCormick et al.
(2006) have demonstrated how increase in the sink demand
brought about by partial shading, causes an increase in pho-
tosynthetic CO, assimilation and electron transport rate of
the sole unshaded source leaf over the duration of shading
treatment. The immature culm exhibits a decrease in sucrose
and increase in hexose sugar levels over the shading period
due to increased sink demand.

Phytohormones like GA; (gibberellic acid) have been
reported to affect cell expansion thereby increasing sink
size and sink strength, thus enhancing the competitive abil-
ity of the organ to draw assimilates (Igbal et al. 2011). GA;
perhaps affects source—sink communication by stimulating
assimilate transport and increasing phloem unloading of
sucrose into the sink, establishing a more favourable sucrose
gradient between sink and source (Cole et al. 1972). Gibber-
ellins can thus be predicted to enhance sucrose accumulation
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in the sugarcane culm by heightening sink demand, subse-
quently increasing plant yield. In the present pursuit, the dif-
ferences in sugar behaviour and gene expression of control
and GA;-treated plants have been explored, to throw light
on how GA (gibberellins) manipulation of regulatory com-
ponents can help sustain high photosynthetic rates despite
sufficient culm sucrose accumulation, thereby facilitating
better sucrose yield. Also, a comparison between biochemi-
cal and molecular level response of high (CoJ 64) and low
(BO 91) sucrose accumulating varieties to GAj, as drawn
in this study, can display vital attributes that lead to high
sucrose accumulation in the sugarcane culm.

Materials and methods
Plant materials

Planting was done in the last week of February, 2015, using
three bud sets, of an early maturing, high sucrose accumu-
lating (CoJ 64) and late maturing, low sucrose accumulat-
ing (BO 91) variety, at ICAR-Indian Institute of Sugarcane
Research farms (26.78°N, 80.99°E, 111 msl) Lucknow,
India. Employing two varieties with contrasting sucrose
accumulation behaviour helped compare the role of GA; in
facilitating sucrose accumulation in an already high sucrose
accumulator to that in a comparatively low sucrose accumu-
lator and the differences involved therein. Gibberellic acid
(GA;) was exogenously applied thrice, during the grand
growth phase (July—September), at 1 month interval, in the
form of a 35 ppm spray. Sampling of a non-sprayed plant
was done on 0 DAS (0 day after spraying) in September, to
serve as Oth day control and over the entire maturity (sucrose
accumulation) phase, from October to January for CoJ 64
and October to March for BO 91. Each month, three con-
trol (non-sprayed) and three GA;-sprayed canes, of similar
height and girth and reared under normal growth conditions,
were sampled. Dividing each cane into three equal portions,
tissue extracted from top and middle cane portions was used
for RNA sampling, while juice from bottom, middle and top
portions of the canes was used in the estimation of sugar.
Sugar evaluation was also done in the freshly opened and
photosynthetically most active LTM (last transverse mark)
leaf of control and GA;-sprayed canes. RNA was also
extracted from the LTM leaf for further molecular analysis.

SEM visualization

The internodal length and girth of three canes each, of con-
trol and GA;-treated type, was tracked weekly, for a month,
after the last spray (i.e., through October). The middle por-
tion (i.e., internode no. 10-14 in CoJ 64 and no. 9-13 in BO
91) of control and GA;-treated canes consistently showed
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greatest difference in length between corresponding inter-
nodes (Table 1). Tissue from a specific area in between the
rind and pith of control and GAj;-treated internodes that
showed the maximum length difference, was visualized
using scanning electron microscope. 5% w/v glutaraldehyde
was employed as fixative and the culm tissue samples were
incubated in it for 4 h at pH 7.0 in 0.05 M sodium cacodylate
buffer. The samples were replenished with fresh fixative
after 2 h and thereafter rinsed with buffer. Serial dehydra-
tion was carried out in ethanol (Busse et al. 2005). The sam-
ples were then subjected to critical point drying and were
sputter-coated with palladium. These prepared samples were
observed under JEOL 6490LYV scanning electron microscope
(SEM) with an accelerating voltage of 15 kV, to ascertain
morphological difference between control and GA; sprayed
samples.

Reducing sugar and sucrose content

Standardized dilution of fresh cane juice and leaf extract
was used to determine reducing sugar (RS) content in each,
using Nelson’s method (Nelson 1944). For estimating total
sugar content, 0.1 N HCl-mediated sucrose hydrolysis step
was incorporated at the beginning of the RS estimation pro-
cedure. Absorbance was taken at 540 nm with observations
made in triplicate for each of the samples. The values were
calculated, taking the standard curve of glucose as refer-
ence. The sucrose content was estimated as a difference of
the two values.

Total RNA isolation

Isolation of total RNA was done (using Trizol) from defined
cane portions (middle and top) and LTM leaf, of control
and GA;-sprayed canes of BO 91 and CoJ 64 variety. RNA
quality was checked on 1% agarose gel and the RNA was
quantified using nanodrop spectrophotometer (Quawell
UV-visible spectrophotometer). The concentration of RNA
samples was normalized, taking clue from the gel and nan-
odrop observations. The total RNA samples were treated

with DNase I (Thermo Scientific, USA) to remove any pos-
sible DNA contamination.

Semi-quantitative RT-PCR analysis

The RNA normalization was verified using 25S rRNA gene
primer pair (F5' GCAGCCAAGCGTTCATAGC3'; R5'CCT
ATTGGTGGGTGAACAATCC3’) as internal control. Leaf
RNA samples were subjected to a combined cDNA synthe-
sis and reverse transcriptase reaction set up using one-step
RT-PCR kit (Qiagen, India). Differential expression w.r.t.
gene specific primers, viz., phosphoenolpyruvate carboxy-
lase (PEPC) (F5'ATCAAGGAGAAACTGGATG3";R5'TCA
GGAAAGAACTAGACTGC3') and sucrose transporter
(F5'GTGCTCATCTGCATTGCTGT3";R5S'CTTGTGCCA
ATTGTTTGTGG3'), were analyzed with respect to con-
trolled and GA; perturbed source—sink conditions. RT-PCR
was performed in PTC 200 thermal cycler (MJ Research/
BioRad, USA). The amplified product was distinctly visu-
alized on 1.6% agarose gel, using the gel documentation
system (Alpha Innotech, USA).

Quantitative real-time PCR analysis

Using 2 pg of total RNA as starting material, first-strand
cDNA synthesis was done, priming it with oligo-dT and
using RevertAid H minus Reverse Transcriptase (Thermo
Scientific), as per the manufacturer’s instructions. Gene-
specific primers for SAI (FS’'CAGAGGAACTGGATG
AACGA3’; RS'CCGCTTGAAATGTCAATGTC3'), CWI
(FS' TCTGTACAAGCCAACCTTCG3'; RS'CCGCTTGAA
ATGTCAATGTC3'), SPS (F5' CCCGAACATTGCAAG
AATTA3'; RS'CTCCGCTCCTCTCTGTTACC3') and SuSy
(F5' GGCTGTTGCCTGATGCTGTT3";R5'TGCTCGGTT
CCAATGACCTT3’) (Chandra et al. 2015), were utilized
to quantitatively estimate their gene expression by real-
time PCR analysis, carried out in 48-well plates on a Step
One Real-Time PCR system (Applied Biosystems, USA)
using SYBR Green PCR Master mix (Applied Biosystems,
USA). The gene encoding 25S was used as reference (i.e.,

Table 1 Difference in internodal

L . Internode Sugarcane variety CoJ64 Internode Sugarcane variety BO91
length in middle region of number number
control and GA;-treated canes Control GA; sprayed Control GA; sprayed
Internodal length/ Internodal length/ Internodal length/ Internodal
girth (cm) girth (cm) girth (cm) length/girth
(cm)
10 11.0/2.2 9.9/2.65 9 12.2/2.0 13.6/2.1
11 10.2/2.3 13.072.5 10 11.2/1.9 15.6/2.1
12 11.3/2.3 13.7/2.5 11 11.0/1.9 15.0/2.1
13 9.712.5 12.0/2.5 12 10.1/2.0 13.3/2.0
14 9.0/2.5 11.0/2.5 13 9.6/2.0 10.7/2.1
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for calibration) in all reactions. Real-time PCR was carried
out using the relative quantification method and expression
ratios were computed from cycle threshold values to obtain
2-AACr or RQ values, depicting fold change.

Data analysis

The experimental data was recorded as the mean of three
replicates derived from three individual plants for each
sample and the results were noted as the means + standard
error. Two-sided Student’s ¢ test was employed to determine
the significance of difference between the mean values of
control and GAj;-treated plants. The statistical significance
of differences in the effect of treatment was represented as
P<0.05 (¥), P<0.01 (**), and P<0.001 (***) being most
significant.

Results and discussion
Morphological evidence

Gibberellins (GAs) like GA; have been known to affect
plant morphology by increasing shoot length. GAs either
promote cell division or cell enlargement and the resultant
increased cell number or cell size furnishes more sites for
assimilate deposition. Thus, in sugarcane, the state of growth
and immaturity is maintained for a longer duration in culm
tissue of sprayed cane, and hence GAs can be seen to be
instrumental in increasing the sink size and sink strength
of the cane.

The current study ascertained the effect of GA; spray on
internodal length. Internodal length profiling of canes, done
over a month after the last GA; spray, showed visible differ-
ences among internodes of control and GA;-treated canes.
Marked difference in length was especially observed in inter-
nodes 11-13 in CoJ 64 and 10-12 in BO 91, of control and
GA,; treated canes (Table 1). The striking difference in the
length of GA;-treated internodes shows the possible effect
of GA; in increasing the sink size and consequently the sink
potential as well as sink demand. Internode no. 10 in BO 91
and 11 in CoJ 64 showed the maximum length difference
(~27.45% in CoJ 64 and 39.3% in case of BO 91) between
control and treated canes. Also, when visualized under SEM,
tissue from these control and GA;-treated internodes exhib-
ited large difference in cell size too. The noticeably larger
cell size observed in the GAj;-treated internodes, of both
BO 91 (~19.2% bigger) and Col 64 (~42.3% bigger) canes
(Fig. 1), further validates the role of GA; in increasing cell
size thereby enhancing sink size and sink capacity, making
more room for sucrose accumulation.

Even though the top portion is the actively growing part
of cane, maximum difference in the length was observed
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between the middle region of control and GA;-treated cane.
This is perhaps because it was the middle internodal por-
tion that was actively growing while GA; was sprayed and
most effective (viz., July—September), and thus attained the
maximum possible length. The top portion was still only
developing in October and hence was unable to exhibit as
visible a difference.

Biochemical evidence

In compliance with earlier studies, the reducing sugar (RS)
content of various (bottom, middle and upper) portions
of both control and GA;-treated canes steadily decreased,
while sucrose levels increased over the duration of study,
depicting the progressing maturation of canes. A month after
the last GA; spray (30 DAS), the reducing sugar level in
GA;-treated samples was observed to be drastically higher
(9.23%) than that in control (4.01%), especially in the top
internodes of both BO 91 and Col 64 (Fig. 2) canes, the
values being far lesser in CoJ 64 (0.32% in control and
1.16% in GAj; treated). Gibberellins have been known to
aid invertase activity in sink tissues, justifying the sharp
rise in reducing sugar levels observed due to conversion of
sucrose into hexoses. The heightened hexose level in GA
treated sink tissues is considered responsible for their greater
sink strength (Igbal et al. 2011). Also, sucrose concentration
fell substantially, especially in the GA;-treated elongating
top internodes. A decrease in sucrose levels at the sink can
be correlated to increased assimilate requirement (van Bel
2003) and elevated sink demand. Thus, gibberellins enhance
sink strength, stimulating phloem loading and improving
nutrient transport from source to sink tissues.

Evidence suggests that leaf hexose concentration bears an
inverse correlation with photosynthetic rate and communi-
cated sink demand (McCormick et al. 2006). Concurrently,
lower RS value was observed in the LTM leaf of GA;-treated
(0.96%) BO 91 plant, as compared to control (1.18%). This
may perhaps be linked to greater conversion of RS into
sucrose, in answer to the developing high sink demand, it
being lesser in the control plant. The GA;-treated leaf exhib-
ited an elevated sucrose level (0.56%), affirming increased
conversion of RS into sucrose, to meet up the stimulated
phloem loading and transportation. The very low sucrose
value in control leaf, possibly signifies that sucrose load-
ing and transportation rate exceeds sucrose production rate.
Conversely, a higher RS level observed in the GA;-treated
leaf (1.65%) of Col 64, than in control (1.16%) which
depicts the high photosynthetic rate developed to cater to
the well-developed sink demand.

Observations made 60 DAS showed that the GA;-treated
upper internodes of late maturing BO 91 still displayed
prominently higher RS% (0.21%) as compared to control
(0.14%), perhaps due to high sink strength. On the other
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Fig. 1 Difference in the cell length as observed through SEM in culm tissue of control and GA;-treated samples of BO 91 (a, b) and Col 64 (c,

d

hand, the control and GA;-treated samples of CoJ 64 showed
comparable RS% values, depicting similar sink strength.
This may be owing to gradual saturation of sink due to fad-
ing effect of GA; and the early maturing nature of CoJ 64.
The GA;-sprayed samples exhibited increased sucrose lev-
els, compared to control ones, especially in upper internodes
of Col 64 (Fig. 3). This validates higher sink potential and
hence better sucrose accumulation in the GA-sprayed plants,
as compared to control canes. The GA;-treated samples of
BO 91 still exhibited lesser sucrose content as compared to
control. This, in addition to the high RS values observed,
points to the still prevailing high sink demand in the late
maturing BO 91. Concomitantly, the RS levels fell in con-
trol and GA;-treated leaves, depicting their increased chan-
nelization into sucrose synthesis. However, the GA;-treated
LTM leaf of BO 91 exhibited greater RS value than control,
at 60 and 90 DAS, probably due to greater photosynthetic
sugar production under stimulation of high sink demand; a
pattern similar to that observed in early maturing CoJ 64
at 30 DAS. Parallely, higher RS (1.23%) and sucrose lev-
els (2.65%) were observed in control than in GA;-treated
leaves of CoJ 64 (0.84%; 1.23%), thus pointing to increased

conversion of RS to sucrose and its enhanced transportation
in GA;-treated leaves.

However, 90 DAS, a sudden dip in RS% values and a
noticeable rise in sucrose% was observed in control and
GA;-treated canes of both varieties (Figs. 2, 3). This
may probably be due to the dip in ambient temperature in
December and/or waning effect of the GA; treatment done.
However, lower RS% (0.04-0.11%) and higher sucrose%
(30.96-38.32%) values were observed in the GA;-treated
canes of CoJ 64 as compared to control canes (0.08-0.18%;
30.23-37.37%). Thus, as the early maturing CoJ 64 cane rip-
ened, the GA;-treated cane displayed visibly greater sucrose
accumulation under the effect of treatment. Nevertheless,
GA;-treated BO 91 canes still exhibited higher RS% and
lower sucrose% values than that in control samples, pointing
to the still high sink demand. At this stage, 90 and 120 DAS,
the leaves of late maturing BO 91 show a pattern resembling
the sugar behaviour exhibited earlier (at 60 DAS) by early
maturing CoJ 64’s leaves.

The higher sucrose level exhibited by GA;-treated Col
64 cane at 90 DAS, was however lost at 120 DAS. Both
control and GA;-treated samples of CoJ 64 showed a rise in
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Fig.2 RS% in a, b internodal samples and ¢, d LTM leaf of control and GA;-sprayed BO 91 and ColJ 64 canes, respectively

RS and drop in sucrose level perhaps illustrating an inver-
sion in the cane due to early maturing nature of this variety.
The leaf data too showed signs of saturation and inversion
by displaying a pile up of RS and sucrose. Conversely, as
time progressed, the RS levels showed a gradual drop in
both control and GA;-treated leaves, perhaps due to decrease
in photosynthetic rate with progressing maturity. January
(120DAS) onwards, the leaves exhibited a rise in RS levels
perhaps indicating accumulation of RS due to lesser conver-
sion into sucrose, in the event of reduced demand from sink.
Correspondingly, heightened sucrose levels depicted how
sucrose hoarding at the source prevents further conversion
from RS, pointing to gradually filling sink in CoJ 64. On the
other hand, the GA;-treated BO 91 leaf too showed high RS
content, but relatively lower than that in control, explain-
ing the ongoing conversion into sucrose, due to greater sink
demand.

Beyond this time, the reducing sugar level consistently
dropped and the sucrose level stepped up in the GA;-treated
canes of late maturing BO 91. At 180 DAS, remark-
ably higher sucrose concentrations were observed in the
GA;-sprayed BO 91 culm samples (40.54-41.6%), as com-
pared to control (30.44-38.8%). These observations support
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the idea that GA treatment perhaps promotes better sucrose
accumulation in the sink by stimulating phloem loading/
unloading due to better sink strength and sink demand (Igbal
etal. 2011).

Molecular evidence
Quantitative real-time PCR analysis

In the current pursuit, real-time PCR was employed for
quantifying the differential gene expression of various
sucrose metabolizing enzymes, viz., SAI, CWI, SPS, SuSy,
at the beginning (viz., October, 30 DAS) and towards the
end (viz., January, 120 DAS) of maturation phase, among
middle and top internodes of control and GA;-sprayed BO
91 and CoJ 64 canes. The result was interpreted in terms of
log,, RQ values, where RQ =244¢7_ depicting fold change,
w.r.t. September control (0 DAS).

In terms of SAIl expression Many earlier studies have
reported an increase in acid invertase activity under the
effect of exogenous GA application (Igbal et al. 2011),
facilitating the breakdown of imported sucrose into hex-
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Fig.3 Sucrose% in a, b internodal samples and ¢, d LTM leaf of control and GA;-sprayed BO 91 and ColJ 64 canes, respectively

oses. Zhu et al. (1997) too have reported that the activity
of SAI (soluble acid invertase) is usually high in tissues
that are rapidly growing, viz., immature internodes. In
the current study too, SAI expression levels went up in
October control and GA;-treated samples, as compared to
September control of both BO 91 and CoJ 64. Since sup-
plied GA perhaps prolongs the growth (immaturity) phase
in culm tissue, the invertase levels in GA;-treated cane
samples were relatively more heightened than in control,
in top internodes of both, BO 91 and CoJ 64. As October
marks the onset of maturity for BO 91, a 4.6-fold higher
SAI expression was found in GA;-treated top internode
while a significant but much lower 1.8-fold higher SAI
expression was observed in the non-treated top internode
sample, compared to September control (Fig. 4). This rise
in SAI expression during early phase of maturity may be
attributed to need for increased sucrose hydrolysis due
to development of high sink demand. Nonetheless, GA,
samples exhibited strikingly higher SAI expression levels,
more so in BO 91, perhaps due to development of higher
sink strength under the influence of GA; treatment. The
high activity of SAI can be extrapolated to rapid hydroly-
sis of imported sucrose (as also qualified by the drastic
rise in RS, especially in BO 91, in the same time frame)
which is utilized in elongating cells during internodal

elongation (Hatch and Glasziou 1963). This also points to
the increased scope for sucrose translocation and unload-
ing in the late maturing BO 91. On the other hand, since
the early maturing CoJ 64 had relatively matured by Octo-
ber, a 1.15 times higher SAI expression was recorded in
its top GA;-treated internode, as compared to September
control. Accordingly, a 0.25-fold higher SAI expression
was found in the top internode of control cane.

Though the BO 91 middle internode samples exhibited
the expected higher SAI expression in GA;-treated ones
(Fig. 5), contrarily, the GA;-treated middle internode of
CoJ 64 showed a much lesser SAI expression than control.
This perhaps points to the waning effect of GA; in the nearly
mature middle internode of CoJ 64. Early masking of vacu-
olar invertase activity has been found to be responsible for
high sucrose accumulation in internode tissue of high sugar
and early maturing cultivars (Dendsay et al. 1995). In con-
gruence, the dipped SAI gene expression in the top inter-
node of CoJ 64, affirms its high sucrose accumulating and
early maturing nature. Since the GA;-induced rise in SAI
expression was more prominent in BO 91 than in ColJ 64, it
consequently indicates better sink strength development and
perhaps corroborates the higher final sucrose concentration
observed (in earlier section) in GA,-treated BO 91 samples
over that in GA;-treated CoJ 64.
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Fig.4 Quantitative analysis
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SAI activity involved in sucrose unloading is shown to be
reduced during maturation of stem storage tissue (Hawker
and Hatch 1965). As maturation phase progressed, by Janu-
ary, the BO 91 samples became fairly matured. Thus, the
SAI expression dropped in top internode of both control
and GA;-treated samples of BO 91, however, still nearly
0.5 times higher than that in September (Fig. 4). The amount
of sucrose accumulation in the internodes is said to be con-
trolled by a SAI threshold level which when exceeded, pre-
vents accumulation of sucrose in high amounts (Zhu et al.
1997). Internodes of the lower sucrose accumulating BO
91, perhaps exhibited SAI levels greater than this minimum
threshold, thus indicating possibility of more sucrose uptake.
Then again, CoJ 64 being early maturing, almost completely
matured by January. Thus, SAI expression fairly dipped in
the Col 64 top internodes, with more than 0.58-fold down-
regulation in control sample (as compared to September
control) and an even greater, 1.3-fold downregulation in
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GA;-treated one, clearly indicating sufficiency since GA,
treatment has led to better sucrose accumulation.

It has been hypothesized that SAI and insoluble CWI
influence sucrose accumulation in sugarcane during ripen-
ing; the activity being highest in the youngest internode and
decreasing with internode age (Lontom et al. 2008). Having
attained considerable maturity by January, the BO 91 middle
internode samples exhibited a marked decline in SAI expres-
sion, with the control sample showing a 0.63-fold and the
GA;-treated sample displaying a 0.92-fold downregulation,
as compared to the September control. The middle portion of
control CoJ 64 cane, however, showed a ~0.46-fold escala-
tion in SAI level again, probably due to onset of inversion
in the region, due to excessive maturity. The middle portion
of GA;-treated CoJ 64 cane on the other hand, displayed a
dipped SAI level, possibly indicating near complete matu-
rity but still promoting a high rate of sucrose accumulation
(Fig. 5).
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In terms of CWI expression Hawker and Hatch (1965) have
described that in mature tissue, CWI cleaves unloaded
sucrose to generate hexoses in the apoplastic space, that are
actively transported across the parenchyma plasmalemma,
thereby increasing the sink strength, facilitating phloem
unloading into the sink and consequently augmenting the
amount of sucrose stored (Ma et al. 2000). CWI activity has
been reported in sugarcane culm tissues confirming the pres-
ence of an apoplastic unloading route (Glasziou and Gayler
1972). In one transcriptional level study in pea shoot, the
expression of CWI gene has been shown to be induced after
GA; treatment (Wu et al. 1993). Here too, CWI showed
augmented expression levels in early maturation phase,
viz., October. In case of BO 91, the top internode of control
cane showed a ~ 1.25-fold higher expression, while a huge
7.5-fold increase was observed in the GAj-treated ones,
as compared to September control (Fig. 4). On the other
hand, CoJ 64 did not show a very drastic difference in CWI
expression, with the control sample exhibiting a ~ 1.25-fold

and GA;-treated one, ~2.15-fold expression. The increased
translocation under the effect of GA;, vouches the need
for greater unloading in addition to the regular apoplastic
unloading, and hence CWI expression can be reasoned to
have gone up to facilitate the same. Thus, particularly more
soaring CWI expression levels were observed in BO 91, pos-
sibly due to greater CWI contribution in apoplastic unload-
ing. On the other hand, in CoJ 64 middle internode, CWI
expression was ~0.2-fold upregulated in GA; sample but
~0.2-fold downregulated in control sample, as compared to
the September control. Much higher levels of CWI exhib-
ited in GA;-treated samples as compared to control, validate
the higher sink demand created by GA; treatment, leading to
better sucrose unloading. Thus, perhaps, CWI played a more
prominent role in apoplastic unloading in GA; treatment,
here too, thereby making room for better sucrose accumula-
tion.

In line with the obtained hexose pattern, the acid invertase
occurring in the vacuole (SAI) and apoplastic space (CWI)
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of elongating internodes, have been known to disappear with
increasing maturity of culm internodes (Albertson et al.
2001). As BO 91 cane gained maturity, the CWI expression
in the top internodes waned considerably by January. CWI
was downregulated, lesser in GA;-treated sample, perhaps
promoting better sucrose accumulation and hence making
provision for apoplastic unloading. Although, CWI expres-
sion was downregulated in GA;-treated sample of CoJ 64
too, however, it was upregulated in control, possibly due to
onset of inversion. The middle portion samples further vali-
dated the role of CWI in determining sucrose accumulation
in sugarcane. CoJ 64 almost completely matured by January
and hence the control sample showed marked downregula-
tion (0.15-fold) affirming its early maturing nature, while
the GA;-treated one exhibited a 0.9-fold downregulation,
indicating saturation of sucrose accumulation. Conversely,
middle internode samples of control BO 91 cane still showed
significant 0.5-fold upregulation in CWI expression (Fig. 5),
depicting the still prevalent sucrose gradient and scope for
sucrose unloading due to its late maturing nature. However,
the corresponding GA;-treated one showed a minor 0.15-
fold higher CWI expression, as compared to September
control, signifying relatively greater sufficiency of sucrose
and less need for transport (as also deciphered from the high
sucrose values).

In terms of SuSy expression Sucrose synthase (SuSy) is
employed in an alternate pathway (other than that involving
invertase) for conversion of imported sucrose into hexoses.
(Nguyen-Quoc and Foyer 2001). Hence, a particularly high
SuSy expression (~ 1.5-fold higher than September control)
was observed in BO 91 control top internode sample (Fig. 4).
Conversely, SuSy expression was ~0.075-fold in CoJ 64 top
internode control sample, vouching greater sucrose accu-
mulation in BO 91 at this stage. Lingle and Smith (1991)
have reported that rapidly elongating internodes have higher
SuSy activities than fully elongated internodes. Since GA
treatment perhaps maintains a state of growth and immatu-
rity in cane tissue for a longer while, SuSy expression was
found to be ~ threefold and 0.9-fold higher in the still grow-
ing GA;-treated top internodes of BO 91 and ColJ 64 canes,
respectively, as compared to September control. Thus, the
high SuSy expression observed in GAs-treated top inter-
nodes of BO 91 and CoJ 64, in October, fully validates
the correspondingly high RS values obtained. Similarly, a
0.65-fold higher SuSy expression was observed in October
GA;-treated middle internode of BO 91, compared to Sep-
tember control (Fig. 5), pointing to the GA;-induced state of
immaturity and high sink strength. Conversely, the control
sample exhibited a ~0.7-fold downregulation as compared
to September control, corroborating relative maturity in the
tissue, lower down in cane. GA;-treated middle internode
sample of CoJ 64 also displayed a ~0.35 fold down regula-
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tion while the control was 0.25-fold upregulated, perhaps
due to early attainment of maturity, CoJ 64 being an early
maturing variety.

In the latter maturation phase (January), SuSy expres-
sion noticeably decreased in the top internodes of both BO
91 and CoJ 64, depicting maturity. The GA;-treated inter-
node exhibited a far lesser expression than control in BO 91,
pointing to a more saturated state of sucrose accumulation.
On the contrary, the control and GA;-treated middle inter-
nodes of CoJ 64 exhibited a noticeable upregulation in SuSy
expression, perhaps due to inversion.

In terms of SPS expression Sucrose phosphate synthase
(SPS) is known to be the key enzyme for sucrose synthesis,
playing a significant role in resynthesizing sucrose from the
hexoses in the sink tissue (Huber and Huber 1996). Height-
ened SPS expression levels were observed in top internodes
of BO 91 and Col 64 control canes in October, at the onset
of maturity. This perhaps depicts entry of apoplastically
unloaded sucrose, as hexoses, into parenchymatous cells
and consequent resynthesis of sucrose by SPS. SPS activity
has been demonstrated to alter sink capacity viz. increased
sucrose unloading has been reported in tomato fruit under
the effect of heightened SPS expression (Nguyen-Quoc
et al. 1999). Thus, the high SPS levels (~sixfold in BO
91 and ~0.85 fold in CoJ 64) exhibited by GA;-treated
top internodes (Fig. 4), point to more active resynthesis
into sucrose for storage and elucidate the heightened sink
demand under the influence of GA,, justifying the higher
sucrose accumulation observed biochemically. A 0.3-fold
elevated SPS expression was observed in the GA;-treated
middle internode of BO 91, as compared to September con-
trol (Fig. 5). Contrastingly, SPS expression in GA; treated
middle internode of ColJ 64 was 0.7-fold downregulated,
compared to September control, possibly denoting relative
maturation and sucrose saturation, thereby suggesting SPS
peak in earlier months due to early maturing nature of Col
64. However, the corresponding control samples exhibited
nearly single fold downregulation in BO 91 and ~0.6-fold
in CoJ 64, perhaps depicting attainment of relative maturity
and slowing of further sucrose transportation for storage,
even under the influence of GA,. In January, SPS expres-
sion was still upregulated in the top control and GA;-treated
samples of BO 91 and CoJ 64, still signifying scope for
sucrose accumulation. SPS expression in the middle inter-
nodes of BO 91 was largely downregulated, displaying suf-
ficiency of sucrose storage. However, SPS expression was
found to be upregulated in control while it was downregu-
lated in GA;-treated middle internode of Col 64, supporting
the higher sucrose levels obtained biochemically too.

SPS activity stimulated under the effect of GA, is
reported to enhance sucrose synthesis and its phloem
loading (Igbal et al. 2011). During October, transported
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sucrose was increasingly converted into RS in the culm,
to maintain high sink demand. Thus, perhaps increased
decanting of assimilate under the effect of increased sink
demand resulted from SPS up regulation. Responding
to the high sink demand, a notable twofold higher SPS
expression was observed in BO 91°s GA;-treated LTM leaf
and ~ 0.6-fold upregulation in the control one, as compared
to September control (Fig. 6). A similar SPS expression
pattern was also observed in Col 64 leaves too. Thus, the
action of GA promotes sucrose synthesis within the leaf
and partitioning, through their positive effect on SPS.

Leaves of younger plants have been reported to typi-
cally assimilate at higher rates than older plants (Hartt
and Burr 1967). This notion is affirmed by the observation
that quantitative SPS expression was significantly down-
regulated in January as compared to that in October. The
relative amount of sucrose accumulated by the sugarcane
plant perhaps works by way of end point repression of
photosynthesis. In the case of a mismatch between pho-
toassimilate production at the source and rate of phloem
loading, a negative feedback is perhaps triggered by the
increasing sucrose content of leaf, which in turn affects
SPS activity (Stitt et al. 1987). This shows how both con-
trol and GA;-treated LTM leaves of CoJ 64 showed dimin-
ished SPS expression, as compared to September control,
perhaps because the completely matured CoJ 64 culm
may have signalled sucrose sufficiency. By January, the
late maturing BO 91 was still undergoing maturation and
hence its control LTM leaf exhibited a single fold while
the GA;-treated one showed a ~twofold upregulation in
SPS expression, signifying continued sucrose synthesis
in these leaves. The larger fold expression in GA;-treated
LTM leaf of BO 91 can perhaps be extrapolated to greater
sucrose synthesis in response to the still high sucrose
demand under the effect of GA;.

Fig.6 Quantitative analy-
sis of differential expres-
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Source photosynthetic activity has been reported to be
directly related to carbon demand of sinks in many plant spe-
cies, including sugarcane, where a decrease in source photo-
synthetic assimilation rate occurs in response to diminished
sink demand (Franck et al. 2006). Conversely, increased sink
demand has been reported to caused a significant increase
in photosynthetic rate and carboxylation efficiency (McCor-
mick et al. 2006).

In terms of PEPC expression Phosphoenolpyruvate car-
boxylase (PEPC) is involved in the initial fixation of CO,
in mesophyll cells to form C, dicarboxylic acids and hence
influences the photosynthetic rate of C, plants (Lian et al.
2014). GAs are presumed to stimulate photosynthetic activ-
ity and the increased photosynthetic sugar content is in turn
used to encourage shoot growth (Igbal et al. 2011). The
marked increase in culm hexose sugars observed in October,
in response to GAj signifies the heightened sink demand
which perhaps stimulates greater photosynthetic activity,
in turn eliciting greater sucrose synthesis, and consequent
greater loading at the source. The high RS level observed in
GA;-treated leaves of CoJ 64 (inspite of simultaneous con-
version into sucrose) in October and of BO 91 (Fig. 7), at
30 and 60 DAS, validate the high photosynthetic rate devel-
oped to meet up the high sink demand. This is further con-
firmed by the high PEPC expression in BO 91 samples of
October, more so in GA;-treated LTM leaf, and even higher
at 60 DAS. Source leaf photosynthetic activity in sugarcane
has also been shown to be affected by the maturity of culm
sinks; the associated accumulation of sucrose results in
down-regulation of leaf photosynthetic rates (McCormick
et al. 2008) perhaps due to sink sufficiency and diminished
sink demand. This is reaffirmed by the gradually dropping
RS levels observed and accounts for the waning PEPC
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Fig.7 (a) Agarose gel depicting total RNA of A BO 91 and B CoJ 64
in normalized concentration (b) Differential expression of PEPC gene
in control and GA;-sprayed LTM leaves of A BO 91 and B Col 64
(c) Differential expression of sucrose transporter gene in control and
GA;-sprayed LTM leaves of A BO 91 and B CoJ 64 (d) RNA nor-
malization verified using 25S rRNA gene primer as internal control.
Lanes 1: LTM leaf of control cane on 0 DAS; Lanes 2-3: LTM leaf

expression obtained in the later months in both BO 91 and
ColJ 64.

In terms of SUT expression

SPS-synthesized sucrose forms the export material for
transport from the source, phloem loading from the apo-
plasm, employing membrane transporters (Rae et al. 2005).
Sucrose-H* symporter (SUT) is among the most well-char-
acterized sucrose transporters, employed in active apoplastic
phloem loading (Kuhn and Grof 2010). The occurrence of
SUT predominantly in the phloem and rise in its activity
during peak sucrose production phase in leaves, suggest
the role of sucrose transporter in phloem loading for trans-
port (Lemoine et al. 1992). In the current study, the higher
sucrose levels coupled with up regulated expression of SPS,
in BO 91 GA;-treated leaf sample, probably point to lesser
transportation initially, justifying dimmer SUT expression
at 30 DAS (Fig. 7). The biochemical data viz. higher RS and
greater levels of synthesized sucrose, in concert with higher
SPS expression observed in GA;-treated samples of Col
64, over control, all support the pronounced expression of
sucrose transporter in GA;-treated samples around 30 DAS
in CoJ 64 and 60 DAS in BO 91. A greater dip in sucrose
levels was observed in GA;-treated leaves of both BO 91 and
CoJ 64, around 120 and 90 DAS, respectively, justified by
the heightened sucrose transporter expression, perhaps due
to increased transportation. A higher transport rate can also
be predicted from the ambient cold temperature during cold
months like December and January which favour sucrose
accumulation. The increase in SUT levels in correspondence
with dip in SPS levels in CoJ 64 LTM leaf validates the sig-
nificant export of SPS-synthesized sucrose. As maturation
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of control and GA;-sprayed cane on 30 DAS; Lanes 4-5: LTM leaf
of control and GA;-sprayed cane on 60 DAS; Lanes 6-7: LTM leaf
of control and GAj-sprayed cane on 90 DAS; Lanes 8-9: LTM leaf of
control and GAj-sprayed cane on 120 DAS; Lanes 10-11: LTM leaf
of control and GA;-sprayed cane on 150 DAS; Lanes 12-13: LTM
leaf of control and GA;-sprayed cane on 180 DAS

phase reached culmination, the SUT expression gradually
faded, denoting the diminishing sucrose transportation due
to sucrose sufficiency.

Conclusion

Drawing analogy with BO 91, similar sugar and expres-
sion pattern were observed in CoJ 64 too, though over a
shorter span of time. This qualifies the early maturing nature
of Col 64. GAs reportedly stimulate acid invertase expres-
sion, causing increased hexose production in the elongating
cells, through hydrolysis of imported sucrose. The conse-
quent elevated sink demand prevents early saturation and
draws more and more sucrose, thus boosting sucrose trans-
port and phloem loading at the source. GA-dependent stimu-
lation of SPS activity enhances sucrose synthesis and its
export. Increased phloem loading causes the sucrose levels
in the mesophyll to decline, perhaps enhancing photosyn-
thetic activity and preventing its suppression by sugar accu-
mulation. A significant outcome of this study was that the
GA;-induced perturbation of source—sink communication
was able to bring about an increase in final sucrose content,
especially in BO 91. GA;-treated CoJ 64 also showed con-
siderably higher sucrose levels at 90 DAS; however, the rise
could not be retained upto 120 DAS, probably due to onset
of inversion. These observations support the idea that GA
treatment perhaps promotes better sucrose accumulation in
the sink by stimulating phloem loading/unloading due to
better sink strength and sink demand.
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