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In this  study,  we grew  Curcuma  longa  in field  conditions  under  a  range  of  shade  levels  and  the  exclu-
sion  of  solar  UV  wavelengths  to  determine  the  effects  of solar  UV  exclusion  during  cultivation  on the
physiology  and production  of  curcuminoids.  To  broaden  the  biochemical  characterization,  the  activities
of l-phenylalanine  ammonia-lyase  (PAL)  and  peroxidase  (POD),  as  well  as  total  phenol  content  (TP)  and
polyamines  (PAs),  were  considered.  We  discovered  that  the  curcumin  and  DMC  content  remain  unaltered,
however  BDMC  was  higher  in the  turmeric  under  50%  shading,  comparing  with  UV  exclusion.  Although
urmeric
hotosynthesis
iomass
olyamine
OD
AL

the  total  curcuminoid  content  remain  unaltered,  UV  exclusion  led to higher  CO2 net  assimilation,  biomass
production  and  consequently,  a notable  21%  increase  of total  curcuminoid  yield,  compared  with  the  best
result obtained  by standard  shading;  thus  UV  exclusion  improved  total  curcuminoid  yield and  this  result
may  be important  to  the  development  of  C. longa  with  high  rhizome  yield  and with  high  curcuminoid
content.  This  finding  underlines  the  importance  of  selective  wavelengths  in  C.  longa  cultivation.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Curcuma longa L. (Zingiberaceae), also known as turmeric, is a
onocot species widely cultivated in the tropics. It is an important

ource of curcuminoids, comprising curcumin [(1E,6E)-1,7-bis-(4-
ydroxy-3-methoxy-phenyl)-1,6-heptadien-3,5-dione; CAS num-
er: 458-37-7] and two related compounds, demethoxycurcumin
DMC) and bisdemethoxycurcumin (BDMC) (Kulkarni et al., 2012;
ayton et al., 2007). Curcumin has attracted considerable interest in
ecent years due to its high medicinal potential. It has been widely
tudied for its anti-inflammatory, anti-angiogenic, anti-oxidant,
ound healing and anti-cancer effects (Maheshwari et al., 2006),
hich inhibit cancer cell survival and proliferation and induce apo-
tosis without promoting the development of side effects (Salem
t al., 2014).

There is a great need to further increase the productivity of

urmeric, because of its ever-increasing demand in both food and
harmaceutical industries (Singh et al., 2012). Moreover the global
urcumin market is expected to witness high growth on account of

∗ Corresponding author.
E-mail address: gpplima@ibb.unesp.br (G.P.P. Lima).

ttp://dx.doi.org/10.1016/j.indcrop.2016.05.009
926-6690/© 2016 Elsevier B.V. All rights reserved.
its increasing demand in end-use industries (Grand View Research,
2015).

Although India has a monopoly in supplying of turmeric to
the world (Angles et al., 2011), an ever-increasing requirement
for curcumin can provide an interesting market to improve the
development of this crop production in other countries. Notably,
turmeric shows significant variations in plant productivity, both
among varieties and in plants grown under different agro-climatic
conditions. Farming techniques that increase the curcuminoids’
content in turmeric can contribute to improving the production
of this crop.

The influence of environmental stress factors on the chemical
composition and nutritional value of crop plants is an important
research topic. Sunlight damages the photosynthetic machinery,
primarily photosystem II (PSII), leading to photoinhibition and
loss of plant performance, ultimately suppressing photosynthetic
CO2 assimilation (A), growth and productivity, whereas ultra-
violet (UV) wavelengths (280–400 nm)  are much more efficient
photoinhibitors than is photosynthetically active radiation (PAR)

(wavelengths 400–700 nm)  (Takahashi et al., 2010).

Additionally, ambient levels of solar UV radiation may  represent
an environmental stress for plants, leading to an increase in the
production of reactive oxygen species (ROS), triggering protective

dx.doi.org/10.1016/j.indcrop.2016.05.009
http://www.sciencedirect.com/science/journal/09266690
http://www.elsevier.com/locate/indcrop
http://crossmark.crossref.org/dialog/?doi=10.1016/j.indcrop.2016.05.009&domain=pdf
mailto:gpplima@ibb.unesp.br
dx.doi.org/10.1016/j.indcrop.2016.05.009
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ffects (Brosche and Strid, 2003) that induce the biosynthesis of
V-B absorbing phenolic compounds (Jansen et al., 1998), as well
s changes in antioxidant enzyme activities and polyamines (PAs)
ontent (Frohnmeyer and Staiger, 2003).

PAs have a regulatory role in the structure and functioning of
he photosynthetic apparatus during photoadaptation in different
ight environments (Kotzabasis et al., 1999), and there is evidence
hat PAs play a photoprotective role during exposure of the pho-
osynthetic apparatus to high-light intensity (Sfichi et al., 2004).
owever, there is no consensus with respect to the effects of UV-B

adiation (280–315 nm)  on plant polyamine levels, as chronic treat-
ent with low UV-B doses resulted in both increases and decreases

n plant polyamine levels (Jansen et al., 2008).
Induction of the enzymes l-phenylalanine ammonia-lyase

[PAL], EC 4.3.1.5) peroxidase ([POD], EC 1.11.1.7) and several other
nzymes that take part in many aspects of phenolic compounds
etabolic pathway, has been shown to occur under UV-B radia-

ion exposure, with a consequent accumulation of phenolic acids
nd flavonoids (Lavola et al., 2000). In addition, the initial sub-
trates in the curcuminoids synthesis in C. longa (cinnamoyl-CoA,
-coumaroyl-CoA or feruloil-CoA) are synthesized from pheny-
alanine by PAL activity (Katsuyama et al., 2009). Curcumin is
ynthetized in the leaves and then translocates to the rhizomes
Dixit and Srivastava, 2000a), but the expression levels of enzyme
enes involved in curcumin synthesis [diketide-CoA synthase (DCS)
nd curcumin synthase (CURS)] were higher in the rhizome than in
he leaf, in agreement with the higher amounts of curcuminoids in
he rhizome than in the leaves (Katsuyama et al., 2009).

Some studies previously reported about the influence of light
ntensity on the productivity and quality of turmeric (Bhuiyan et al.,
012, Hossain et al., 2009, Padmapriya et al., 2007 and Srikrishnah
nd Sutharsan, 2015), indicating that C. longa has a good curcumin
roductivity under shade. However, no study is available in the

iterature about the influence of UV exclusion on the quality of
urmeric plants. Thus, in the present paper, we explored the effect
f PAR intensity and UV exclusion on the biosynthesis of secondary
etabolites, in particular curcuminoids. To broaden the biochem-

cal characterization, the activities of PAL and POD, as well as the
otal phenol content and PAs were considered.

. Materials and methods

.1. Study site and experimental design

The experiments were conducted in the experimental farm of
he School of Agronomy, São Paulo State University – UNESP, Botu-
atu, São Paulo, located in the municipality of São Manuel, São Paulo
22◦46′0, 571′′S and 48◦34′11, 32′′W,  744 m).

The experimental design was completely randomized, with five
ight conditions and five replicates of eight plants each. The light
onditions were as follows: UV exclusion, full sun, 30%, 50% and
0% screen shading.

The soil is classified as Oxisol, sandy phase (Camargo et al.,
987; Santos et al., 2006). In the layer between 0 and 0.20 m it
xhibited the following chemical characteristics: Organic matter
g dm−3) = 12; pH = 5,4; P (mg  dm−3) = 204; K (mmolc dm−3) = 2,5;
a (mmolc dm−3) = 39; Mg  (mmolc dm−3) = 11; CTC = 71
mmolc dm−3); V = 76%.

The seed rhizomes of approximately 12 cm in length were
elected and homogenized. Planting was done in September and
arried out on plots of 0.4 m height with the rhizomes spaced 0.5 m

part and at a depth of 4 cm.

During plant development, necessary weed control and repairs
n the crop ridges were carried out manually. The plots were
rrigated daily, according to the water demand recorded by ten-
d Products 89 (2016) 188–194 189

siometers, and irrigation was suspended 15 days before harvest.
The harvest was made at the end of the plant cycle, 203 days after
planting (DAP).

2.2. Treatments characterization and photosynthetically active
radiation (PAR) measurement

The different light conditions were obtained by protected envi-
ronments in a high-tunnel structure, 3 m wide, 1.70 m high and
22.5 m long, with different coatings for light exposure control. The
coating applied to exclude UV radiations was  an anti-UV polyethy-
lene film (150 �m)  (Trifilme Plastilux, Plastisul, Sapucaia do Sul,
Rio Grande do Sul, Brazil), characterized by the exclusion of more
than 80% of UV-B radiation, and the coatings used to control shad-
ing levels were black polyethylene mesh with 30%, 50% and 70%
shading.

An infrared gas analyzer (LI-6400, Li-Cor Inc. Lincoln, NE, USA)
was used to quantify the photosynthetically active radiation (PAR)
and CO2 net assimilation (A) in each light-exposure condition.
The measurements were carried out at 09:00 and 11:00 AM on
cloudless days, at 62, 114, 169 and 201 DAP, with radiation inside
the chamber standardized to 1500 �mol  m−2 s−1. The mean PAR
measured was  used to define the amount of radiation present
in each treatment: full sun (100% PAR = 1200 �mol  m−2 s−1),
30% shade (52,5% PAR = 630 �mol  m−2 s−1), 50% shade (41,66%
PAR = 500 �mol  m−2 s−1), 70% shade (30% PAR = 360 �mol m−2 s−1)
and UV exclusion (50,83% PAR = 610 �mol  m−2 s−1).

2.3. Samples preparations and biomass determination

Eight plants were harvested (203 DAP), cleaned and the shoots
were separated from the rhizomes. Two  plants of each replica were
frozen in liquid nitrogen and kept in a freezer at −80 ◦C. Before
each analysis, rhizome and leaf samples were ground in a cryogenic
mill (Spex, 6750 freezer/mill, Metuchen, NJ, USA). These samples
were used for enzymatic analysis of the phenylalanine ammonia
lyase (PAL) activity, peroxidase (POD) activity and total phenolic
content (TP). The polyamines (PAs) content (putrescine, spermi-
dine and spermine) was determined for the same samples, after
lyophilization.

Six plants of each replica were sliced and dried in a forced
air-circulating oven at 65 ± 5 ◦C until the samples reached a con-
stant weight to determine biomass production, expressed per plant.
These dried rhizomes were milled to a fine powder, pooled, mixed
and used to measure the curcumin content by UHPLC. The water
content in the leaves was  approximately 63.09 ± 0.65% and was
82.84 ± 0.75% in the rhizomes for fresh and lyophilized samples.

2.4. Biochemical analyses

2.4.1. Chemicals
Folin-Ciocalteu’s phenol reagent, sodium carbonate, potas-

sium phosphate, methanol, toluene and acetone were obtained
from Vetec/Sigma (Sigma Aldrich, Brazil); HPLC grade methanol
and HPLC grade acetonitrile was obtained from Tedia (Tedia,
Brazil); gallic acid, acetic acid, perchloric acid, proline, dan-
syl chloride, phenylalanine, �-mercaptoethanol borate, peroxide,
4-aminoantipyrine, dichlorophenol, curcuminoids and PAs stan-
dards, were obtained as their hydrochlorides from Sigma (Sigma
Aldrich, Brazil).

2.4.2. Extraction and estimation of phenylalanine ammonia lyase

(PAL) activity

The activity of PAL was determined according to Peixoto et al.
(1999) using 0.1 M borate buffer, pH 8.8 containing 5 mM �-
mercaptoethanol for the extraction. The extracts were added to
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.2 M borate buffer, pH 8.8 and the test tubes were maintained at
6 ◦C for 5 min  in a water bath, followed by the addition of 0.1 M
henylalanine and then incubated at this temperature for 60 min.
bsorbance at 290 nm was  measured in a UV–vis spectrophotome-

er (Amersham-Pharmacia Biotech Ultrospec-2000) and the results
ere expressed in abs min−1 g−1 fresh weight.

.4.3. Extraction and estimation of peroxidase (POD) activity
The POD activity was assessed as described by Lima et al. (1999),

n a 0.2 M potassium phosphate buffer, pH 6.7 for the extraction.
 30% H2O2 solution was added to the extract, followed by 8 mM
f 4-aminoantipyrine and 14 mM of dichlorophenol solution. The
ubes were kept in a water bath at 30 ◦C for 5 min, and the samples’
bsorbance at 505 nm was measured in a UV–vis spectrophotome-
er (Amersham-Pharmacia Biotech Ultrospec-2000). The results
ere expressed in Abs min−1 g−1 fresh weight.

.4.4. Extraction and determination of total phenolic content (TP)
The TP was determined using Folin-Ciocalteu reagents, with

nalytical grade gallic acid as the standard, according to the pro-
edures described by Singleton and Rossi (1965). Fresh samples
ere extracted in 50% acetone and the supernatant was  separated,

dded to deionized water and Folin-Ciocalteu phenol reagents.
fter 5 min, 20% sodium carbonate was added to the mixture. The
ixing solution was allowed to stand for another 60 min  before

he absorbance at 725 nm was measured using a UV–vis spec-
rophotometer (Amersham-Pharmacia Biotech Ultrospec-2000).
he amounts of TP were calculated using a gallic acid calibration
urve. The results were expressed as gallic acid equivalents (GAE)
mg  g−1) of fresh plant matter.

.4.5. Determination of polyamines (PAs) content
The polyamines putrescine (Put), spermidine (Spd) and sper-

ine (Spm) were extracted and isolated according to the procedure
f Flores and Galston (1982) modified by Lima et al. (2008). Briefly,
urmeric samples were weighed and homogenized in perchloric
cid (5% v/v) for 1 h at 4 ◦C. After centrifugation (8000g, 20 min
t 4 ◦C), 4.5 mol  L−1 Na2CO3 and 18.5 mmol  L−1 dansyl-chloride in
cetone was added to the supernatant. The samples were incu-
ated in the dark for 1-h at room temperature. Then, 0.87 mol  L−1

f proline (99%) was added, and the samples were maintained
t room temperature for 30 min. Toluene was used to extract
he dansylated PAs. Finally, sample aliquots were withdrawn and
ubjected to drying with N2 and resuspended in 3 mL  of HPLC
rade acetonitrile. Determination of the PAs content was per-
ormed according Dadáková et al. (2009). The samples (20 �L)
ere injected into a UHPLC system (Ultimate 3000 BioRS, Dionex-

hermo Fisher Scientific Inc., USA) equipped with a diode array
etector set at 225–300 nm,  run at a flow rate of 0.7 mL  min−1 using
n Ace 5C18 (Advanced Chromatography Technologies, UK) column
5 �m,  25 cm × 4.6 mm).

The chromatographic run gradient scheme performed was
stablished with different proportions of (A) acetonitrile 100% and
B) acetonitrile 50% as follows: 0–4 min, 40% A + 60% B; 4–8 min,
0% A + 40% B; 8–12 min, 65% A + 35% B; 12–15 min, 85% A + 15% B;
5–21 min, 95% A + 5% B; 21–22 min, 85% A + 15% B; 22 min, 75%

 + 25% B.

.4.6. Determination of curcuminoids content
The curcuminoid extraction and UHPLC determination of bis-

emethoxy-curcumin (BDMC), demethoxy-curcumin (DMC) and

urcumin was carried out according to a procedure derived by He
t al. (1998), with some modifications.

Dried turmeric was ground in a mill and 0.1 g of this powder was
efluxed with 20 mL  of methanol for 1 h; then, 1 mL was diluted
d Products 89 (2016) 188–194

with methanol in a volumetric flask (10 mL). All samples were fil-
tered through 0.22 �m membrane filters before the injections. The
injection volume was  20 �L (full loop) A UHPLC system (Ultimate
3000 BioRS, Dionex-Thermo Fisher Scientific Inc., USA) equipped
with a diode array detector, and an Ace 5C18 (Advanced Chro-
matography Technologies, UK) column (5 �m,  25 cm × 4.6 mm)
was used for the curcuminoids analysis at 48 ◦C. The gradient profile
of the mobile phase was composed of (A) water (0.25% acetic acid)
and (B) acetonitrile, as follows: 0–17 min, 40–60% B; 17–32 min,
60–85% B; 32–38 min, 85% B; 38–40 min, 85–40% B; 40–45 min, 40%
B; the flow rate was 0.5 mL  min−1. The curcuminoids peaks were
identified by the retention times and the injection tests with the
standards (curcumin, demethoxy-curcumin and bisdemethoxy-
curcumin).

The final yield of curcuminoids (curumin, DMC  and BDMC)
and total curcuminoids was  determined by calculating the con-
tent (mg  g−1) and the accumulated biomass (g) in each plot
(Curcuminoids Yield (mg) = content (mg  g−1) × biomass (g)). This
curcuminoids yield was expressed in mg  and converted to g.

2.5. Statistical analysis

All of the data are presented in triplicate (n = 3). The experimen-
tal results were expressed as the mean value (mean ± SE). The data
were analyzed using the Assistat statistical program (version 7.7
beta (pt)) and SigmaPlot package (version 12.0). Significant differ-
ences between the samples (P < 0.05) were evaluated by analysis of
variance (ANOVA) followed by Tukey test and Pearson correlation
(R).

3. Results and discussion

3.1. PAL activity and total phenol content (TP)

The PAL activity was  studied in C. longa leaves and rhizomes
cultivated in the shading range and UV exclusion. The lowest PAL
activity was found in leaves grown under 70% shading and was com-
parable to that of plants under UV exclusion. The leaf TP followed
the PAL activity thus 70% shading and UV exclusion induced the
lowest values (Table 1). These findings are in agreement with the
protecting role of phenolics against ROS, once they appear in lower
amounts in less-stressed plants, and this low TP is likely in response
to the low PAL activities observed in this study once they show
a strong correlation (R = 0.86) (Table 2). Regarding the rhizomes,
shading did not influence the PAL enzymatic activity levels in the
rhizomes (Table 1), and under UV exclusion it was  only slightly
lower in comparison to plants exposed to full sun, representing the
condition correlated with the highest activity. The dependence of
PAL catalytic activity on the UV-radiation level exposure was pre-
viously reported (Lavola et al., 2000). PAL is believed to have a role
in some polyphenol biosynthesis (Cheng et al., 2001). Although PAL
does not synthesize only phenols from phenylalanine, an increase
in its enzymatic activity may  be correlated with higher phenol con-
tent, as a protection against UV-induced stress. However, in the
rhizomes, a negative correlation between PAL activity and TP was
observed (R = −0.74) (Table 2), and no difference of the total phe-
nol content was found between anti-UV and full sun-grown plants
(Table 1).

3.2. POD activity and PAs content

Among all of the treatments, the absence of UV radiation led

to the lowest POD activity in the rhizomes, while POD activity
increased with light exposure (Table 1). Similar results were found
in the leaves, with the highest POD activity measured in plants
grown under full sun and 50% shading, and the lowest enzymatic
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Table  1
PAL (Abs min−1 g−1) and POD (�mol  H2O2 min−1 g−1) enzymes activity and total phenol content (TP) (mg  g−1) in turmeric plants grown under different light conditions (UV
exclusion, 70%, 50%, 30% shading and full sun).

UV exclusion 70% shade 50% shade 30% shade Full sun

Leaves
PAL 0.08 ± 0.01b 0.08 ± 0.01b 0.10 ± 0.01ab 0.13 ± 0.03a 0.13 ± 0.02a

POD 7.04 ± 0.76 ab 7.18 ± 1.26ab 7.81 ± 1.67a 5.55 ± 0.85b 7.95 ± 0.59a

TP 12.24 ± 1.31c 12.76 ± 0.37bc 14.74 ± 0.85a 14.43 ± 1.40ab 14.67 ± 0.37a

Rhizomes
PAL 0.17 ± 0.01ab 0.13 ± 0.02b 0.15 ± 0.04b 0.14 ± 0.02b 0.20 ± 0.02a

POD 1.80 ± 0.54b 2.91 ± 0.99ab 2.86 ± 0.72ab 3.00 ± 0.62ab 3.71 ± 0.83a

TP 35.51 ± 3.07c 41.28 ± 2.21ab 36.63 ± 1.96abc 41.56 ± 4.54a 35.73 ± 2.02bc

Data are the means of five replicates. Data with the same letter within each column are not significantly different at the 5% level, based on the Tukey’s test.

Table  2
Pearson’s correlation coefficients between CO2 net assimilation (A) (�mol  m2 s−1), rhizome biomass (g) (RB), peroxidase from rhizome (PODR) and leaves (PODL) (�mol
H2O2 min−1 g−1), phenylalanine ammonia lyase from rhizome (PALR) and leaves (PALL) (Abs min−1 g−1), total phenol content from rhizome (TPR) and leaves (TPL) (mg  g−1),
Putrescine (Put), Spermidine (Spd), Spermine (Spm) (mg  100 g−1), curcumin (C), demethoxycurcumin (DMC), bisdemethoxycurcumin (BDMC), total curcuminoid content
(TC)  (mg  g−1) and curcumin (C(g)), demethoxycurcumin (DMC(g)), bisdemethoxycurcumin (BDMC(g)) and total curcuminoid yield (TC(g)) (g) in turmeric grown under different
light  conditions (UV exclusion, 70%, 50%, 30% shading and full sun).

RB POD POD PAL PAL TP TP Put Spd Spm C DMC  BDMC TC C DMC BDMC TC
R  L R L R L (g) (g) (g) (g)

A 0.91* −0.88** −0.09 0.17 −0.49 −0.49 −0.66 0.96* −0.08 −0.47 0.65 −0.53 −0.73 −0.29 0.91* 0.66 0.59
RB  −0.93** −0.09 −0.08 −0.51 −0.44 −0.50 0.95* 0.13 −0.68 0.70 −0.25 −0.44 −0.02 0.99** 0.89* 0.86 0.96**

POD R 0.22 0.31 0.72 0.17 0.75 −0.86* 0.20 0.82 −0.64 0.21 0.46 0.05 −0.91* −0.81 −0.75 −0.87*

POD L 0.44 −0.20 −0.70 0.10 0.12 −0.06 0.13 0.61 0.49 0.43 0.67 0.06 0.14 0.13 0.09
PAL R 0.45 −0.74 0.27 0.16 0.26 0.82 0.10 −0.50 −0.39 −0.34 −0.03 −0.29 −0.29 −0.16
PAL L 0.04 0.86 −0.53 0.68 0.82 −0.73 −0.31 0.00 −0.42 −0.59 −0.61 −0.52 −0.59
TP R −0.04 −0.63 −0.30 −0.13 −0.70 0.14 0.19 −0.15 −0.52 −0.39 −0.38 −0.47
TP L −0.55 0.79 0.61 −0.51 0.19 0.47 0.10 −0.53 −0.36 −0.24 −0.43
Put  0.04 −0.54 0.80 −0.31 −0.52 −0.04 0.98** 0.81 0.76 0.91**

Spd 0.26 −0.17 −0.08 0.12 −0.04 0.07 0.17 0.28 0.15
Spm  −0.56 −0.34 −0.09 −0.41 −0.69 −0.82 −0.79 −0.76
C  0.22 −0.02 0.49 0.80 0.78 0.73 0.80
DMC  0.95* 0.95* −0.18 0.21 0.25 0.02
BDMC  0.86 −0.39 0 0.07 −0.19
TC  0.07 0.42 0.44 0.25
C  (g) 0.91* 0.87* 0.97**

DMC  (g) 0.99* 0.98*

BDMC (g) 0.96**

L—leaves, R—rhizome.
* P < 0.05.

** P < 0.01.

Table 3
CO2 net assimilation (A) (�mol  m2 s−1) and rhizome biomass (g) in turmeric rhi-
zomes grown under different light conditions (UV exclusion, 70%, 50%, 30% shading
and full sun).

Treatments A Biomass

UV exclusion 10.62 ± 0.80a 797.03 ± 174.04a

70% shade 7.13 ± 2.05a 476.83 ± 32.03cd

50% shade 7.57 ± 2.51a 628.42 ± 13.07b

30% shade 7.55 ± 3.03a 540.42 ± 17.37bc

Full sun 7.24 ± 0.52a 436.14 ± 46.68d

D
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a
A

decrease in the thylakoid-associated Put and an increase in Spm.
ata are the means of five replicates. Data with the same letter within each column
re not significantly different at the 5% level, based on the Tukey’s test.

ctivity was found at 30% shading (Table 1). It has been reported
hat the exclusion of solar UV-B radiation in oilseed rape (Bras-
ica napus L.) results in the lowering of POD enzyme activity (Zhu
nd Yang, 2015). In this research, we observed that POD activity
s higher in the leaves and rhizomes of plants cultivated under
igh PAR intensities and lower under anti UV conditions, exclud-

ng the leaves of the plants grown under 30% shade. In addition
e found a strong negative correlation between POD activity and A

R = −0.88**) as well as between POD activity and rhizome biomass

R = −0.93**) (Table 2). These correlations indicate that high PAR is

 stressing factor, thus leading to increased POD activity, decreased
 and biomass production (Table 3).
The highest POD activity found for full-sun cultivation may  be
due to the oxidative enzymes of the PAs, such as diamine oxidase
(DAO) and polyamine oxidase (PAO), which may  have increased
activity during some light-induced stress situations, as described
by Goyal and Asthir (2010). These researchers reported an increase
in the PAO and DAO activities leading to a decline in the levels
of endogenous PAs in wheat genotypes under high-temperature
stress. The peroxides are formed during the catabolism of PAs, and
to prevent the oxidizing action of these compounds, an increase
in the POD activity in turmeric rhizomes and leaves may  have
occurred considering that hydrogen peroxide is a substrate of POD.
Furthermore, a very strong correlation between Spm and POD
(R = 0.82) and a very strong negative correlation between Put and
POD (R = −0.86*) was  detected (Table 2) and high Spm levels and
low Put levels in plants’ rhizomes exposed to full sun (Fig. 1) were
observed in the present study.

The treatments did not influence the Spd content, and shade
levels did not influenced Put, however, the exclusion of UV radi-
ation led to increased Put concentration in rhizomes (Fig. 1) The
Put/Spm is high in plants under UV radiation exclusion, and this
ratio is the opposite of the ratio in the plants exposed to full sun
(Fig. 1). According to Sfichi et al. (2004), UV-B radiation induces a
The reduction of the Put/Spm ratio leads to the increase of the
light-harvesting complex II size per active reaction center and,
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Fig. 1. PAs content (mg  100 g−1) in rhizome of turmeric grown under different light
conditions (UV exclusion, 70%, 50%, 30% shading and full sun). Means followed by
the  same letters indicate no significant difference at P < 0.05 level between the light
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onsequently, the amplification of the UV-B effects on the photo-
ynthetic apparatus, suppressing photosynthetic CO2 assimilation
nd biomass production (Takahashi et al., 2010). A very strong cor-
elation between A and Put content (R = 0,96*) and between Put
nd rhizome biomass (R = 0.95*) (Table 2), as well as suppression
f photosynthetic CO2 assimilation and biomass production was
bserved in this study (Table 3).

The higher putrescine content in C. longa grown in anti-UV may
e due to the protective effect of this diamine on the photosyn-
hetic apparatus such as have been described in many studies,
ncluding stress (Demetriou et al., 2007). According to Czerpak
t al. (2003) in chloroplasts this substance may  stimulate the
hotosynthetic process in dark and light phases, and in turmeric
he lower UV radiation level under polyethylene could maintain
levate ratio Put/Spm, with its protective effect, inducing higher
hotosynthetic rate and consequently superior production of
iomass.

PAs produced in the leaves might be translocated to rhizome
y xylem or phloem (Friedman et al., 1986). PAs have been local-

zed in the vacuoles, chloroplasts, mitochondria and in thylakoid
embranes (Borrell et al., 1995; Martin-Tanguy, 2001). Studies also

how that overall depletion of polyamine pools may  affect the roots’
rowth (Couée et al., 2004). Thus, the higher content of polyamines
bserved in turmeric rhizomes might be in consequence of pho-
osynthesis, affecting the growth and thereby increasing biomass.
owever, we emphasize that more studies should be conducted to
onclude that the quantity or quality of light can alter the content
f the rhizomes polyamines.

.3. Biomass and photosynthetic CO2 assimilation

When considering all of photosynthetic assimilation of CO2
ata during cultivation, there was no statistical difference between
reatments (Table 3). However, the correlation between the assim-
lation and biomass production is very strong (R = 0.91*) (Table 2).
iomass production decreased as a function of PAR intensity, except

or 70% shading (Table 3, Fig. 2). These results are in agreement with
huiyan et al. (2012), reporting about the growth and development

f turmeric and ginger under full sunlight and four agro-forestry
ystems with different% of PAR (from 25 to 30% PAR to 70 to 80%
AR). According to Bhuiyan and colleagues, the growth parameters
nd yield gradually decreased with the increase of light intensity.
d Products 89 (2016) 188–194

The impacts of light quantity and quality in plants have been
studied. According to Stapleton (1992), auxin inactivation is one of
the detailed mechanistic information available for UV-B responses.
Morphogenic responses include inhibition of hypocotyl and stem
elongation, leaf curling, leaf thickening and increased axillary
branching and the root system. Moreover, some UV-B induced
flavonoid can block polar auxin transport, and as a consequence,
affect plant architecture and productivity (Jansen, 2002).

In this study, we found the highest biomass production at 50%
shading (Fig. 2). This finding was  previously observed in a study by
Srikrishnah and Sutharsan (2015), in which the leaf area, biomass
and yield were significantly higher in a growing condition of 50%
shade. The authors concluded that the decrease of the growth in
plants grown in an open field was attributable to the destruction
of the photosynthetic pigments due to excess light, and the lower
growth parameters under 70% shading was due to the insufficient
amount of solar radiation received by the plants for optimum pho-
tosynthesis.

Finally, plants grown under UV protection stand out in terms
of rhizome biomass production, with respect to the other treat-
ments, leading to an impressive 21% higher production with respect
to the best result obtained by 50% shading (Fig. 2). Thus, we can
assume that plants grown under full sunlight showed some degree
of UV morphogenic responses compared with plants grown under
UV protection by inactivating or blocking the auxin transport.
This result highlights the importance of the selective protection
to improve plant productivity.

3.4. Curcuminoids

Note that the individualization of the light exposure conditions
for obtaining the highest curcumin content, as well as for the high-
est biomass production, represents an interesting task for curcumin
producers, as curcumin yield depends on both of these aspects. In
the present study, UV exclusion in C. longa did not affect the cur-
cumin and DMC  content in the rhizome, showing similar results
when the plants were grown under full sun and in different shad-
ings. A high BDMC content was found in rhizomes from the plants
under 50% shading, although does not differ from other shading lev-
els, and the lowest content was found in the UV-protected plants
(Table 3). We  also found a very strong correlation between BDMC
content and DMC  content (R = 0.95*) and a strong negative cor-
relation with A (R = −0.73). These correlations may indicate that
increases in A imply the decrease of DMC  and BDMC. Differently,
a moderate correlation between curcumin content and A (R = 0.65)
was observed (Table 2).

Some studies indicated that turmeric has high curcumin content
and biomass production under shading. Padmapriya et al. (2007)
found that plants cultivated under shading (25–30%) in Coimbatore,
India, showed an increase in both the total phenol and curcumin
content, besides having registered the highest biomass yield. In
Okinawa, Japan, shoot biomass and yield significantly depended
on shading, with a maximum production at 27% shading, and the
curcumin content increased when shading was between 41% and
27%, but decreased when plants were grown under 52% shad-
ing, displaying an antagonistic effect on curcumin accumulation
(Hossain et al., 2009). Therefore, the light required for increasing
the yield and quality of turmeric cultivation varies with the irra-
diance level in each place, as well as with agro-climatic condi-
tions.

Curcumin content presented a positive correlation with biomass
production (R = 0.74) (Table 2) and this correlation may  be

explained by the dependence of curcumin on the photosynthetic
capacity of leaves, then on its translocation and accumulation in the
rhizomes (Dixit and Srivastava, 2000a). Furthermore, the amount of
photosynthate produced by the leaves and the fraction translocated
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Fig. 2. Overview of the experiment at 128 DAP. A: Treatment 1, UV exclusion, PAR = 610 �mol  m−2 s−1. B: Treatment 2, 70% shade, PAR = 360 �mol  m−2 s−1. C: Treatment 3,
50%  shade, PAR = 500 �mol  m−2 s−1. D: Treatment 4, 30% shade, PAR = 630 �mol m−2 s−1. E: Treatment 5, full sun, PAR = 1200 �mol  m−2 s−1. F: From left to right: plants grown
under  UV exclusion, 70%, 50%, 30% shading and full sun.

Table 4
Demethoxycurcumin (DMC), bisdemethoxycurcumin (BDMC), curcumin and total
curcuminoid content (mg  g−1) in turmeric rhizomes grown under different light
conditions (UV exclusion, 70%, 50%, 30% shading and full sun).

Treatments DMC  BDMC Curcumin Total Curcuminoid

Anti-UV 4.55 ± 0.26a 6.55 ± 0.12b 10.66 ± 0.03a 21.76 ± 0.29a

70% shade 5.50 ± 0.83a 8.13 ± 0.38ab 9.84 ± 0.09a 23.47 ± 0.92a

50% shade 5.70 ± 0.53a 8.64 ± 0.75a 10.29 ± 0.56a 24.63 ± 1.08a

30% shade 4.63 ± 0.74a 7.24 ± 1.45ab 8.95 ± 1.34a 20.82 ± 2.11a

Full sun 4.82 ± 0.64a 7.52 ± 0.39ab 9.68 ± 0.56a 22.01 ± 0.93a

Data are the means of five replicates. Data with the same letter within each column
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Fig. 3. Demethoxycurcumin (DMC), bisdemethoxycurcumin (BDMC), curcumin and
total curcuminoids (g) yield obtainable from rhizomes of turmeric plants grown

The content of Spm is higher in the rhizomes of plants exposed
re not significantly different at the 5% level, based on the Tukey’s test.

o the rhizome will greatly influence the rhizome size, yield and the
urcuminoids accumulation. Therefore, the fraction of photoassim-
lates accumulated by rhizomes (Dixit and Srivastava, 2000b) and
he subsequent local biosynthesis (Katsuyama et al., 2009) are the
actors controlling secondary metabolite accumulation.

Although the PAR intensity and UV exclusion did not change
he curcuminoid content (Table 4), an improvement of 21%
igher total curcuminoid yield (Fig. 3) was observed, compar-

ng with the best result obtained with standard shading and
5% higher total curcuminoid yield comparing with full sun
lants. As reported in this study, we found a strong correlation
etween A and biomass and between them and the curcumin
ield respectively (R = 0.91*/R = 0.99), DMC  (R = 0.658/R = 0.90),
DMC (R = 0.59/R = 0.85) and total curcuminoids (R = 0.79/R = 0.96*)
Table 2).

These results represent a correlation among different processes,
uch as curcumin biosynthesis, photosynthetic performances,

lant growth and rhizome biomass production, considering that
O2 assimilation and biomass production determined during the
rowth were higher in plants under UV exclusion (Table 3).
under different light conditions (UV exclusion, 70%, 50%, 30% shading and full sun).
Means followed by the same letters indicate no significant difference at P < 0.05 level
between the light conditions.

4. Conclusions

The effects of light exposure and UV exclusion altered the physi-
ology and production of the secondary metabolites in the leaves and
rhizomes of C. longa. The total phenol content, POD and PAL activity
increased with light exposure and decreased under UV exclusion.
to full sun, and the Put levels are higher under UV exclusion. The
curcumin and DMC  contents (mg  g−1) were unaffected by different
light exposures and by UV exclusion, which provided the lowest
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The solar action spectrum of photosystem II damage. Plant Physiol. 153,
988–993, http://dx.doi.org/10.1104/pp.110.155747.

Zhu, P., Yang, L., 2015. Ambient UV-B radiation inhibits the growth and physiology
of  Brassica napus L. on the Qinghai-Tibetan plateau. Field Crops Res. 171,
79–85, http://dx.doi.org/10.1016/j.fcr.2014.11.006.
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DMC content, although the plants cultivated under UV exclusion
howed a higher ratio of total curcumin over total curcuminoids
ith respect to other light exposures. Notably, in the UV-protected
lants, an increase in the CO2 net assimilation, biomass production,
urcumin and curcuminoid yield (g) was evidenced. Based on these
esults, we conclude that full sun light is a stressful environment for
. longa cultivation and the UV-exclusion provided by the anti-UV
olyethylene film during the plants’ growth led to improvements

n terms of total curcuminoid yield.
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