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Effects of flooding cultivation on the
composition and quality of taro (Colocasia
esculenta cv. Daikichi)
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Kazuhiro Ikezawa,* Michio Onjo, Yuji Minami® and Katsuko Kajiya®

Abstract

BACKGROUND: Taro (Colocasia esculenta cv. Daikichi) is believed to be one of the earliest cultivated tuber crops and it is a staple
food in many parts of the world. The mother corm and side cormels (daughter and granddaughter tubers) form the major con-
sumed parts; however, the former is rarely preferred. Taro is mainly cultivated using either unflooded or flooding cultivation,
under dryland-rainfed and wetland-irrigated conditions, respectively. Although flooding cultivation has several advantages,
such as lower risk of diseases, weeds, and insect pests, contributing to increased tuber yield, its effects on the quality charac-
teristics of the tubers are largely unknown. In this study, the effects of controlled flooding cultivation on the quality of mother
corm and side cormels were investigated. Their taste, color, physical properties, antioxidant activity, and starch, oxalic acid,
nitrate ion, arabinogalactan (AG)/AG protein (AGP), y-aminobutyric acid (GABA), and total polyphenol content was compared
with those under unflooded cultivation.

RESULTS: Flooding cultivation increased polyphenol levels and antioxidant activity and decreased oxalate, nitrate ion, GABA,
and AG/AGP levels. Flooding cultivation also reduced the harshness and increased the hardness and stickiness of steamed
mother corm paste, generally discarded under unflooded cultivation, thus rendering it suitable for consumption.

CONCLUSION: Controlled flooding cultivation has economic advantages and the potential to improve the quality of
cultivated taro.

© 2021 The Authors. Journal of The Science of Food and Agriculture published by John Wiley & Sons Ltd on behalf of Society of
Chemical Industry.

Keywords: Colocasia esculenta; flooding cultivation; oxalate; polyphenol; y-aminobutyric acid; antioxidant activity
|

cultivation), whereas in the Ryukyu and the Nansei Islands it is grown
using the flooding cultivation method, like that used for paddy culti-
vation.” It has been reported that the yield and shapes of cultivated
taro are adversely affected by drought.? Furthermore, increased infes-
tation of insects and pests such as nematodes, and epidemics also
affect the quality of the seed cormel® These bottlenecks highlight

INTRODUCTION

Alarming threats of global food security, resulting from several
factors including the growing population, climate change, and
low food-crop productivity, have warranted the identification of
potential alternative sources like ‘orphan crops’ or ‘underutilized
crops’ to improve the availability of food.' Taro (Colocasia escu-
lenta (L.) Schott), the most widely cultivated species of the genus
Colocasia, is a tuber crop consumed in many parts of the world.>*
It is believed to have been one of the earliest cultivated plants,
originated in the Bay of Bengal region of southeast Asia, and is
thought to have been introduced into Japan more than
2500 years ago.>™ The primary edible parts of taro differ based
on their cultivars. In Japan, the daughter and granddaughter
cormels are consumed from the main varieties, such as Daikichi,
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The cultivation methods of taro vary in different parts of the world.
However, the unflooded and flooding methods are the two widely
used cultivation methods, used under dryland-rainfed and wetland-
irrigated conditions, respectively.>* In Japan, taro is cultivated mostly
using the unflooded cultivation method (hereafter called unflooded
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the need for technology to stabilize the production of disease-free
and of superior quality taro.

Recently, controlled flooding cultivation (hereafter referred to
as flooding cultivation), a new method of taro cultivation, has
been developed.® In this method, water is supplied continuously
for only 3 months during the cultivation period, and it maintains
productivity without the injuries caused by continuous cropping.
Previous studies have shown that the roots of taro grow normally,
without moisture damage, and maintain a high rate of photosyn-
thesis under flooding conditions due to the development of aera-
tion tissue in the roots, similar to that in rice, which results in
higher yields." Flooding cultivation also suppresses the damage
from nematodes or insects (data not published); therefore, it pro-
duces high-quality and healthy seed cormels. Despite the
reported advantages of flooding cultivation, its effects on taro
corm and cormel composition and quality have not been
explored. There are only a few studies available on the effects of
land environment on the composition of taro."" Enhanced photo-
synthesis may lead to a difference in the starch content. More-
over, the levels of osmotic control factors such as soluble and
insoluble oxalate,'>'® arabinogalactan (AG)/AG protein (AGP),'*'®
and y-amino butyric acid (GABA)'®"” could also be altered. As flood-
ing converts the soil from aerobic to anaerobic conditions, changes
in nitrogen utilization are also to be expected.'® Furthermore,
changes in palatability associated with the alteration of these factors
are also anticipated. It has been shown that different cultivation envi-
ronments alter the composition of crops and add new bioregulatory
functions.'*?'

The purpose of this study was to evaluate the taste of the
mother corms; quantify the levels of oxalates, nitrate ions
(NO3™), AG/AGP, GABA, and total polyphenol; evaluate their anti-
oxidant activity, and compare these factors for taro corms and
cormels cultivated with the flooding and the unflooded methods.

MATERIALS AND METHODS

Cultivation conditions

Taro (C. esculenta (L) schott cv. Daikichi) was cultivated in the open
experimental paddy fields of Kagoshima Prefectural Institute for Agri-
cultural Development (31° 48’ 20.71” N, 130° 34’ 13.63" E) located in
Minami-Satsuma city, Kagoshima, Japan, in 2016. The same amount
of fertilizer was applied to both the flooding and unflooded cultivation
plots before planting as follows: cow compost (40 t ha™"), magnesian
lime (1 tha™"), and chemical fertilizer (N:P,OsK,0 = 150:150:150
kg ha™"). Seed corms were planted at a planting distance of 40 cm
and a furrow distance of 1 m on April 20, 2016. Fifty corms were
planted in one plot, and two replications were made in each plot in
a randomized design. In the flooding plot, water was continuously
supplied between ridges, and drained to maintain water depth of
10 cm from June 6 to September 9. In contrast, the unflooded plot
was not irrigated. The plants were harvested on October 25, 2016.
The harvesting time was determined such that the growth period
would be similar to that used in a previous study.® After harvesting,
taro was washed and separated into mother corm, daughter, and
granddaughter cormels.

Preparation of taro powder and paste

The outer skins of eight or nine corm/cormels from different
plants were peeled off thinly. The mother corms and daughter/
granddaughter cormels were halved lengthwise; one half was
used as the raw sample and the other half was steamed for
50 min. The halved raw and steamed samples were divided into

upper and lower portions, then again cut into 10 mm from the
outside (marginal sample) and the central portion (central sam-
ple). The samples from each group were put together and frozen
(—80 °C), dried in a vacuum dryer (VOS-451SD, Tokyo Rika Kikai
Co,, Ltd, Tokyo, Japan), and powdered using a mill (OML-1, Osaka
Chemical Co., Ltd, Osaka, Japan). To prepare a paste, steamed
samples from each group were put together and pressed out with
a 5 mm diameter die using a mincing machine (WMG-22, Wata-
nabe Foodmach Co,, Ltd., Nagoya, Japan).

Sensory evaluation of steamed tubers

The steamed mother corms, and daughter and granddaughter
cormels were evaluated for the following sensory attributes:
sweetness, harshness, hardness, stickiness, and overall evaluation.
Each evaluated item was rated on a five-point scale with scores
between +2 to —2, using mother corms obtained from unflooded
cultivation as a reference. The taste of unflooded steamed mother
corms was given 0 point in each evaluate. The higher the score,
the sweeter, harsher, harder, stickier, and better the overall rate.
The evaluation was performed by 11 trained panelists of the
Kagoshima Prefectural Osumi Food Technology Development
Center, Kagoshima city, Japan.

Measurement of taste

Steamed powder and distilled water were mixed (20 g L™") and stir-
red using a magnetic stirrer (SR 100, Advantec, Tokyo, Japan) for
30 min. It was then sonicated (ASU-6M, As One Corporation, Osaka,
Japan) for 15 min, followed by centrifugation at 4 °C and 1600xg
for 10 min (RX-200, Tomy, Tokyo, Japan), and the supernatant was
collected. The supernatant was centrifuged again, and the resulting
aliquot was taken as the sample using a taste-recognition device
(TS-5000Z, Intelligent Sensor Technology, Inc, Kanagawa, Japan).
The sensors used in the taste-recognition device were precondi-
tioned in the internal solution (3.33 mol L™ potassium chloride and
saturated silver chloride) and the reference solution for 24 h. The sen-
sors and reference electrodes were attached to the taste-recognition
device and calibrated. Next, the sample solution was taken in a spe-
cial cup, and the initial taste (sourness, saltiness, umami, acidic bitter-
ness, astringency, and sweetness) and aftertaste (aftertaste from
acidic bitterness, astringency, richness, basic bitterness, and hydro-
chloride salts) were measured.

Determination of starch content

The starch content was measured using the dinitrosalicylic acid
(DNS) method.?? Eighty percent ethanol (20 mL) (Wako Pure
Chemical Industries, Ltd, Osaka, Japan) was mixed with 10 g of
taro sample, and ground in a polytron homogenizer (PT 10-35,
Kinematica AG, Lucerne, Switzerland). The crushed material was
washed with 80% ethanol and filtered through a no. 6 filter paper
(Advantec). The sugars in the residue were then washed with 80%
ethanol, transferred to a beaker containing 50 mL of distilled
water, and further ground in a homogenizer with 50 mL of 2
mol L™ sodium hydroxide solution. Next, 0.1 mL isoamyl alcohol
was added to the homogenate, and the volume was made up to
250 mL with distilled water and heated in a stainless-steel bowl
containing boiling water for 30 min. After cooling, 20 mL of this
solution was fractionated, neutralized with 1.5 mol L™ acetic acid
to pH 4.5, filled to 50 mL with distilled water, and filtered through
a no. 2 filter paper (Advantec). Then 0.25 mL of glucoamylase
solution (15 U mL™", Sigma-Aldrich Co., Ltd, St. Louis, MO, USA)
was added to 0.25 mL of the sample solution. After decomposi-
tion at 40 °Cfor 1 h, which is sufficient for the complete digestion
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of starch in the samples, the glucose content in the sample solu-
tion was determined using the DNS method. The starch content
was obtained by multiplying the obtained glucose content with
a conversion factor of 0.9.

Physical property and colorimetric analysis of taro paste

The texture of the pastes was measured using a rheometer (RE2-
33005, Yamaden Co., Ltd, Tokyo, Japan). A cylindrical plunger of
12 mm diameter was used to measure the texture at a speed
of 10 mm s™' and a strain factor of 30%. The sample was com-
pressed twice, and the maximum load of the first compression
was defined as hardness, and the load when the plunger was
pulled up after the first compression was defined as stickiness.
The color of the paste that was obtained was evaluated using a
colorimeter (SQ2000, Nippon Denshoku Co., Ltd, Tokyo, Japan)
with CIE L*a*b* coordinates.

Determination of oxalic acid content

Oxalic acid was quantified using high-performance liquid chro-
matography (HPLC).?* To extract soluble and total oxalates, taro
powder was mixed with distilled water and 0.5 mol L™" hydrochlo-
ride solution (20 mg mL™). Samples were vortexed (Se-08, Taitec,
Saitama, Japan) and sonicated for 30 min each and centrifuged at
1600xg for 10 min (Model 3500, Kubota, Tokyo, Japan). The super-
natant was collected and filtered through a 0.45 um filter
(DISMIC®-13HP045AN, Advantec) and used as the sample for anal-
ysis. The HPLC unit comprised a pump (PU-4180, Jasco, Japan), a
detector (UV-4075, Jasco, Tokyo, Japan), an autosampler (AS-
4050, Jasco, Tokyo, Japan), and a column oven (SLC-25A, MEE,
Japan). The HPLC analysis was performed using a C18 reversed-
phase column (Cosmosil 5C18-PAQ, 4.6 mm I.D. x 250 mm, Naca-
lai Tesque, Kyoto, Japan) maintained at 40 °C. The eluent used
was 20 mM phosphate buffer (pH 2.5) with a flow rate of
1.0 mL min~", a detection wavelength at 254 nm, and an injection
volume of 10 pL. The calibration curve was obtained using oxalic
acid anhydride (Wako, Japan) as standards (0, 31.3, 62.5,
125, 250, 500, and 1000 pg mL™", n = 3). Insoluble oxalate was cal-
culated as the difference between the total and soluble oxalates.

Nitrate ion analysis

Sample solution was prepared using the same method that was
used for water-soluble oxalates and measured using the nitrate
ion meter (Laqua twin B-74, Horiba, Ltd., Kyoto, Japan). Briefly,
the equipment was adjusted with two-point calibration, using
68 and 1100 ppm NOs™-N standard solution (Model Y042 and
Y041, Horiba, Ltd., Kyoto, Japan). Next, 300 puL of the sample solu-
tion was applied onto the ion meter to determine the concentra-
tion of nitrate ions.

Arabinogalactan (AG)/AG protein (AGP) assay

The AG/AGP was extracted as follows: taro powder and dis-
tilled water were mixed (200 mg mL™"), vortexed, and soni-
cated for 30 min each and left at 25 °C for 24 h. Next, it was
centrifuged at 1600xg for 10 min at 4 °C, and the supernatant
was collected. The AG/AGP assay was carried out according to
a previously reported method.?* Briefly, 1 mm thick gel was
prepared by mixing and heating 1% (w/v) agarose,
0.15 mol L™ NaCl, and 10 pg mL™" g-glucosy! Yariv reagent.
The gel was drilled with a Pasteur pipette, followed by the
addition of 0.8 pL of the sample solution. The gel was placed
in a Tupperware container with water to prevent it from dry-
ing for 24 h. The area of the halos formed on the gel was

measured using Fiji image analysis software® and calculated
as gum arabic equivalent.

Analysis of y-aminobutyric acid (GABA) content
7-Aminobutyric acid was measured using HPLC (Jasco).?® The taro
powder and 75% (v/v) ethanol were mixed (25 mg mL™"), vor-
texed, and sonicated for 15 min each. The mixture was heated
at 80 °C for 20 min (Thermomixer C, Eppendorf, Germany), centri-
fuged at 4 °C, 1600xg for 10 min, and the supernatant was col-
lected. The supernatant that was obtained was concentrated
and dried using a centrifuge concentrator (VEC-260, lwaki, Japan),
and amino acid extracts were obtained. The dry matter that was
obtained was dissolved in 0.1 mol L™' sodium carbonate buffer
(pH 8.9). The sample solution (200 pL) and 800 pL of dabsyl chlo-
ride solution (TCl, Tokyo, Japan) dissolved in acetonitrile
(1.3 mg mL~") was mixed and vortexed in a Thermomixer C
(Eppendorf, Hamburg, Germany) at 70 °C, 2000 rpm for 30 min.
After cooling, the sample was filtered through a 0.45 pm filter
and used for HPLC. The mobile phase comprised 20 mM sodium
acetate buffer (pH 6.5; solution A) and acetonitrile (solution B).
The HPLC system used was the same that quantified oxalates.
We used a linear gradient of 15% solution B at 0 min, with a direct
increase in solution B up to 45% from 0 to 28 min. The flow rate
was 1.0 mL min~', and a detection wavelength was monitored
at 465 nm.

Total polyphenol content

Total polyphenol analysis was performed using the Folin-
Ciocalteu method.?” Taro powder and 80% acetone were mixed
(25 mg mL™"), followed by vortexing and sonication for 15 min
each. The mixture was then centrifuged at 4 °C and 1600xg for
10 min, and the supernatant was collected (extracted twice). The
supernatant that was obtained was concentrated and dried in a
centrifugal concentrator (VEC-260, lwaki). The dry matter was dis-
solved in 50% methanol solution containing 0.1% acetic acid to
prepare the sample for measurement. Then, 75 pL of 10% phenol
reagent solution (Nacalai Tesque, Japan) was added to 10 pL of
the sample solution and allowed to stand for 5 min, after which
75 pL of 2% sodium carbonate solution was added and allowed
to stand for 15 min. The absorbance was measured using a plate
reader (Infinite F200, Tecan, Meilen, Switzerland) at 750 nm and
calculated as a gallic acid equivalent.

Measurement of antioxidant activity

Antioxidant activity was measured with a 1,1-diphenyl-
2-picrylhydrazyl (DPPH) radical scavenging assay. Taro powder
and methanol/water/acetic acid (90/9.5/0.5, v/v/v) solution
were mixed (25 mg mL™"), vortexed, and sonicated for 15 min
each. The mixture was then centrifuged at 4 °C and 1600xg
for 10 min, and the supernatant was collected (extracted
twice). The supernatant that was obtained was concentrated
and dried. The resulting dry matter was dissolved in 50% etha-
nol to prepare the sample for measurement. After adding 50 pL
of the sample solution to a microplate, 100 pL of 50% ethanol
was added and mixed. Next, 50 uL of 800 pM DPPH solution
was added, and the plate was incubated in the dark for 20 min.
The absorbance was measured at 540 nm using a plate reader
and calculated as Trolox equivalent.

Statistical analysis
Quantitative analysis of all components was repeated three
times independently. The data were analyzed for statistical
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Figure 1. Effects of different cultivation methods on the taste and physical properties of mother corm. (A) Result of sensory evaluation. 0 denotes the
result of unflooded cultivated taro. Data are expressed as mean + SD (n = 11). (B) The relative value of harsh taste. [] Unflooded, [l Flooding. Data
are expressed as mean + SD (n = 3). *P < 0.05 (flooding versus unflooded cultivation).

significance using Welch's t-test. Differences between the cul-
tivation methods were assessed using a two-sided test with
an « level of 0.05 using Microsoft Excel 2013. Data are repre-
sented as the means =+ standard deviations (SD). P < 0.05 was
considered statistically significant. Correlation analysis was
performed to investigate the effect of different cultivation
methods using RStudio (ver. 1.3.959).

RESULTS

Improvement of the taste and physical properties of the
mother corm

The sensory evaluation of the steamed taro indicated that the mother
corms from flooding cultivation showed a weak inclination toward
reducing harshness (Fig. 1(A)). The overall scoring of the mother corm
was rated better under flooding cultivation. Taste measurement
using the taste-recognition device indicated reduced harsh taste
(astringent taste immediately after placement in the mouth) with
flooding cultivation (Fig. 1(B)). The hardness of the paste from the
mother corm also increased significantly (P < 0.05) and tended to
increase the stickiness according to the physical property analysis
(Table 1). Starch content did not show significant differences
between unflooded and flooding cultivation but tended to increase
in flooding cultivation (Table 1).

Soluble and insoluble oxalate content

As shown in Fig. 2, the water-soluble oxalate was distributed over
the entire mother corm (Fig. 2(A)). However, its content was
higher in the daughter and granddaughter cormel than in the
mother corm (Fig. 2(B)). The insoluble oxalate (Fig. 2(C) and (D))

was also located in the marginal part of the mother corm, and
its content was lower in the daughter/granddaughter cormel.
The soluble oxalate content enhanced under flooding cultivation
in raw mother corm and granddaughter cormel, which can affect
moisture content of cormels (Fig. 2(B)). As seen in Fig. 2(D), several
samples did not show insoluble oxalates because there was no
difference in the amount of total oxalate and water-soluble
oxalate.

Nitrate ion content

As shown in Fig. 3, the nitrate ions were distributed in the upper and
lower periphery of the corm. However, after flooding cultivation, the
nitrate ions were significantly reduced despite the area (Fig. 3(A)).
Nitrate ions were also decreased in the daughter and granddaughter
cormels and the mother corm (Fig. 3(B)) of the unflooded-
cultivated taro.

AG/AGP content

In both raw and steamed taro, AG/AGP was decreased by flood-
ing. This decrease was especially pronounced in mother
corm (Fig. 4).

GABA content

The distribution of GABA in the mother corm was not character-
ized (Fig. 5(A)). The GABA content of mother corm, daughter,
and granddaughter cormels significantly decreased in flooding
cultivation (Fig. 5(B)).

Table 1. Effect of different cultivation methods on starch content and physical properties of mother corm
Starch content Physical property of paste
Raw (%) Steamed (%) Hardness (N) Stickiness (kJ/m?)
Unflooded 20.1 12.8 3.57 +£0.55 1.22 + 0.62
Flooding 219 19.3 5.54 + 0.19* 1.50 +0.27
Data of physical properties are expressed as mean + SD (n = 3).
*P < 0.05 (flooding versus unflooded cultivation).
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Figure 2. Effects of different cultivation methods on the oxalate content of taro. (A) Distribution of the soluble oxalate in different parts of mother corm.
(B) Soluble oxalate content in mother, daughter, and granddaughter cormels. (C) The distribution of the insoluble oxalates in different parts of the mother
corm. (D) The insoluble oxalate contents in mother, daughter, and granddaughter cormels. [] Unflooded, [ll Flooding. FW means the fresh weight of taro.
Data are expressed as mean + SD (n = 3). *P < 0.05, flooding versus unflooded cultivation.

Color of taro paste Total polyphenol content
Table 2 shows the color values of the unflooded and flooding-  As shown in Fig. 6, the total polyphenol content increased
cultivated mother corms. Taro produced under flooding cultiva-  mainly on the marginal side of the mother corm (Fig. 6(A))
tion had lower L* values for brightness and slightly higher a*  and in the daughter and granddaughter cormels (Fig. 6(B))
values for redness than unflooded cultivation. under flooding cultivation.

12 12
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,
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Marginal Central [Marginal Central [Marginal Central [Marginal Central
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Raw Steamed Raw Steamed

Granddaughter
- -
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Figure 3. The effect of different cultivation methods on the nitrate content of taro. (A) The distribution of nitrate in different parts of the mother corm.
(B) The nitrate ion content in mother, daughter, and granddaughter cormels. [] Unflooded, ll Flooding. FW means the fresh weight of taro. Data are
expressed as mean + SD (n = 3). *P < 0.05; flooding versus unflooded cultivation.
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Figure 4. Effect of different cultivation methods on the AG/AGP content
of taro in mother, daughter, and granddaughter cormels. [] Unflooded,
M Flooding. FW means the fresh weight of taro. Data are expressed as
mean + SD (n = 3). *P < 0.05; flooding versus unflooded cultivation.

Antioxidant activity

Regardless of flooding or unflooded cultivation, the antioxidant
activity of the mother corm was higher in marginal than in central
(Fig 7(A)). In mother corm, daughter, and granddaughter cormels,
the antioxidant activity of flooding-cultivated taro increased than
those obtained from unflooded conditions (Fig. 7 (B)). In contrast,
the steamed samples did not show significant differences in anti-
oxidant activities of the flooding and unflooded cultivations
(Fig. 7(A) and (B)). Furthermore, a positive correlation
(r = 0.7547) was observed between the total polyphenol content
and antioxidant activity (Fig. 7(C)).

Correlation analysis

The effect of different cultivation methods on the quality of
taro was evaluated using Spearman's correlation coefficients,
and the results are shown in Table 3. While positive correla-
tions were found for all factors in the mother corms, no corre-
lations were observed for NO;~ and GABA in different
generations, and correlations also tended to be weak for
other factors.

0.25
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g
5 015 - "
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£ "
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0
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Table 2. Effect of different cultivation methods on colorimetric
parameters of mother corm paste

Colorimetric parameters

L* a* b*
Unflooded 673 + 04 1.9 + 0.1 6.0 + 0.1
Flooding 62.7 + 04" 27 +01° 34+01"

Data are expressed as mean + SD (n = 3).

T P < 0.05 (flooding vs unflooded cultivation).

The asterisks (*) after L¥, a*, and b* are pronounced star and are part of
the full name.

DISCUSSION

Colocasia esculenta (L.) Schott cv. Daikichi, one of the major culti-
vars of taro in Japan, is normally cultivated under unflooded con-
ditions.” Flooding cultivation is a newly developed method of taro
cultivation.” Although it has been found that the yield of corms/
cormels increases, differences in taro quality with traditional and
new methods remain unknown. As there are significant changes
in cultivation conditions, a major change in taro quality is also
expected. Daughter and granddaughter cormels of Daikichi are
primarily consumed in Japan. However, in contrast, mother corm
is not used as food because of its harsh taste and hardness. In this
study, we evaluated the differences in edible quality of taro pro-
duced using the two different cultivation methods.

The mother corms obtained from flooding cultivation dem-
onstrated an inclination toward reduced harshness. Using a
taste-recognition device, we confirmed the taste differences
quantitatively, as the subject's sense and preference could
influence the sensory evaluation test. The taste-measurement
results showed that the harsh taste experienced immediately
after the taro was placed in the mouth was reduced in the
mother corm. This was consistent with the results of the sen-
sory evaluation. Physical property analysis showed the ten-
dency of increased hardness and stickiness of the paste in the
flooding cultivation samples. Despite the alteration in physical
properties, the sensory evaluation did not show significant dif-
ferences. The starch content showed a tendency to increase in
both raw and steamed mother corm. Photosynthesis was
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Figure 5. Effect of different cultivation methods on the GABA content of taro. (A) In different parts of the mother corm. (B) In mother, daughter, and
granddaughter cormels. [] Unflooded, [ll Flooding. FW means the fresh weight of taro. Data are expressed as mean + SD (n = 3). *P < 0.05; flooding ver-

sus unflooded cultivation.
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Figure 6. Effect of different cultivation methods on the total polyphenol contents. (A) In different parts of the mother corm. (B) In mother, daughter, and
granddaughter cormels. [] Unflooded, [ll Flooding. FW means the fresh weight of taro. Data are expressed as mean + SD (n = 3). *P < 0.05; flooding ver-
sus unflooded cultivation.

The soluble oxalates were distributed in all parts of mother
corms, regardless of cultivation methods or processing, and were
more abundant in the daughter and granddaughter cormels than
mother corms. The raw mother corms and granddaughter
cormels of flooding cultivation showed significantly high content
of soluble oxalates; this may have affected moisture content (data

enhanced in the flooding cultivation samples,10 which, in turn,
might have increased the starch content as an assimilation
product and affected the physical properties of taro. Further-
more, the tendency of increased stickiness and hardness in
mother corms may be responsible for activating starch synthe-
sis during enhanced photosynthesis.
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Figure 7. Antioxidant activity of taro. (A) In different parts of mother corm. (B) In mother, daughter, and granddaughter cormels. [] Unflooded, |l Flood-
ing. (C) Correlation between total polyphenol contents and antioxidant activity. FW: Fresh weight of taro. Data are expressed as mean + SD (n = 3).
*P < 0.05; flooding versus unflooded cultivations.
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Table 3. Spearman's correlation coefficients for quality of taro
obtained using different cultivation methods

Spearman's correlation coefficients

Different
generations

Parts of
mother corm

Soluble oxalate 0.5313* 0.4097
Insoluble oxalate 0.7113* 0.4407
NO3™ 0.6319* —-0.0124
AG/AGP 0.3044
GABA 0.7043* 0.0361
Total polyphenol content 0.9185* 0.9635*
Antioxidant activity 0.9509* 0.7774*

NOs™, nitrate ion; AG, arabinogalactan; AGP, AG protein; GABA,
y-aminobutyric acid.
*P < 0.05 (flooding versus unflooded cultivation).

not shown). Insoluble oxalate was distributed on the surface of
the mother corms regardless of the cultivation method. This result
agreed with the results in a previous report.® Moreover, insoluble
oxalate was more abundant in mother corms than in the daughter
and granddaughter cormels; insoluble oxalate content in both of
which was reduced by flooding cultivation. The oxalate content
of the unflooded taro reported in this study was not markedly dif-
ferent from that previously reported,'’ and the differences that
occurred were thought to be due to differences in cultivation
environment and variety. The significant reduction in insoluble
oxalate in mother corm under flooding cultivation may be due
to the sufficient water supply, which reduces the demand for cal-
cium oxalate for osmotic adjustment.'*' From the viewpoint of
palatability, a significant decrease in insoluble oxalate contributed
to the decreasing trend in harshness of the mother corms.

In field cultivation, NO3™ is preferentially supplied to plants as a
nitrogen source because nitrification of organic nitrogen is
actively carried out owing to the aerobic soil conditions.® In con-
trast, under flooding cultivation, nitrification is suppressed
because of anaerobic soil conditions. This is thought to increase
the ratio of NH,* as a nitrogen source.>® Under flooding condi-
tions, taro plants develop aerobic tissue in their roots to maintain
the rhizosphere in an aerobic state.'® Taro can also utilize NH,* as
well as NO;™ as nitrogen.®’ Thus, the decrease in NO;™~ levels in
the soil and the increase in the use of NH,* as a substitute for
nitrogen could have led to the decrease in NOs3™ in flooding
cultivation.

Although AG/AGP is a primary component of taro mucilage,
the effects of cultivation methods on the AG/AGP content were
not discussed sufficiently. The role of mucilage in plants is to pre-
vent osmotic stresses and use soil water effectively.'*'> Under
unflooded cultivation, certain drought stress occurs, and plants
may protect themselves by upregulating the AG/AGP production
to use the limited water efficiently. In contrast, under flooding cul-
tivation, sufficient water is supplied so the drought stress is
decreased, resulting in lower AG/AGP production. As for the phys-
ical properties, the stickiness of taro paste from the flooding culti-
vation tended to increase despite decreasing AG/AGP. The ratio of
AG/AGP in flesh weight was approximately 0.1%, and it was
thought to have negligible effect on stickiness.

The amino acid profile of paddy and upland cultivated corm has
been previously reported."’ However, comparative analysis of

GABA has not been performed. Further, the effect of differences
in cultivation on GABA content is still unknown. y-Aminobutyric
acid is produced by glutamate decarboxylase (GAD, glutamate
decarboxylase; EC 4.1.1.15), which is known to GABA synthase,
and functions as a stress signal.’®'”* The results of the present
study showed that taro contains GABA regardless of the cultiva-
tion method and generation, whereas the GABA content was
lower in taro under flooding cultivation than under unflooded
condition, especially in the daughter and granddaughter cormels.
Thus, drought stress and levels of GABA, the stress mediator, were
decreased under flooding cultivation. The distribution of GABA in
mother corms was also more significant in the marginal parts than
in the central parts. Ca®* influences GAD activity, and as Ca** is
predominantly reported in the central part of the corm,** the dis-
tribution of Ca?* may have changed under flooding cultivation.
With regard to the difference between the GABA content of the
raw and steamed samples, the decrease is thought to be the result
of the leaching of GABA into vapor.®

The total polyphenol content increased under flooding cultiva-
tion regardless of the generation. In the mother corm, the total
polyphenol content in the upper epidermis was increased. The
results also showed an increase in antioxidant activity in
water-soluble extracts of the flood-cultivated taro, and a positive
correlation was found between the antioxidant activity and total
polyphenol content. These results indicated that the increase in
antioxidant activity could be due to the increase in polyphenol
content. It has been reported that the enhanced photosynthesis
and metabolisms in flooding cultivation generate a high number
of reactive oxygen species (ROS) and promote polyphenol synthe-
sis.>® Enhanced polyphenol synthesis is a defense mechanism of
the plants against ROS-induced oxidative stress.3”® With respect
to the decreased total polyphenol and antioxidant activity in
steamed samples, our results are consistent with those previously
reported.? Longer steaming time may enhance the degradation
of the total polyphenol contents and affect antioxidant activity.

CONCLUSIONS

The unflooded cultivation of taro has been shown to develop
defects such as blistering due to water and calcium deficits and
low yields because of injury caused by continuous cropping. How-
ever, the flooding cultivation method allows cultivars that have
been considered for field use to grow without problems, and they
have many advantages, such as increased yields due to the activa-
tion of photosynthesis and reduced application of herbicides and
insecticides. This study revealed that the harvested corm
and cormel from flooding cultivation had different characteristics
from those grown in the unflooded condition. The edible quality
of mother corms improved because of the decreased insoluble
oxalates, thus enabling the farmers to use the mother corms,
which were discarded in the past. This can help the farmers
increase their income and even result in the development of
new processed products. This cultivation method can also reduce
the number of nitrate ions due to the changes in nitrogen usage,
GABA, and AG/AGP, caused by relief from drought stress. An
increase in the polyphenol content also augmented the antioxi-
dant activity of taro, which could lead to its use as a source of high
added-value components and raises the possibility of using it as a
raw material for functional foods.

Taken together, the results of this study, which proved the supe-
riority of taro generated by the flooding cultivation method, could
contribute to the promotion of flooding cultivation, an increase in
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taro consumption, and the revitalization of agriculture by increas-
ing the income of farmers.
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